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Most will agree that one major achievement in the bio-separation techniques is 
affinity chromatography. This coined terminology covers a myriad of separation 
approaches that relies mainly on reversible adsorption of biomolecules through 

biospecific interactions on the ligand. Within this book, the authors tried to deliver for 
you simplified fundamentals of affinity chromatography together with exemplarily 
applications of this versatile technique. We have always been endeavor to keep the 

contents of the book crisp and easily comprehensive, hoping that this book will receive 
an overwhelming interest, deliver benefits and valuable information to the readers.
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Preface 

With the huge number of books and publications that utilizes different aspects of
affinity chromatography, it is still hard to find a freely accessed book that gathers a 
solid and concise understanding of affinity principles together with its applications in 
a single volume. The vision of this book is not more than an attempt to provide an 
open source single volume demonstrating the concept of affinity chromatography with 
some of its applications that meets the current throughput screening demands of 
scientists and researchers. This book “Affinity chromatography” starts with introductory 
chapter that passes through the basic principles and snapshot applications of this
analytical technique, followed by a wide ranged practical research chapters utilizing 
affinity chromatography, written by leading experts worldwide. It is worthy to say 
that the scope of the information contained in this book is still limited to be covered in 
a single volume.

Affinity chromatography is aimed mainly at those interested in different analytical and
separation techniques, particularly, biochemists, biologists, pharmacists, advanced
graduate students and post graduate researchers. 

Finally, I am grateful to the all experts who showed positive and specific “affinity“to
participate and share in this book with their valuable experience. Indeed, without their 
participation, this book won’t come to light.

Sameh Magdeldin, Ph.D
Senior Post Doc Researcher and Proteomics Team Leader

Medical School, Niigata University,
Japan 

Ass. Prof. (Lecturer), Physiology Dept.
Suez Canal University,

Egypt
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Affinity Chromatography: 
 Principles and Applications 

Sameh Magdeldin1,2 and Annette Moser3 

1Department of Structural Pathology, Institute of Nephrology, 
 Graduate School of Medical and Dental Sciences, Niigata University, 

2Department of Physiology, Faculty of Veterinary Medicine, 
 Suez Canal University, Ismailia,  

3Department of Chemistry, University of Nebraska at Kearney, Kearney, NE, 
1Japan 
2Egypt 

3USA 

1. Introduction 
Since the inception of affinity chromatography 50 years ago (Cuatrecasas et al, 1968), 
traditional purification techniques based on pH, ionic strength, or temperature have been 
replaced by this sophisticated approach. It has been stated that over 60% of all purification 
techniques involve affinity chromatography (Lowe, 1996). The wide applicability of this 
method is based on the fact that any given biomolecule that one wishes to purify usually has 
an inherent recognition site through which it can be bound by a natural or artificial 
molecule. Thus, we can say that affinity chromatography is principally based on the 
molecular recognition of a target molecule by a molecule bound to a column.  

Affinity purification involves 3 main steps: 

a. Incubation of a crude sample with the affinity support to allow the target molecule in 
the sample to bind to the immobilized ligand. 

b. Washing away non-bound sample components from the support. 
c. Elution (dissociation and recovery) of the target molecule from the immobilized ligand 

by altering the buffer conditions so that the binding interaction no longer occurs. 

Since the beginning of this technique, the term affinity chromatography has raised many 
controversies among researchers. Some say it would be more accurate if termed bioaffinity 
chromatography (O'Carra et al, 1974) or hydrophobic affinity (Shaltiel, 1974). Nonetheless, the 
term affinity chromatography has been expanded to describe a potential method of separating 
biomolecule mixtures on the basis of specific biological interactions. Recently, a modern form 
of liquid chromatography referred to as “flash chromatography” was introduced. 

2. History of affinity chromatography 
In 1910, the German scientist, Emil Starkenstein published an article which described the 
concept of resolving macromolecule complexes via their interactions with an immobilized 
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substrate. This manuscript discussed the influence of chloride on the enzymatic activity of 
liver α-amylase and opened the door for the early beginnings of this approach by several 
researchers (Arsenis & McCormick, 1966; Bautz & Hall, 1962; Campbell et al, 1951; Sander et 
al, 1966). Later on, the term affinity chromatography introduced in 1968 by Pedro 
Cuatecasas, Chris Anfinsen and Meir Wilchek in an article that briefly described the 
technique of enzyme purification via immobilized substrates and inhibitors (Cuatrecasas et 
al, 1968). Other early articles described the activation of a Sepharose matrix using a 
cyanogen bromide (CNBr) reaction (Axen et al, 1967) and the use of a spacer arm to alleviate 
steric hindrance (Cuatrecasas et al, 1968).  

Affinity chromatography is still developing. It has played a central role in many “Omics” 
technologies, such as genomics, proteomics and metabolomics. The breakthrough 
development of affinity liquid chromatography has enabled researchers to explore fields 
such as protein–protein interactions, post translational modifications and protein 
degradation that were not possible to be examined previously. Finally, the coupling of 
reversed phase affinity chromatography with mass spectrometry has ultimately aided in 
discovery of protein biomarkers.  

3. Fundamental principles of affinity chromatography 
Separation of a desired protein using affinity chromatography relies on the reversible 
interactions between the protein to be purified and the affinity ligand coupled to 
chromatographic matrix. As stated earlier, most of the proteins have an inherent recognition 
site that can be used to select the appropriate affinity ligand. The binding between the 
protein of interest and the chosen ligand must be both specific and reversible.  

 
Fig. 1. Typical affinity chromatography purification 

A typical affinity purification is shown in Figure 1 and involves several steps. First, samples 
are applied under conditions that favor maximum binding with the affinity ligand. After 
sample application, a washing step is applied to remove unbound sustances, leaving the 
desired (bound) molecule still attached to the affinity support. To release and elute the 
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bound molecules, a desorption step is usually performed either 1) specifically using a 
competitive ligand or 2) non-specifically by changing the media atmosphere (e.g. changing 
the ionic strength, pH or polarity) (Zachariou, 2008). As the elution is perfomed, the purified 
protein can be collected in a concentrated form. 

3.1 Biomolecules purified by affinity chromatography 

Antibodies were first purified using affinity chromatography in 1951 when Campbell et al. 
used affinity chromatography to isolate rabbit anti-bovine serum albumin antibodies 
(Campbell et al, 1951). For their purification, bovine serum albumin was used as the affinity 
ligand on a cellulose support. Two years later, this technique was expanded to purify 
mushroom tyrosinase using an immobilized inhibitor of the enzyme (azophenol) (Lerman, 
1953). Since then, affinity chromatography is commonly used to purify biomolecules such as 
enzymes, recombinant proteins, antibodies, and other biomolecules.  

Affinity chromatography is often chosen to purify biomolecules due to its excellent 
specificity, ease of operation, yield and throughput. In addition, affinity chromatography 
has the ability to remove pathogens, which is necessary if the purified biomolecules are to 
be used in clinical applications. The purity and recovery of target biomolecules is controlled 
by the specificity and binding constant of the affinity ligand. In general, the association 
constants of affinity ligands used for biomolecule purification range from 103 – 108 M-1 

(Janson, J-C, 1984). A common affinity ligand used in these purifications is an antibody, but 
other affinity ligands such as biomimetic dye-ligands, DNA, proteins and small peptides 
have been used as well. Figure 2 shows a wide variety of molecules that can be purified by 
affinity chromatography based on their polarity and volatility. 

 
Fig. 2. Illustration showing different molecules that can be purified using affinity 
chromatography. 
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3.2 Components of affinity medium 

When affinity chromatography is used for the purification and separation of large 
biomolecules from complex mixtures, the support (matrix), spacer arms, and ligand must be 
considered. 

3.2.1 Affinity supports (matrix) 

Traditionally, affinity chromatography support materials have consisted of porous support 
materials such as agarose, polymethacrylate, polyacrylamide, cellulose, and silica. All of 
these support materials are commercially available and come in a range of particle and pore 
sizes. Some supports may be available with common affinity ligands already immobilized 
(e.g. protein A, Cibacron Blue, heparin). Other types of support materials are being 
developed including nonporous supports, membranes, flow-through beads (perfusion 
media), monolithic supports, and expanded-bed adsorbents.  

Nonporous support materials consist of nonporous beads with diameters of 1- 3 μm. These 
supports allow for fast purifications, but suffer from low surface areas when compared to 
traditional porous supports. Membranes used in affinity chromatography also lack diffusion 
pores which limits surface area, but like the nonporous beads allow for fast separations. 
Flow-through beads or perfusion media (originally developed for ion-exchange 
chromatography) have both small and large pores present. The addition of the large flow-
through pores allows substances to be directly transported to the interior of the particle 
which means only short distances are required for diffusion. Monolithic supports are based 
on the same principle as perfusion media – they contain both large flow-through pores and 
small diffusion pores. Expanded-bed adsorbents were designed to prevent column clogging 
and utilize a reverse in flow to allow for the expansion of the column bed which allows for 
particulates to flow freely through the column and prevent column fouling. See Figure 3. 
More information about expanded-bed chromatography can be found in (Mattiasson, 1999).  

 
Fig. 3. Expanded-bed chromatography. In this type of chromatography, elution is performed 
in a normal packed-bed, but during the adsorption-wash step, the flow is reversed and the 
column bed expanded. This allows for particulate contaminates to pass freely through the 
column and prevent column clogging. 
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Regardless of the type of support used in the affinity purification, several factors must be 
considered when choosing a support material. These include chemical inertness, chemical 
stability, mechanical stability, pore size, and particle size. 

Chemical inertness of the support material requires that the affinity support bind only the 
molecule of interest and have little or no nonspecific binding. While the specificity is related 
to the affinity ligand immobilized onto the support, the properties of the support must be 
chosen to limit the nonspecific binding of other molecules. Supports which have little or no 
nonspecific binding mimic the properties of the aqueous mobile phase. Therefore, 
chemically inert support materials are hydrophilic. In addition, most separations are 
performed in low ionic strength media. As a result, the number of charges on the support 
should be minimized to prevent nonspecific ionic interactions. 

In addition, a support material must be chemically stable under normal operating 
conditions. This includes resistance to degradation by all enzymes and microbes, elution 
buffers, regenerating solvents, and cleaning agents that will be used within the column. 
These stability considerations must also be expanded to the stability of the affinity ligand-
matrix linkage. Agarose-based support materials meet all of these requirements as they can 
be used between pH 3 and 12, are not attacked by enzymes, and are not affected by most 
aqueous eluants. However, ligand attachment in agarose support materials is often not as 
stable, depending on the type of linkage used.  

Mechanical stability is another consideration when choosing a chromatographic support 
material for affinity chromatography. Support materials must be able to withstand the 
backpressures encountered during normal separations without compressing. While most 
commercial packing materials meet this requirement, the build-up of particulate 
contaminants may restrict column flow and lead to high backpressures. Under these 
pressures, soft porous gel supports such as agarose beads will compress and increase the 
pressure even further causing collapse of the support structure. More mechanically stable 
supports (e.g. silica and heavily cross-linked polymers) are able to withstand these high 
pressures, but the build-up of particulate contaminants should be avoided if at all possible. 

Particle size is an additional consideration when choosing a support material. Ideally, small 
particle sizes are desired to limit mass transfer effects and limit band broadening. In 
addition, smaller particle sizes tend to offer greater surface area of the support material and 
allow for a larger number of affinity ligands to be immobilized on the surface of the support. 
Unfortunately, as particle size is decreased, backpressures are increased. In addition, when 
using smaller particles, the potential for the build-up of particulate contaminants and 
column fouling is increased. For this reason, in preparative applications large particles (30 – 
100 μm) are often used. An alternative method to avoid the potential build-up of 
particulates is to use an expanded-bed support material as discussed earlier and seen in 
Figure 3. 

Pore size is another item that must be considered when using affinity chromatography since 
the biomolecules of interest must be able to not only pass through the column but also be 
able to fully interact with the affinity ligand. Based on the Renkin equation which allows the 
estimation of the effective diffusion coefficient (Renkin, 1954), the pore diameter should be 
at least 5 times the diameter of the biomolecule being purified (Gustavsson & Larsson, 2006). 
Therefore, a typical protein with a 60 Å diameter would need a support with at least a 300 Å 
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Fig. 3. Expanded-bed chromatography. In this type of chromatography, elution is performed 
in a normal packed-bed, but during the adsorption-wash step, the flow is reversed and the 
column bed expanded. This allows for particulate contaminates to pass freely through the 
column and prevent column clogging. 
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pore size. Often, the optimal pore size takes into account the ability of the affinity ligand to 
interact with the biomolecule as well as the surface area of the column since increasing pore 
size leads to a decrease in the surface area which limits the number of affinity ligands which 
can be immobilized to the support material. 

3.2.2 Spacer arms 

Due to the fact that binding sites of the target molecule are sometimes deeply located and 
difficult to access due to steric hindrance, a spacer arm is often incorporated between the 
matrix and ligand to facilitate efficient binding and create a more effective and better 
binding environment. See Figure 4. 

 
Fig. 4. Chromatogram showing better ligation and elution when spacer arms are introduced 
between the ligand and matrix 

The length of these spacer arms is critical. Too short or too long arms may lead to failure of 
binding or even non-specific binding. In general, the spacer arms are used when coupling 
molecules less than 1000 Da. 

3.2.3 Ligands used in affinity chromatography 

Antibodies have several advantages including their high specificity and relatively large 
binding constants. Antibodies or immunoglobulins are a type of glycoprotein produced 
when a body’s immune system responds to a foreign agent or antigen. Due to the variability 
of the amino acid sequence in the antibody binding sites (Fab regions shown in Figure 5), it 
has been estimated that antibodies can be produced for millions or even billions of different 
foreign agents.  

Antibodies which are produced by separate cell lines are referred to as polyclonal 
antibodies. Monoclonal antibodies are produced when a single antibody producing cell is 
combined with a carcinoma cell to create a hybridoma which can be grown in a cell culture. 
Monoclonal antibodies are often more desirable than polyclonal antibodies in affinity 
chromatography due to their lack of variability which allows for the creation of a more 
uniform affinity support.  
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Fig. 5. Typical structure of an antibody. The amino acids in the Fc region generally have the 
same sequence, whereas the amino acids in the Fab region have variable amino acid sequences 
which allows for the specificity of the binding interaction against a wide range of antigens. 

Another type of affinity ligand which can be used to purify biomolecules from complex 
mixtures is a dye-ligand. Dye ligand chromatography originated in 1968 when Haeckel et al. 
were purifying pyruvate kinase using gel filtration chromatography and found that Blue 
Dextran (a small dye molecule) co-eluted with the protein (Haeckel et al, 1968). After further 
investigation, it was determined that binding between the dye and enzyme caused this co-
elution. The dye-enzyme binding was later utilized in the purification of pyruvate kinase 
using a Blue Dextran column in 1971 (Staal et al, 1971).  

Biomimetic dye-ligand chromatography takes dye-ligand chromatography one step further 
and utilizes modified dyes which mimic the natural receptor of the target protein. In 
addition to offering better binding affinities, these modified dyes were initially developed as 
a result of the concerns over purity, leakage, and toxicity of the original commercial dyes 
(Lowe et al, 1992). Cibacron Blue 3GA is one of the most common modified triazine dyes 
that has been used for protein purification. Its structure can be seen in Figure 6. Covalent 
attachment of the dye can be achieved through nucleophilic displacement of the dye’s 
chlorine atom by hydroxyl groups on the support’s surface (Labrou, 2000; Labrou et al, 1995; 
Labrou, 2002).  

 
Fig. 6. Chemical structure of blue sepharose dye-ligand (Cibacron Blue 3GA) commonly 
used for purification of albumin as well as enzymes (NAD+ and NADP+). 
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Chlorotriazine polysulfonated aromatic molecules (triazine dyes) have been used for the 
purification of albumin, oxidoreductases, decarboxylases, glycolytic enzymes, nucleases, 
hydroloases, lyases, synthetases, and transferases (Labrou, 2000; Labrou et al, 1995). The 
main advantages of using dye-ligands and biomimetic dye-ligands are their low cost and 
resistance to chemical and biological degradation. The main disadvantage of these synthetic 
ligands is that the selection process for a particular biomolecule is empirical and requires 
extensive screening processes during method development. More information on 
biomimetic dyes can be found in reference (Clonis et al, 2000).  

DNA can also be used as an affinity ligand. It can be used to purify DNA-binding proteins, 
DNA repair proteins, primases, helicases, polymerases, and restriction enzymes. The scope 
of biomolecules which can be purified using DNA is expanded when aptamers are utilized. 
Aptamers are single-stranded oligonucleotides which have a high affinity for a target 
molecule. SELEX (Systematic Evolution of Ligands by Exponential Enrichment) allows for 
the isolation of these oligonucleotide sequences and allows for a wide range of potential 
targets including biomolecules which typically have no affinity for DNA or RNA. The 
SELEX process for DNA is shown in Figure 7.  

 
Fig. 7. Diagram depicting the SELEX process for the selection of aptamers against a target. 
First a random short stranded ssDNA (or RNA) library (1014 sequences) is exposed to the 
target compound and allowed to bind. The unbound oligonucleotides are then separated 
from the ssDNA-target complexes and removed. The remaining complexes are then 
disrupted leaving a mixture of aptamer candidates and the target compound. The ssDNA 
aptamer candidates are then amplified using PCR, the strands separated and the cycle 
repeated. After multiple cycles (typically 5 – 15), the initial DNA library will have been 
condensed down to a few sequences which tightly bind the target. These candidates can 
then be cloned, sequenced and used for affinity chromatography. 
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A similar process can be used to develop RNA affinity ligands. Once a potential aptamer 
sequence is identified, it can synthesized in vitro and used as the affinity ligand on a 
chromatographic support. An example of aptamers usage as in purification of L-selectin 
(Romig et al, 1999) and RNA binding proteins (Dangerfield et al, 2006; Windbichler & 
Schroeder, 2006). 

Peptide affinity chromatography is another method which can be used for purifying 
biomolecules. Peptide affinity ligands are typically identified using one of two techniques 
(Wang et al, 2004); biological combinatorial peptide libraries (e.g phage-displayed libraries) 
(Cwirla et al, 1990; Devlin et al, 1990; Smith & Scott, 1993) or solid-phase combinatorial 
libraries (e.g. one-bead-one-peptide libraries) (Lam et al, 1991). Since then, peptide 
sequences have been isolated for a wide range of targets (Casey et al, 2008) and have been 
used to purify staphylococcal enterotoxin B (Wang et al, 2004), β-tryptase (Schaschke et al, 
2005), and α-cobratoxin (Byeon & Weisblum, 2004). The main advantages of using peptides 
as affinity ligands are their low cost and stability.  

Other ligands can be used in affinity chromatography for biomolecule purification. For more 
information on all types of affinity ligands see references (Clonis, 2006; Hage, 2006). 

3.2.4 Immobilization of affinity ligands 

Immobilization of the affinity ligand is also very important when designing an affinity 
chromatography method for biomolecule purification. When immobilizing an affinity 
ligand, care must be taken to ensure that the affinity ligand can actively bind the desired 
target after the immobilization procedure. Activity of the affinity ligand can be affected by 
multi-site attachment, orientation of the affinity ligand, and steric hindrance. See Figure 8. 

Multi-site attachment occurs when an affinity ligand is attached through more than one 
functional group on a single ligand molecule. If these multiple attachment sites cause the 
affinity ligand to become denatured or distorted, multisite attachment can lead to reduced 
binding affinity. However, in some instances, the additional attachment sites can result in 
more stable ligand attachment. In general, it is best to try for site-specific attachment of the 
affinity ligands to limit the potential for multi-site attachment. For example, when 
immobilizing antibodies, covalent attachment is often directed toward the carbohydrate 
moieties within the Fc region of the antibody. Not only does this limit the number of 
attachment sites, but it can also help direct the binding and, thus, help orientate the 
antibody so the binding regions (Fab) are exposed. Another way to prevent multi-site 
attachment is to use a support that has a limited number of reactive sites. By limiting the 
reactive sites, the potential for multiple attachments from a single affinity ligand is greatly 
reduced. A general rule of thumb is the larger the affinity ligand to be immobilized, the 
fewer number of reactive sites on the support needed. 

Obviously, when performing affinity purifications, it is important to ensure the affinity ligands 
are immobilized so that the binding regions are exposed and free to interact and bind with the 
target molecule(s). Ideally, immobilization methods which specifically avoid attaching the 
affinity ligand via functional groups within the binding site(s) are used. One way to achieve 
this when immobilizing proteins is to use site-directed mutagenesis to introduce a single 
cysteine residue at a site known to be far away from the binding site(s) (Huang et al, 1997). 
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attachment is to use a support that has a limited number of reactive sites. By limiting the 
reactive sites, the potential for multiple attachments from a single affinity ligand is greatly 
reduced. A general rule of thumb is the larger the affinity ligand to be immobilized, the 
fewer number of reactive sites on the support needed. 

Obviously, when performing affinity purifications, it is important to ensure the affinity ligands 
are immobilized so that the binding regions are exposed and free to interact and bind with the 
target molecule(s). Ideally, immobilization methods which specifically avoid attaching the 
affinity ligand via functional groups within the binding site(s) are used. One way to achieve 
this when immobilizing proteins is to use site-directed mutagenesis to introduce a single 
cysteine residue at a site known to be far away from the binding site(s) (Huang et al, 1997). 
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Once the cysteine residue is introduced, the protein can be immobilized using a cysteine 
specific coupling reagent such as N-γ-maleimidobutyryl-oxysuccimide ester. 

 
Fig. 8. Potential immobilization problems which can affect affinity ligand activity by a) 
multi-site attachment, (b) improper orientation, and (c) steric hindrance. 

Affinity ligands can be covalently immobilized, adsorbed onto a surface via nonspecific or 
biospecific interactions, entrapped within a pore, or coordinated with a metal ion as in 
metal-ion affinity chromatography (IMAC). Each of these methods has advantages and 
disadvantages and is briefly discussed below. 

Covalent immobilization is one of the most common ways of attaching an affinity ligand to 
a solid support material. There is a wide range of coupling chemistries available when 
considering covalent immobilization methods. Amine, sulfhydryl, hydroxyl, aldehyde, and 
carboxyl groups have been used to link affinity ligands onto support materials. More 
information about these specific reactions can be found in reference (Kim & Hage, 2006). 
Although covalent attachment methods are more selective than other immobilization 
methods, they generally require more steps and chemical reagents. While this may lead to a 
greater initial cost of preparation, the stability of these supports typically is greater and the 
support does not need to be periodically regenerated with additional affinity ligands as is 
typically the case when using adsorption techniques. As a result, covalent immobilization 
may be more economical in the long-term for the immobilization of costly affinity ligands. 
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Adsorption of affinity ligands may also be used to immobilize affinity ligands onto support 
materials. The adsorption can be either nonspecific or specific. In nonspecific adsorption the 
affinity ligand simply adsorbs to the surface of the support material and is a result of 
Coulombic interactions, hydrogen bonding, and/or hydrophobic interactions. Biospecific 
adsorption is commonly performed by using avidin or streptavidin for the adsorption of 
biotin containing affinity ligands or protein A or protein G for the adsorption of antibodies. 
Both of these immobilization methods allow for site-specific attachment of the affinity 
ligand which minimizes binding site blockages. When biospecific adsorption is used for 
immobilization, the primary ligand (i.e. avidin, streptavidin, protein A or protein G) must 
first be immobilized onto the support material. Avidin, streptavidin, protein A and protein 
G can be immobilized using amine-reactive methods. Avidin is glycosylated and can also be 
immobilized through its carbohydrate residues.  

Entrapment of affinity ligands was demonstrated by Jackson et al. when human serum 
albumin (HSA) was entrapped using hydrazide-activated supports and oxidized glycogen 
as a capping agent (Jackson et al, 2010). Their method can be used with other affinity ligands 
ranging from 5.8 to 150 kDa. This type of immobilization method is generally less harsh 
than other immobilization methods and does not require the use of recombinant proteins. In 
addition, no linkage exists between the affinity ligand and the support which eliminates the 
potential immobilization problems seen in Figure 8.  

Sol-gel entrapment is another method of encapsulation of affinity ligands (Avnir et al, 2006; 
Jin & Brennan, 2002; Pierre, 2004). The sol-gel entrapment process is as follows: First, the sol 
is formed from a silica precursor (e.g. alkoxysilane or glycerated silane). Once the sol has 
been formed, the buffered protein solution is added and the gelation reaction initiated. This 
is followed by an aging process in which the sol-gel is dried and further crosslinking of the 
silica occurs leaving the protein physically trapped within the cross-linked silica gel. 

4. Current techniques involving affinity chromatography 
Affinity chromatography is currently being used for a wide variety of applications ranging 
from the study of drug-protein binding interactions to the depletion of high abundance 
proteins to enhance the detection/quantification of dilute proteins.  

Affinity chromatography can be used to study drug-protein binding interactions. Frontal 
analysis, zonal elution, and the Hummel-Dreyer method can be used to measure drug-
protein binding constants, to quantify kinetic properties of the various interactions, to 
quantify allosteric interactions, and to identify drug binding sites. More information about 
the measurement of drug-protein binding constants can be found in two review articles 
(Hage, 2002; Hage et al, 2011). Information on quantifying kinetic properties of drug-protein 
interactions can be found in a review by (Schiel & Hage, 2009). A discussion on the 
quantification of allosteric interactions by affinity chromatography can be seen in an article 
by (Chen & Hage, 2004). Additional information on the identification of drug-binding sites 
can be found in a review article (Hage & Austin, 2000).  

When trying to analyze low abundance proteins, it is often necessary to remove high 
abundance proteins prior to analysis. This removal effectively enriches low abundance 
proteins and allows more of them to be identified and quantified. Removal of the top 7 or 
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top 14 high-abundance proteins has been shown to result in a 25% increase in identified 
proteins (Tu et al, 2010). Moreover, affinity chromatography is widely used in many ‘omics’ 
studies (e.g. proteomics, metabolomics and genomics) and is currently used in tandem with 
other methods to develop high-throughput screening methods for potential drugs. 

5. Biokinetics of affinity chromatography 
The reaction between the ligand (L) and target compound (T) in an affinity atmosphere 
(either adsorption or desorption) is represented in Figure 9. 

 
Fig. 9. Basic reaction between compound to be purified and ligand. 

The standard definition of the term equilibrium dissociation constant [KD] can be expressed 
in equation 1,  
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where [L] is the free ligand, [T] is the target compound, and [LT] is the ligand-target 
complex. 

According to the postulation of (Graves & Wu, 1974), the bound target-total target ratio can 
by represented as shown in equation 2, 
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where L0 is the concentration of the ligand (usually 10-4 – 10-2 M). To achieve successful 
binding, the ratio of bound to total target must be near 1. Therefore, KD should be small 
compared to ligand concentration. KD can be greatly affected by changing in pH, ionic 
strength, and temperature. Thus changing these parameters can be used to control the 
binding and elution efficiency of the reaction and can be expressed as seen in equations 3 
and 4, 
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In equation 3, the KD range is between 10–6 – 10–4 M which means there is more binding and 
less elution. In equation 4, the KD is decreased to 10–1 – 10–2 M by the elution conditions 
which results in less binding and more elution of the target compound. 

The interactions described in equations 3 and 4 apply under non-selective (noncompetitive) 
elution conditions. In case of selective elution or competitive elution, the interaction can be 
represent as shown in Figure 10. 

 
Fig. 10. Competitive elution of the target by adding a competitive free ligand (triangle). 

When adding a competing binding substance or a free ligand (C) that binds to the purified 
compound of interest during elution, the interaction can be represented as shown in 
Equation 5.  
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The equilibrium constant, KD, is calculated according to equation 6 
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where [C] and [T] are the concentration of the free competing ligand and target, respectively 
and [CT] is the concentration of the competing ligand-target complex. 

(Graves & Wu, 1974) have shown that the eluted target to total target compound ratio can be 
represented by equation 7 
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where, p is the ratio between the volume of competitor added and the pore volume of the 
gel, KD is the dissociation constant for coupled ligand, KDcomp is the dissociation constant for 
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the free competing ligand, C0 is the concentration of the competing ligand (usually 10-2 – 10-1 
M) and L0 is the concentration of the coupled ligand, usually 10-4 – 10-2 M. 

If both KD and KDcomp are similar, then the concentrations of the competing and coupled 
ligand must be similar to achieve an efficient elution. On the other hand, if KDcomp is equal to 
5*KD we would expect that the concentration of the competing ligand will need to be 5x 
higher to achieve successful elution. 

6. Applications and uses of affinity chromatography 
6.1 Immunoglobulin purification (antibody immobilization) 

Antibodies can be immobilized by both covalent and adsorption methods. Random covalent 
immobilization methods generally link antibodies to the solid support via their free amine 
groups using cyanogen bromide, N-hydroxysuccinimide, N,N’-carbonyldiimidazole, tresyl 
chloride, or tosyl chloride. Alternatively, free amine groups can react with aldehyde or free 
epoxy groups on an activated support. As these are random immobilization methods, the 
antibody binding sites may be blocked due to improper orientation, multi-site attachment or 
steric hindrance as shown in Figure 8. 

Site-specific covalent immobilization of antibodies can be achieved by converting the 
carbohydrate residues located in the Fc region of the antibody to produce aldehyde residues 
which can react with amine or hydrazide supports (Ruhn et al, 1994). Another site-specific 
immobilization of antibodies can be accomplished by utilizing the free sulfhydryl groups of 
Fab fragments. These groups can be used to couple the antibody fragments to an affinity 
support using a variety of established methods including epoxy, divinylsulfone, iodoacetyl, 
bromoacetyl, thiol, maleimide, TNB-thiol, tresyl chloride, or tosyl chloride methods 
(Hermanson et al, 1992). 

Antibodies can also be immobilized by adsorbing them onto secondary ligands. For 
example, if an antibody is reacted with hydrazide biotin, the hydrazide can react with 
oxidized carbohydrate residues on the Fc region of the antibody. The resultant biotinylated 
antibody can then be adsorbed onto an avidin or streptavidin affinity support. This type of 
biotin immobilization allows for site-specific immobilization of the antibody and can be 
performed using commercially available biotinylation kits. 

Alternatively, antibodies can be directly adsorbed onto a protein A or protein G support due 
to the specific interaction of antibodies with protein A and G. Immobilized antibodies on the 
protein A or G support can easily be replaced by using a strong eluent, regenerating the 
protein A/G, and re-applying fresh antibodies. Generally, this method is used when a high 
capacity/high activity support is needed. If a more permanent immobilization is desired, 
the adsorbed antibodies may be cross-linked to the support material using carbodiimide 
(Phillips et al, 1985) or dimethyl pimelimidate (Schneider et al, 1982; Sisson & Castor, 1990). 

6.2 Recombinant tagged proteins 

Purification of proteins can be easier and simpler if the protein of interest is tagged with a 
known sequence commonly referred to as a tag. This tag can range from a short sequence of 
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amino acids to entire domains or even whole proteins. Tags can act both as a marker for 
protein expression and to help facilitate protein purification.  

The properties of fusion tags allow tagged proteins to be easily manipulated in the 
laboratory. Most significantly, the well-characterized tag-ligand chemistry enables single-
step affinity purification of tagged molecules using immobilized versions of their 
corresponding affinity ligands. In addition, antibodies to fusion tags are also available and 
can be used for "universal" purification and detection of tagged proteins (i.e., without 
having to obtain or develop a probe for each specific recombinant protein). 

In general, the most commonly used tags are glutathione-S-transferase (GST), histidine 
fusion (His or polyHis tag) and protein A fusion tags. Other types of fusion tags are also 
available including maltose-binding protein (di Guan et al, 1988), thioredoxin (LaVallie et al, 
1993), NusA (Whetstone et al, 2004), GB1 domain for protein G (Davis et al, 1999), and 
others (Balbas, 2001; Thorn et al, 2000). The decision to use any of these tagging methods 
depends mainly on the needs of of the researcher. Table 1 compares GST and (His)6 tags and 
may help when deciding which tag is appropriate for a particular purification. 

GST tag (His)6 tag
Can be used in any expression system

Purification procedure gives high yields of pure product
Selection of purification products available for any scale

Site-specific proteases enable 
cleavage of tag if required 

Site-specific proteases enable cleavage of tag if 
required. N.B. enterokinase sites that enable tag 
cleavage without leaving behind extra amino 
acids are preferable

GST tag easily detected using an 
enzyme assay or an immunoassay (His)6 tag easily detected using an immunoassay 

Simple purification. Very mild 
elution conditions minimize risk of 
damage to functionality and 
antigenicity of target proteins 

Simple purification, but elution conditions are 
not as mild as for GST fusion proteins. 
Purification can be performed under denaturing 
conditions if required. 
Neutral pH but imidazole may cause 
precipitation. Desalting to remove imidazole 
may be necessary

GST tag can help stabilize folding of 
recombinant proteins

(His)6 -dihydrofolate reductase tag stabilizes 
small peptides during expression

Fusion proteins form dimers Small tag is less likely to interfere with structure 
and function of fusion partner

 Mass determination by mass spectrometry not 
always accurate for some (His)6 fusion proteins 

Table 1. Comparison of GST and His tags for protein purification. The information from this 
table is summarized fromthe Amersham recombinant protein handbook and (Geoghegan et 
al, 1999). 

In the following sections, the most commonly used purification techniques and methods 
utilizing affinity chromatography will be discussed. 
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Table 1. Comparison of GST and His tags for protein purification. The information from this 
table is summarized fromthe Amersham recombinant protein handbook and (Geoghegan et 
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In the following sections, the most commonly used purification techniques and methods 
utilizing affinity chromatography will be discussed. 
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6.2.1 GST tagged purification 

Glutathione S-transferase (GST) is a 26 kDa protein (211 amino acids) located in cytosole or 
mitochondria and present both in eukaryotes and prokaryotes (e.g. Schistosoma japonicum). 
The enzymes have various sources both native and recombinantly expressed by fusion to 
the N-terminus of target proteins (Allocati et al, 2009; Allocati et al, 2011; Sheehan et al, 2001; 
Udomsinprasert et al, 2005). GST-fusion proteins can also be produced in Escherichia coli as 
recombinant proteins. Separation and purifcation of GST-tagged proteins is possible since 
the GST tag is capable of binding its substrate, glutathione (tripeptide, Glu-Cys-Gly). 

When glutathione is reduced (GSH), it can be immobilized onto a solid support through its 
sulfhydryl group. This property can be used to crosslink glutathione with agarose beads 
and, thus, can be used to capture pure GST or GST-tagged proteins via the enzyme-substrate 
binding reaction (Beckett & Hayes, 1993; Douglas, 1987). Binding is most efficient near 
neutral physiological conditions (pH 7.5) using Tris saline buffer and mild conditions to 
preserve the structure and enzymatic function of GST. As a result of the potential for 
permanent denaturation, denaturing elution conditions are not compatible with GST 
purification. In addition, upon denaturation or reduction, the structure of the GST fusion tag 
often degrades.  

Following a washing step to remove unbound samples, the bound GST-fusion protein can 
be recovered by the addition of excess reduced glutathione since the affinity of GST for free 
glutathione is higher than the affinity for immobilized glutathione. The free glutathione 
replaces the immobilized glutathione and releases the GST-tagged protein from the matrix 
allowing its elution from the column. 

 
Fig. 11. GST- tagged protein immobilization.  

6.2.2 His-tagged protein purification 

Recombinant proteins which have histidine tags can be purified using immobilized metal 
ion chromatography (IMAC). The His-tag can be placed on either the N- or C-terminus. 
Optimal binding and, therefore, purification efficiency is achieved when the His-tag is freely 
accessible to metal ion support (Dong et al, 2010).  
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Histidine tags have strong affinity for metal ions (e.g. Co2+, Ni2+, Cu2+, and Zn2+). One of the 
first support materials used immobilized iminodiacetic acid which can bind metal ions and 
allow for the coordination complex with the His-tagged protein. One difficulty with 
iminodiacetic acid supports is the potential for metal ion leaching leading to a decreased 
protein yield. Modern support materials, including nickel-nitrilotriacetic acid (Ni-NTA) and 
cobalt-carboxymethylasparate (Co-CMA), show limited leaching and, therefore, result in 
more efficient protein purifications. The coordination of a His-tag with a Ni-NTA support 
can be seen in Figure 12. Once the tagged protein is bound by the immobilized chelating 
agent, it can be eluted by introducing a competing agent for the chelating group (imidazole) 
or an additional metal chelating agent (EDTA).  

 
Fig. 12. showing the complex formed between the poly-histidine tag and a nickel NTA 
support.  

One advantage of using His-tags for protein purification includes the small size of the 
affinity ligand. Due to the small size, it has minimal effects on the folding of the protein. In 
addition, if the His-tag is placed on the N-terminal end of the protein, it can easily be 
removed using an endoprotease. Another advantage of using His-tag purification methods 
is that polyhistidine tags can bind proteins under both native and denaturing conditions. 
The use of denaturing conditions becomes important when proteins are found in inclusion 
bodies and must be denatured so they can be solubilized. 

Disadvantages of using His-tag protein purification include potential degradation of the His-
tag, dimer and tetramer formation, and coelution of other histidine-containing proteins. First, 
when a few histidine residues are proteolytically degraded, the affinity of the tagged protein is 
greatly reduced leading to a decrease in the protein yield. Second, once a protein has a His-tag 
added to its structure, it has the potential to form dimers and tetramers in the presence of 
metal ions. While this is often not a large problem, it can lead to inaccurate molecular mass 
estimates of the tagged protein. A third disadvantage of protein purification using His-tags is 
coelution of proteins that naturally have two or more adjacent histidine residues. 
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6.3 Protein A, G, and L purification 

Proteins A, G, and L are native or recombinant proteins of microbial origin which bind 
specifically to immunoglobulins including immunoglobulin G (IgG). IgG represents 80% of 
serum immunoglobulins. Native and recombinant protein A can be cloned in Staphylococcus 
aureus. Recombinant protein G (cell surface protein) is cloned in Streptococcus while 
recombinant protein L is cloned from Peptostreptococcus magnus. Both protein A and G 
specifically bind the Fc region of IgG while protein L binds to the kappa light chains of IgG.  

The most popular matrixes or supports for affinity applications which utilize protein A, G, 
or L is beaded agarose (e.g. Sepharose CL-4B; agarose crosslinked with 2,3-
dibromopropanol and desulphated by alkaline hydrolysis under reductive conditions), 
polyacrylamide, and magnetic beads (Grodzki & Berenstein, 2010; Hober et al, 2007; Katoh 
et al, 2007; Tyutyulkova & Paul, 1995).  

All three proteins bind extensively with the IgG subclass. In general, protein A is more 
suitable for cat, dog, rabbit and pig IgG whereas protein G is generally more preferable 
when purifying mouse or human IgG. A combination of protein A and G is also applicable 
for purifying a wide range of mammalian IgG samples. Since protein L binds to the kappa 
light chain of immunoglobulins and these light chains exist in other immunoglobulins (i.e 
IgG, IgM, IgA, and IgE), protein L is suitable for the purification of different classes of 
antibodies. The binding characteristics of antibody binding proteins (A, G and L) to a 
variety immunoglobulin species is summarized in Table 2. IgGs from most species bind to 
protein A and G near physiological pH and ionic strength. To elute purified 
immunoglobulins from protein G sepharose, the pH should be less than 2.7. 

Species Protein A Protein G Protein L* 
Human Strong Strong Strong
Mouse Strong Strong Strong
Rat Weak Medium Strong
Cow Weak Medium Strong
Goat Weak Strong No binding 
Sheep Weak Strong No binding 
Horse Weak Strong Unknown 
Rabbit Strong Strong Weak
Guinea pig Strong Weak Unknown 
Pig Strong Weak Strong
Dog Strong Weak Unknown 
Cat Strong Weak Unknown 
Chicken Unknown Unknown Unknown 

*Binding affinity based on total IgG binding, L proteins binds to Kappa light chains while Proteins A 
and G bind to Fc region. 

Table 2. Binding affinity for proteins A, G, and L with a variety of immunoglobulin species. 

6.4 Biotin and biotinylated molecules purification 

If a biotin tag can be incorporated into a biomolecule, it can be used to purify the 
biomolecule using a streptavidin or avidin affinity support. One way is to insert a 

 
Affinity Chromatography: Principles and Applications 

 

21 

biotinylation sequence into a recombinant protein. Biotin protein ligase can then be used to 
add biotin in a post-translational modification step (Cronan & Reed, 2000). Biotin, also 
known as vitamin H or vitamin B7, is a relatively small cofactor present in cells. In affinity 
chromatography it is often used an affinity tag due to its very strong interactions with 
avidin and streptavidin. One advantage of using biotin as an affinity tag is that it has a 
minimal effect on the activity of a large biomolecule due to its small size (244 Da).  

Streptavidin is a large protein (60 kDa) that can be obtained from Streptomyces avidinii and 
bind biotin with an affinity constant of 1013 M–1. Avidin is a slightly larger glycoprotein (66 
kDa) with slightly stronger binding to biotin (1015 M–1). Both avidin and streptavidin have 
four subunits that can each bind one biotin molecule. To purify biotinylated biomolecules, 
streptavidin is immobilized onto a support material and used to extract the biotinylated 
molecules out of solution. Both avidin and streptavidin may be immobilized using amine-
reactive coupling chemistries. In addition, avidin can also be immobilized via its 
carbohydrate residues.  

Due to the strong interaction between biotin and (strept)avidin, harsh elution conditions are 
required to disrupt the binding. For example, 6 M guanidine hydrochloride at pH 1.5 is 
commonly used to elute the bound biotinylated biomolecule. This prevents the recovery of 
most proteins in their active form. To overcome this difficulty, modified (strept)avidin or 
modified biotin may be used to create a lower affinity interaction. In one study chemically 
modified avidin had relatively strong binding (>109 M–1), but was also able to completely 
release biotinylated molecules at pH 10 (Morag et al, 1996). In addition, at any pH between 4 
and 10, a 0.6 mM biotin solution could be used to displace and elute the biotinylated 
molecules. 

Biotin is also used in isotopically coded affinity tags (ICATs) which can be used to compare 
the protein content in two different samples (Bottari et al, 2004). The ICAT consists of two 
labels, one which contains deuterium (heavy) and one which contains only hydrogen (light). 
The two labels (light and heavy) are added separately to the cell lysates being compared. 
Since the reagent contains a thiol-specific reactive group, it will covalently bind free 
cysteines on proteins. The labeled lysates are combined, digested with trypsin, and then 
isolated on a streptavidin column. After a second separation step, the labeled proteins are 
analyzed using mass spectrometry. The change in protein expression between the two cell 
lysates can then be quantified and related to the different conditions applied to the two sets 
of cell lysates. 

6.5 Affinity purification of albumin and macroglobulin contamination 

Affinity purification is a helpful tool for cleaning up and removing excess albumin and α2- 
macroglobulin contamination from samples since these components can mask or interfere 
with subsequent steps of analysis (e.g. mass spectrometry and immunoprecipitation). One 
purification method which can be used to remove these contaminants either before or after 
other purification steps is Blue sepharose affinity chromatography. In this method, the dye 
ligand is covalently coupled to sepharose via a chlorotriazine ring. Albumin binds in a non-
specific manner by electrostatic and/or hydrophobic interactions with the aromatic anionic 
ligand (Antoni et al, 1978; Peters et al, 1973; Travis & Pannell, 1973; Young & Webb, 1978). 
The most commonly used dye is Cibacron blue F-3-GA which can be immobilized onto 
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6.3 Protein A, G, and L purification 

Proteins A, G, and L are native or recombinant proteins of microbial origin which bind 
specifically to immunoglobulins including immunoglobulin G (IgG). IgG represents 80% of 
serum immunoglobulins. Native and recombinant protein A can be cloned in Staphylococcus 
aureus. Recombinant protein G (cell surface protein) is cloned in Streptococcus while 
recombinant protein L is cloned from Peptostreptococcus magnus. Both protein A and G 
specifically bind the Fc region of IgG while protein L binds to the kappa light chains of IgG.  

The most popular matrixes or supports for affinity applications which utilize protein A, G, 
or L is beaded agarose (e.g. Sepharose CL-4B; agarose crosslinked with 2,3-
dibromopropanol and desulphated by alkaline hydrolysis under reductive conditions), 
polyacrylamide, and magnetic beads (Grodzki & Berenstein, 2010; Hober et al, 2007; Katoh 
et al, 2007; Tyutyulkova & Paul, 1995).  

All three proteins bind extensively with the IgG subclass. In general, protein A is more 
suitable for cat, dog, rabbit and pig IgG whereas protein G is generally more preferable 
when purifying mouse or human IgG. A combination of protein A and G is also applicable 
for purifying a wide range of mammalian IgG samples. Since protein L binds to the kappa 
light chain of immunoglobulins and these light chains exist in other immunoglobulins (i.e 
IgG, IgM, IgA, and IgE), protein L is suitable for the purification of different classes of 
antibodies. The binding characteristics of antibody binding proteins (A, G and L) to a 
variety immunoglobulin species is summarized in Table 2. IgGs from most species bind to 
protein A and G near physiological pH and ionic strength. To elute purified 
immunoglobulins from protein G sepharose, the pH should be less than 2.7. 

Species Protein A Protein G Protein L* 
Human Strong Strong Strong
Mouse Strong Strong Strong
Rat Weak Medium Strong
Cow Weak Medium Strong
Goat Weak Strong No binding 
Sheep Weak Strong No binding 
Horse Weak Strong Unknown 
Rabbit Strong Strong Weak
Guinea pig Strong Weak Unknown 
Pig Strong Weak Strong
Dog Strong Weak Unknown 
Cat Strong Weak Unknown 
Chicken Unknown Unknown Unknown 

*Binding affinity based on total IgG binding, L proteins binds to Kappa light chains while Proteins A 
and G bind to Fc region. 

Table 2. Binding affinity for proteins A, G, and L with a variety of immunoglobulin species. 

6.4 Biotin and biotinylated molecules purification 

If a biotin tag can be incorporated into a biomolecule, it can be used to purify the 
biomolecule using a streptavidin or avidin affinity support. One way is to insert a 
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biotinylation sequence into a recombinant protein. Biotin protein ligase can then be used to 
add biotin in a post-translational modification step (Cronan & Reed, 2000). Biotin, also 
known as vitamin H or vitamin B7, is a relatively small cofactor present in cells. In affinity 
chromatography it is often used an affinity tag due to its very strong interactions with 
avidin and streptavidin. One advantage of using biotin as an affinity tag is that it has a 
minimal effect on the activity of a large biomolecule due to its small size (244 Da).  

Streptavidin is a large protein (60 kDa) that can be obtained from Streptomyces avidinii and 
bind biotin with an affinity constant of 1013 M–1. Avidin is a slightly larger glycoprotein (66 
kDa) with slightly stronger binding to biotin (1015 M–1). Both avidin and streptavidin have 
four subunits that can each bind one biotin molecule. To purify biotinylated biomolecules, 
streptavidin is immobilized onto a support material and used to extract the biotinylated 
molecules out of solution. Both avidin and streptavidin may be immobilized using amine-
reactive coupling chemistries. In addition, avidin can also be immobilized via its 
carbohydrate residues.  

Due to the strong interaction between biotin and (strept)avidin, harsh elution conditions are 
required to disrupt the binding. For example, 6 M guanidine hydrochloride at pH 1.5 is 
commonly used to elute the bound biotinylated biomolecule. This prevents the recovery of 
most proteins in their active form. To overcome this difficulty, modified (strept)avidin or 
modified biotin may be used to create a lower affinity interaction. In one study chemically 
modified avidin had relatively strong binding (>109 M–1), but was also able to completely 
release biotinylated molecules at pH 10 (Morag et al, 1996). In addition, at any pH between 4 
and 10, a 0.6 mM biotin solution could be used to displace and elute the biotinylated 
molecules. 

Biotin is also used in isotopically coded affinity tags (ICATs) which can be used to compare 
the protein content in two different samples (Bottari et al, 2004). The ICAT consists of two 
labels, one which contains deuterium (heavy) and one which contains only hydrogen (light). 
The two labels (light and heavy) are added separately to the cell lysates being compared. 
Since the reagent contains a thiol-specific reactive group, it will covalently bind free 
cysteines on proteins. The labeled lysates are combined, digested with trypsin, and then 
isolated on a streptavidin column. After a second separation step, the labeled proteins are 
analyzed using mass spectrometry. The change in protein expression between the two cell 
lysates can then be quantified and related to the different conditions applied to the two sets 
of cell lysates. 

6.5 Affinity purification of albumin and macroglobulin contamination 

Affinity purification is a helpful tool for cleaning up and removing excess albumin and α2- 
macroglobulin contamination from samples since these components can mask or interfere 
with subsequent steps of analysis (e.g. mass spectrometry and immunoprecipitation). One 
purification method which can be used to remove these contaminants either before or after 
other purification steps is Blue sepharose affinity chromatography. In this method, the dye 
ligand is covalently coupled to sepharose via a chlorotriazine ring. Albumin binds in a non-
specific manner by electrostatic and/or hydrophobic interactions with the aromatic anionic 
ligand (Antoni et al, 1978; Peters et al, 1973; Travis & Pannell, 1973; Young & Webb, 1978). 
The most commonly used dye is Cibacron blue F-3-GA which can be immobilized onto 
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sepharose to create an affinity column. See Figure 6. This dye is capable of removing over 
90% of albumin in the sample (Travis et al, 1976).  

6.6 Lectin affinity chromatography 

Lectin affinity chromatography is one of the most powerful techniques for studying 
glycosylation as a protein post translational modification (Hirabayashi et al, 2002; Spiro, 
2002). Lectins are carbohydrate binding proteins that contain two or more carbohydrate 
binding sites and can be classified into five groups according to their specificity to the 
monosaccharide. They exhibit the highest affinity for: mannose, galactose/N-
acetylgalactosamine, N-acetylglucosamine, fucose, and N-acetylneuraminic acid (Sharon, 
1998). In this affinity technique, protein is bound to an immobilized lectin through its sugar 
moeities (N-linked or O-linked). Once the glycosylated protein is bound to the affinity 
support, the unbound contaminants are washed away, and the purifed protein eluted. 

Currently, many lectins are commercially available in an immobilized form. Among them, 
Concanavaline A (Con A) Sepharose and wheat germ agglutinin (WGA) are the most 
popular for glycoprotein purification. As shown in Table 3, several different types of lectin 
may be used in affinity chromatography. 

Acronym, 
Organism and 

source 

Metal ions 
required 

Sugar 
specificity

Elution 
conditions Useful for binding 

Con A (Canavalia 
ensiformis; jack bean 
seeds) 

Ca2+, Mn2+ α-Man > α-
Glc 

0.1–0.5 M α-
MeMan 

High-Man, hybrid, and 
biantennary N-linked chains 

LCA or LCH (Lens 
culinarus; lentil 
seeds) 

Ca2+, Mn2+ α-Man > α-
Glc 

0.1–0.5 M α-
MeMan 

Bi- and triantennary N-linked 
chains with Fuc α1-6 in core 
region 

PSA (Pisum 
sativum;peas) Ca2+, Mn2+ α-Man 0.1–0.5 M α-

MeMan Similar to LCA/LCH 

WGA (Triticum 
vulgaris; wheat 
germ) 

Ca2+, Mn2+ ß-GlcNAc 0.1–0.5 M 
GlcNAc 

GlcNAc- and Sia- terminated 
chains, or clusters of O-GlcNAc; 
succinylated form selectively 
binds GlcNAc>Sia 

HPA (Helix 
promatia; albumin 
gland of edible 
snail) 

- α-GalNAc 0.1–0.5 M 
GalNAc 

Proteins with terminal α-
GalNAc or GalNAcα-O-Ser/Thr 
(Tn antigen) 

UEA-I (Ulex 
europaeus; furze 
gorse seeds) 

- α-L-Fuc 

0.1–0.5 M L-
Fuc or 
methyl-α-L-
Fuc 

Sugar chains with terminal α-
Fuc, especially in α1-2 linkage, 
but much less with α1-3 or α1-6 
linkages 

LBA (Phaseolus 
lunatus; lima bean) Mn2+, Ca2+ Terminal α-

GalNAc 
0.1–0.5 M 
GalNAc 

Proteins with blood group A 
structure GalNAcα1-3(Fucα1-
2)Gal– 

Table 3. Some examples of lectins used for glycoprotein purification modified from current 
protocols in protein science. 
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Lectin affinity columns can be prepared by immobilizing lectins with different 
specificities toward oligosaccharides to a variety of matrices, including agarose (West & 
Goldring, 2004), silica (Geng et al, 2001), monolithic stationary phases (Okanda & El Rassi, 
2006) and cellulose (Aniulyte et al, 2006). These immobilized lectins are invaluable tools 
for isolating and separating glycoproteins, glycolipids, polysaccharides, subcellular 
particles and cells. In addition, lectin affinity columns can be used to purify detergent-
solubilized cell membrane components. They also are useful for assessing changes in 
levels or composition of surface glycoproteins during cell development and in malignant 
or virally transformed variants. In subsequent chapters, more detailed examples of lectin 
affinity purification can be found. 

6.7 Reversed phase chromatography 

Reversed phase chromatography is a kind of affinity interaction between a biomolecule 
dissolved in a solvent (mobile phase) that has some hydrophobicity (e.g. proteins, peptides, 
and nucleic acids) and an immobilized hydrophobic ligand (stationary phase) (Dorsey & 
Cooper, 1994). Reversed phase chromatography is generally more suitable for separating 
non-volatile molecules. The term “reversed phase” was adopted because the binding occurs 
between a hydrophobic ligand (octadecyl; C18) and molecules in a polar aqueous phase 
which is reversed from normal phase chromatography [where a hydrophilic polar ligand 
binds to molecules in a hydrophobic nonpolar mobile phase].  

In general, the macromolecules (e.g. protein or peptides) are adsorbed onto the hydrophobic 
surface of the column. Elution is achieved using a mobile phase which is usually a 
combination of water and organic solvents (such as acetonitrile or methanol) applied to the 
column as a gradient (e.g. starting with 95:5 aqueous:organic and gradually increasing the 
organic phase until the elution buffer is 5:95 aqueuos:organic). The macromolecules bind the 
hydrophobic surface of the column and remain until the concentration of the organic phase 
is high enough to elute the macromolecules from the hydrophobic surface.  

When using reversed phase chromatography, the most polar macromolecules are eluted 
first and the most nonpolar macromolecules are eluted last: the more polar (hydrophilic) a 
solute is, the faster the elution and vice versa. In summary, separations in reversed phase 
chromatography depend on the reversible adsorption/desorption of solute molecules with 
varying degrees of hydrophobicity to a hydrophobic stationary phase.  

As illustrated in Figure 13, the initial step of reversed phase separation involves 
equilibration of the column under suitable conditions (pH, ionic strength and polarity). 
The polarity of the solvent can be modified by adding a solvent such as methanol or 
acetonitrile and an ion pairing agent such as formic acid or trifluoroacetic acid may be 
added. Next, sample is applied and bound to the immobilized matrix. Following this step, 
desorption and elution of the biomolecules is achieved by decreasing the polarity of the 
mobile phase (by increasing the percentage of organic modifier in the mobile phase). At 
the end of the separation, the mobile phase should be nearly 100% organic to ensure 
complete removal of all bound substances. Once everything has eluted from the column, 
the initial mobile phase is reapplied to the column to reequilibrate the column for a 
subsequent sample application.  
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sepharose to create an affinity column. See Figure 6. This dye is capable of removing over 
90% of albumin in the sample (Travis et al, 1976).  

6.6 Lectin affinity chromatography 

Lectin affinity chromatography is one of the most powerful techniques for studying 
glycosylation as a protein post translational modification (Hirabayashi et al, 2002; Spiro, 
2002). Lectins are carbohydrate binding proteins that contain two or more carbohydrate 
binding sites and can be classified into five groups according to their specificity to the 
monosaccharide. They exhibit the highest affinity for: mannose, galactose/N-
acetylgalactosamine, N-acetylglucosamine, fucose, and N-acetylneuraminic acid (Sharon, 
1998). In this affinity technique, protein is bound to an immobilized lectin through its sugar 
moeities (N-linked or O-linked). Once the glycosylated protein is bound to the affinity 
support, the unbound contaminants are washed away, and the purifed protein eluted. 

Currently, many lectins are commercially available in an immobilized form. Among them, 
Concanavaline A (Con A) Sepharose and wheat germ agglutinin (WGA) are the most 
popular for glycoprotein purification. As shown in Table 3, several different types of lectin 
may be used in affinity chromatography. 

Acronym, 
Organism and 

source 

Metal ions 
required 

Sugar 
specificity

Elution 
conditions Useful for binding 

Con A (Canavalia 
ensiformis; jack bean 
seeds) 

Ca2+, Mn2+ α-Man > α-
Glc 

0.1–0.5 M α-
MeMan 

High-Man, hybrid, and 
biantennary N-linked chains 

LCA or LCH (Lens 
culinarus; lentil 
seeds) 

Ca2+, Mn2+ α-Man > α-
Glc 

0.1–0.5 M α-
MeMan 

Bi- and triantennary N-linked 
chains with Fuc α1-6 in core 
region 

PSA (Pisum 
sativum;peas) Ca2+, Mn2+ α-Man 0.1–0.5 M α-

MeMan Similar to LCA/LCH 

WGA (Triticum 
vulgaris; wheat 
germ) 

Ca2+, Mn2+ ß-GlcNAc 0.1–0.5 M 
GlcNAc 

GlcNAc- and Sia- terminated 
chains, or clusters of O-GlcNAc; 
succinylated form selectively 
binds GlcNAc>Sia 

HPA (Helix 
promatia; albumin 
gland of edible 
snail) 

- α-GalNAc 0.1–0.5 M 
GalNAc 

Proteins with terminal α-
GalNAc or GalNAcα-O-Ser/Thr 
(Tn antigen) 

UEA-I (Ulex 
europaeus; furze 
gorse seeds) 

- α-L-Fuc 

0.1–0.5 M L-
Fuc or 
methyl-α-L-
Fuc 

Sugar chains with terminal α-
Fuc, especially in α1-2 linkage, 
but much less with α1-3 or α1-6 
linkages 

LBA (Phaseolus 
lunatus; lima bean) Mn2+, Ca2+ Terminal α-

GalNAc 
0.1–0.5 M 
GalNAc 

Proteins with blood group A 
structure GalNAcα1-3(Fucα1-
2)Gal– 

Table 3. Some examples of lectins used for glycoprotein purification modified from current 
protocols in protein science. 
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Lectin affinity columns can be prepared by immobilizing lectins with different 
specificities toward oligosaccharides to a variety of matrices, including agarose (West & 
Goldring, 2004), silica (Geng et al, 2001), monolithic stationary phases (Okanda & El Rassi, 
2006) and cellulose (Aniulyte et al, 2006). These immobilized lectins are invaluable tools 
for isolating and separating glycoproteins, glycolipids, polysaccharides, subcellular 
particles and cells. In addition, lectin affinity columns can be used to purify detergent-
solubilized cell membrane components. They also are useful for assessing changes in 
levels or composition of surface glycoproteins during cell development and in malignant 
or virally transformed variants. In subsequent chapters, more detailed examples of lectin 
affinity purification can be found. 

6.7 Reversed phase chromatography 

Reversed phase chromatography is a kind of affinity interaction between a biomolecule 
dissolved in a solvent (mobile phase) that has some hydrophobicity (e.g. proteins, peptides, 
and nucleic acids) and an immobilized hydrophobic ligand (stationary phase) (Dorsey & 
Cooper, 1994). Reversed phase chromatography is generally more suitable for separating 
non-volatile molecules. The term “reversed phase” was adopted because the binding occurs 
between a hydrophobic ligand (octadecyl; C18) and molecules in a polar aqueous phase 
which is reversed from normal phase chromatography [where a hydrophilic polar ligand 
binds to molecules in a hydrophobic nonpolar mobile phase].  

In general, the macromolecules (e.g. protein or peptides) are adsorbed onto the hydrophobic 
surface of the column. Elution is achieved using a mobile phase which is usually a 
combination of water and organic solvents (such as acetonitrile or methanol) applied to the 
column as a gradient (e.g. starting with 95:5 aqueous:organic and gradually increasing the 
organic phase until the elution buffer is 5:95 aqueuos:organic). The macromolecules bind the 
hydrophobic surface of the column and remain until the concentration of the organic phase 
is high enough to elute the macromolecules from the hydrophobic surface.  

When using reversed phase chromatography, the most polar macromolecules are eluted 
first and the most nonpolar macromolecules are eluted last: the more polar (hydrophilic) a 
solute is, the faster the elution and vice versa. In summary, separations in reversed phase 
chromatography depend on the reversible adsorption/desorption of solute molecules with 
varying degrees of hydrophobicity to a hydrophobic stationary phase.  

As illustrated in Figure 13, the initial step of reversed phase separation involves 
equilibration of the column under suitable conditions (pH, ionic strength and polarity). 
The polarity of the solvent can be modified by adding a solvent such as methanol or 
acetonitrile and an ion pairing agent such as formic acid or trifluoroacetic acid may be 
added. Next, sample is applied and bound to the immobilized matrix. Following this step, 
desorption and elution of the biomolecules is achieved by decreasing the polarity of the 
mobile phase (by increasing the percentage of organic modifier in the mobile phase). At 
the end of the separation, the mobile phase should be nearly 100% organic to ensure 
complete removal of all bound substances. Once everything has eluted from the column, 
the initial mobile phase is reapplied to the column to reequilibrate the column for a 
subsequent sample application.  
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Fig. 13. Steps of a of reversed phase chromatography separation. 
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Fig. 13. Steps of a of reversed phase chromatography separation. 
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1. Introduction  
Proteins, biopolymers composed of proteinogenic amino acids, are molecules with 
irreplaceable functions in human organism. They have among others a role as structural 
components, they are involved in motion processes, they appear as significant parts of 
immune response and different types of protection events, they play important roles in 
transport and storage processes and they also occur in signalling processes. One of the most 
important protein functions is their role as natural biocatalysts - enzymes, because these 
compounds, increasing the rate of metabolic reactions, are necessary for almost all reactions 
in human body. The potential of enzyme application in biotechnological processes was 
discovered many years ago. The rapid development of molecular biology and protein 
engineering, enabling targeted designing of proteins with suitable features and their 
production in recombinant form, contributed in decisive way to the final anchoring of 
proteins in biotechnological practice including such areas as food industry and medicine. 
Also different methods of protein immobilization represent a way enabling their common 
and easy application in biotechnology (Demain & Vaishnav, 2009; García-Junceda et al., 
2004; Murray et al., 2002; Vodrážka, 1999). A part of this improvement, focused on 
utilization of affinity interactions in immobilization processes, will be the major part of this 
chapter.  

First part of this chapter will be aimed to the explanation of the importance of enzyme 
application in biotechnological processes and the improvement of their usage caused by 
immobilization. Advantages and limitations of immobilization processes will be described 
and some examples of their practical application in biotechnology and pharmaceutical 
industry will be mentioned. This part will also contain a brief summary of common 
immobilization techniques. 

Second part of this chapter will explain the reasons for recombinant proteins preparation 
and the advantage of proteins modifications by techniques of molecular biology. A simple 
strategy for recombinant protein preparation in the simplest expression system of E. coli 
will be described for a better comprehensibility. Different methods of exploitation of 
affinity interactions for the protein immobilization will be referred in the last part of the 
chapter. The importance of achieved results for the biotechnological practice will be 
summarized.  
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strategy for recombinant protein preparation in the simplest expression system of E. coli 
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2. Immobilization: What, why, how? 
At the beginning of the topic describing immobilization techniques and their advantages we 
should explain the meaning of the word "immobilization" in this text. A molecule or a cell is 
referred to be immobilized, if its mobility in the reaction space is artificially restricted. Many 
various immobilization protocols were evolved as we will show in the next chapter part. It 
is also necessary to stress at this point that although we have decided to focus on enzyme 
immobilization, also other molecules (antibodies, DNA etc.) and various cells and cellular 
organelles may be immobilized. In some cases also systems containing more than one 
immobilized enzyme were prepared. Such systems may gradually catalyse subsequent 
reactions in biochemical process (Aehle, 2007; Brena & Batista-Viera, 2006; Costa et al., 2005; 
García-Junceda et al., 2004; Guisan, 2006; Hernandez & Fernandez-Lafuente, 2011; 
Krajewska, 2004; Rao et al., 1998; Tischer & Wedekind, 1999).  

Generally it is possible to say that enzymes are excellent biocatalysts working under mild 
reaction conditions (temperature, pressure, pH) and evincing high substrate and reaction 
specificity i.e. biotechnologically important characteristics, which result in production of 
desired end-product without by-products contamination. For these reasons enzymes found 
their place in a wide variety of biotechnological areas including among others food industry, 
medicine and pharmaceutical industry, analytical applications, cosmetics or e.g. textile and 
paper industry and new and new applications are constantly announced (Aehle, 2007; Brena 
& Batista-Viera, 2006; Costa et al., 2005; Cowan & Fernandez-Lafuente, 2011; Guisan, 2006; 
Krajewska, 2004; Rodrigues et al., 2011; Sheldon, 2007).  

As one example for all we can mention β-D-galactosidase representing an enzyme very 
popular in food industry applications. Its importance for the milk processing lies in its 
ability to hydrolyse lactose, as this ability offers the possibility of lactose free milk 
preparation, an important product for lactose-intolerant people. The ability of some of these 
enzymes to catalyze transglycosylation reactions is often utilized for health beneficial 
galactooligosaccharides production. Crystallization prevention, cheeses ripen improving or 
whey lactose hydrolysis are other examples of possible biotechnological β-D-galactosidase 
application. Several methods were successfully used for immobilization of this enzyme, e.g. 
physical adsorption, gel entrapment or covalent binding. Also techniques utilizing affinity 
interactions with fusion β-D-galactosidases were evolved (Aehle, 2007; Cowan & 
Fernandez-Lafuente, 2011; Krajewska, 2004; Panesar et al., 2006).  

In order to make enzyme application in biotechnological processes more favourable, 
different methods for the cost decrease are implemented, immobilization techniques being 
one of them. Moreover, enzyme application suffers from various other limitations resulting 
e.g. from low stability, sensitivity to process conditions or from tendency to be inhibited by 
high concentrations of reaction components of some of these biocatalysts. Improvement of 
these characteristics is still a challenge for modern biotechnological research and some of 
these problems found their solution in precisely designed immobilization processes (Aehle, 
2007; Cao, 2005; Costa et al., 2005; Guisan, 2006; Hernandez & Fernandez-Lafuente, 2011; 
Krajewska, 2004). 

Enzyme immobilization enables primarily the re-use or continuous use of the biocatalysts 
and it also substantially simplifies the manipulation with the biocatalyst and the control of 
the reaction process. Also the separation of the enzyme from the reaction mixture is 
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significantly easier and protein contamination of final product is minimized. Moreover, 
immobilization is next to molecular biology and protein engineering an alternative method 
for improving natural features of enzymes as e.g. stability, activity, specificity or selectivity. 
Anyway, various combinations of above mentioned approaches are possible, i.e. 
immobilization of suitably modified enzymes or, reversely, modification (physical or 
chemical) of already immobilized enzyme. Also the unwanted enzyme inhibition caused by 
reaction components, by aggregation, adsorption, by dissociation into subunits or by 
autolysis or proteolysis can be positively influenced by precise design of immobilization 
process. In special cases (therapeutic application etc.) also additional advantages as e.g. 
prolonged blood circulation lifetime or lower immunogenicity may be observed. As a 
conclusion it is possible to summarize that enzyme immobilization increases the 
productivity of these biocatalysts and improves their features, which make them more 
attractive for various applications. However, in some cases immobilization can cause a 
lowering of enzyme activity or changes of natural enzyme features in undesirable way. 
These situations must be prevented. Other complications, which have to be solved during 
immobilization process designing, represent mass transfer limitations (Aehle, 2007; Cao, 
2005; Chern & Chao, 2005; Costa et al., 2005; Cowan & Fernandez-Lafuente, 2011; García-
Junceda et al., 2004; Guisan, 2006; Hernandez & Fernandez-Lafuente, 2011; Krajewska, 2004; 
Liu & Scouten, 1996; Mateo et al., 2007; Panesar et al., 2006; Rodrigues et al., 2011; Sheldon, 
2007; Tischer & Wedekind, 1999; Turková, 1999). 

2.1 Immobilization techniques 

The main goal of this part is to introduce some basic information about immobilization 
techniques to the reader. In fact there are few basic protocols used during immobilization 
processes, all of them having many variations. The description of all details about these 
methods and their modifications go far beyond the extent of our topic and for this reason we 
recommend to find details in referred publications.  

Immobilization methods are classified differently in various publications. We have chosen 
for immobilization techniques classification system of three major classes 1) binding to a 
carrier, 2) entrapment and 3) enzyme molecules cross-linking. However, another ways of 
sorting e.g. according to the reversibility of the process are also frequently used. In fact all 
classifications suffer from the fact that many newly evolved immobilization procedures 
exceed the border of simple sorting (Aehle, 2007; Brenda & Batista-Viera, 2006; Cao, 2005; 
Costa et al., 2005; Krajewska, 2004; Sheldon, 2007; Tischer & Wedekind, 1999). 

2.1.1 Binding to a carrier 

These methods take the advantage of the fact that proteins contain amino acids with 
different features. Functional groups in side chains of these amino acids can be involved in 
binding to the support by various types of linkages and interactions. Many types of carriers 
with diverse properties were evolved for immobilization processes; however, the suitability 
of their application in individual cases needs a careful consideration and very often also 
laborious method adaptation. Preparing a suitable carrier may be seen as another problem 
and may incur additional costs for the whole immobilization procedure (Aehle, 2007; 
Brenda & Batista-Viera, 2006; Sheldon, 2007). 
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chemical) of already immobilized enzyme. Also the unwanted enzyme inhibition caused by 
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techniques to the reader. In fact there are few basic protocols used during immobilization 
processes, all of them having many variations. The description of all details about these 
methods and their modifications go far beyond the extent of our topic and for this reason we 
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These methods take the advantage of the fact that proteins contain amino acids with 
different features. Functional groups in side chains of these amino acids can be involved in 
binding to the support by various types of linkages and interactions. Many types of carriers 
with diverse properties were evolved for immobilization processes; however, the suitability 
of their application in individual cases needs a careful consideration and very often also 
laborious method adaptation. Preparing a suitable carrier may be seen as another problem 
and may incur additional costs for the whole immobilization procedure (Aehle, 2007; 
Brenda & Batista-Viera, 2006; Sheldon, 2007). 
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a. Covalent binding 

For covalent binding of the protein to the carrier amino acid residues not involved in the 
reaction mechanism may be used. Generally used functional groups are amino groups of 
lysines and arginines, sulphydryl groups of cysteins, carboxyl groups of aspartic and 
glutamic acids and hydroxyl groups of tyrosines, serines and threonines. Strength of the 
linkage not allowing enzyme release from the support during the reaction process and 
frequent enzyme stability increase counterbalance limitations caused by the possibility of 
unwanted changes in active structure of the enzyme and thus possible decrease of enzyme 
activity caused by strong enzyme - carrier interactions (Aehle, 2007; Brenda & Batista-Viera, 
2006; Costa et al., 2005; Ho et al., 2004; Panesar et al., 2006; Rao et al., 1998; Sheldon, 2007). 

b. Physical adsorption 

In this method, typical for its simple performance and little effect on biocatalysts 
conformation, several different types of noncovalent interactions (e.g. hydrogen bonds, 
hydrophobic interactions and van der Waals forces) are involved in the immobilization 
process. The weakness of support - enzyme interactions, which can be easily influenced by 
reaction conditions, causing enzyme desorption represents its major limitation (Aehle, 2007; 
Brenda & Batista-Viera, 2006; Costa et al., 2005; Ho et al., 2004; Panesar et al., 2006; Sheldon, 
2007). 

c. Ionic binding 

Ion-ion interactions, providing a stronger binding of immobilized molecules than physical 
adsorption, are utilized during immobilization process. This method also doesn´t change 
enzyme conformation in a substantial extent. Disadvantages of this relatively simple process 
may lie in the usage of highly charged supports, which can interact with charged substrates 
or products and in laborious finding of suitable conditions providing sufficiently strong 
interaction and preserving the activity of the enzyme (Aehle, 2007; Brenda & Batista-Viera, 
2006; Costa et al., 2005). 

d. Affinity binding 

This method is based on the principle of complementary biomolecules interactions, which 
represents its biggest advantage i.e. high selectivity (Brenda & Batista-Viera, 2006; Costa, 2005; 
García-Junceda et al., 2004). Detailed description of this method will be given in the part 2.2. 

Principles of above mentioned methods are for illustration presented in the figure 1.  

 
Fig. 1. Immobilization methods exploiting binding to a carrier. A) covalent binding, B) physical 
adsorption, C) ionic binding, D) affinity binding  
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2.1.2 Enzyme molecules cross-linking 

In these methods bi- or multifunctional compounds are used for cross-linking of desired 
enzyme molecules (figure 2). Lysines amino groups are usually involved in covalent bonds 
formation; however, other amino acids functional groups may be used, too. Since several 
drawbacks accompany this method, e.g. low activity yields, poor reproducibility or 
manipulation difficulties, new improvements including cross-linking of enzyme crystals or 
enzyme aggregates, co-cross-linking with inert materials or cross-linking on solid support or in 
gels were evolved (Aehle, 2007; Costa et al., 2005; Sheldon, 2007; Tischer & Wedekind, 1999). 

 
Fig. 2. Cross-linking of enzyme molecules 

2.1.3 Entrapment 

The basis of this method is the inclusion of the biocatalyst within a polymeric network of 
different types (figure 3). These protocols comprise among others entrapment into gel 
matrices, microencapsulation or fiber entrapping. Its major advantages consist in simplicity of 
performance, in the possibility to use similar procedures for different enzymes or even in their 
simultaneous immobilization and in elimination of inhibition by proteases and inhibitors of 
high molecular weight. On the other hand, diffusion constraints and the possibility of enzyme 
leakage belong to the major method limitations (Aehle, 2007; Brenda & Batista-Viera, 2006; 
Cao, 2005; Costa et al., 2005; Ho et al., 2004; Panesar et al., 2006; Sheldon, 2007). 

 
Fig. 3. Enzyme immobilization by entrapment. A) entrapment into gel matrices,  
B) microencapsulation  

Another aspect, which can be used for immobilization methods classification and which 
should be considered during the choice of immobilization process, is the influence of 
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Another aspect, which can be used for immobilization methods classification and which 
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immobilization on enzyme orientation. Standard immobilization protocols without a control 
of binding mode are usually considered as random immobilization. Such immobilization 
processes result in heterogeneity in binding nature. This random immobilization may suffer 
from various drawbacks as e.g. involving of catalytic amino acids residues in the binding 
process with the subsequent loss of enzymatic activity or restricted accessibility of the active 
site for substrate molecule. These limitations were overcome in the method of site-specific 
enzyme immobilization exploiting the attachment of the enzyme due to defined binding 
sites. As a nice example of different immobilization outcomes a comparative study 
measured for β-galactosidase by Vishwanath and co-workers may serve. A conjugate of β-
galactosidase with a polypeptide tail and unmodified β-galactosidase were immobilized. 
While a rapid drop of enzymatic activity was observed for the random immobilization of 
unmodified enzyme (only 1.8 % of original activity detected), tagged β-galactosidase 
preserved 87.7 % of original activity, which suggests the attachment due to the polypeptide 
tail and a positive influence of oriented immobilization. Immobilization techniques utilizing 
affinity interactions, which will be described in the following part of the chapter, are 
representatives of oriented immobilization methods (Cao, 2005; Hernandez & Fernandez-
Lafuente, 2011; Kumada et al., 2010; Liu & Scouten, 1996; Rao et al., 1998; Turková, 1999; 
Vishwanath et al., 1995).  

Although various methods for protein immobilization were evolved, precise designing of 
immobilization process is still not a routine task. For different enzymes different supporting 
materials and different immobilization techniques are suitable. Thus in every case of 
immobilization protocol designing three major things are important to be considered - the 
enzyme of interest, suitable carrier type and used immobilization method. From the 
biotechnological point of view also the economical suitability has to be taken into account. 
Nowadays, the effort to evolve rationally designed and specialized immobilization 
processes, ideally realized by simple methodologies, is accompanied and facilitated by 
modern biochemical methods (Aehle, 2007; Brena & Batista-Viera, 2006; Cao, 2005; Guisan, 
2006; Krajewska, 2004; Mateo, 2007; Sheldon, 2007).  

2.2 Methods exploiting affinity interactions for enzymes immobilization 

Following part of the chapter will be focused on the possibility to take an advantage of 
affinity interactions for protein immobilization. Detailed description will be devoted to the 
usage of affinity tags and also some other immobilization methods utilizing affinity 
interactions will be presented at the end of the chapter. 

Affinity immobilization techniques exploit the selectivity of specific interactions, which 
occur in almost all important biological processes in living organisms. Various methods, 
based on the ability of different affinity partners to bind selectively together (antibodies and 
antigens or haptens, lectins and free saccharidic chains or glycosylated macromolecules, 
nucleic acids and nucleic acid-binding proteins, hormones and their receptors, avidin and 
biotin, polyhistidine tag and metal ions etc.), were discovered for utilization in affinity 
chromatography or in affinity immobilization methodologies (Carlsson et al., 1998; Nelson 
& Cox, 2005; Nilsson et al., 1997; Roy & Gupta, 2006; Saleemuddin, 1999). 

As mentioned earlier the major advantage of utilization of affinity interactions for enzyme 
immobilization lies in the selectivity of the method. Also the possibility to control the 
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orientation of immobilized enzyme and minimal conformational changes caused by this 
type of binding resulting in high retention of the immobilized molecule activity represent an 
important benefit. The reversibility of the methods, enabling the support reloading, and the 
possibility of direct enzyme immobilization from crude cell lysate without additional 
purification steps contribute to the better applicability of these methods in practice. Mild 
reaction conditions and relative simplicity of these immobilization processes should also be 
emphasized (Andreescu et al., 2006; Brena & Batista-Viera, 2006; Bucur et al., 2004; Clare et 
al., 2001; Costa et al., 2005; Daunert et al., 2007; Kumada et al., 2010; Saleemuddin, 1999).  

2.2.1 Fusion protein affinity tags utilized for protein immobilization 

One way how to use affinity binding in the immobilization process is the approach 
exploiting possibilities of molecular biology generating recombinant fusion proteins 
(chimeric proteins), i.e. proteins of interest containing specific parts suitable for affinity 
interactions. These parts, called affinity tags, are usually amino acids sequences, ranging in 
size from a few amino acids to whole proteins. A wide variety of these fusion partners was 
prepared, some of them with the ability to bind small ligands, others interacting with a 
suitable protein partner. Not negligible advantage of use of fusion protein approach consists 
in the possibility to attach one type of fusion partner to different proteins of interest. This 
fact enables the usage of one support type, preparation of which can sometime be very 
expensive or complicated, for immobilization of various enzymes (Arnau et al., 2006; Chern 
& Chao, 2005; Costa et al., 2005; Daunert et al., 2007; Nilsson et al., 1997; Sørensen & 
Mortensen, 2005; Rao et al., 1998; Saleemuddin, 1999; Terpe, 2003). 

It is important to mention that immobilization is not the only reason for recombinant fusion 
proteins production, although in their ability to enable simple purification (affinity 
chromatography) and immobilization processes lies their most important advantage. In 
some cases proteins are produced with suitable fusion partners also for increase of solubility 
(fusion with maltose-binding protein, thioredoxin, glutathione S-transferase etc.) and 
stability of original enzyme (maltose-binding protein, thioredoxin etc.), for an improvement 
of the correct folding of the protein (maltose-binding protein, ubiquitin-based tags etc.) or 
for an increase of the synthesis of proteins, which are translated only poorly under normal 
conditions (green fluorescent protein) etc. Fusion partners can be used as specific folding 
and expression reporters, too (green fluorescent protein, rainbow tags) (Arnau et al., 2006; 
Altenbuchner & Mattes, 2005; Arechaga et al., 2003; Baneyx, 1999; Jacquet et al., 1999; 
Nilsson et al., 1997; Rao et al., 1998; Sørensen & Mortensen, 2005; Waldo et al., 1999).  

Description of various ways of immobilizations enabled by affinity interactions mediated by 
affinity tags and particular examples will be described in the part 2.2.3. For a better 
comprehensibility of the recombinant proteins preparation next part of the chapter will be 
devoted to a brief description of one of the simplest ways for recombinant protein 
production.  

2.2.2 Recombinant proteins preparation 

Increasing usage of enzymes in broad spectra of biotechnological applications led to a 
demand on cost-effective processes producing sufficient amounts of desired proteins. The 
isolation from original sources was very often not suitable (low production in original 
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2.2 Methods exploiting affinity interactions for enzymes immobilization 

Following part of the chapter will be focused on the possibility to take an advantage of 
affinity interactions for protein immobilization. Detailed description will be devoted to the 
usage of affinity tags and also some other immobilization methods utilizing affinity 
interactions will be presented at the end of the chapter. 

Affinity immobilization techniques exploit the selectivity of specific interactions, which 
occur in almost all important biological processes in living organisms. Various methods, 
based on the ability of different affinity partners to bind selectively together (antibodies and 
antigens or haptens, lectins and free saccharidic chains or glycosylated macromolecules, 
nucleic acids and nucleic acid-binding proteins, hormones and their receptors, avidin and 
biotin, polyhistidine tag and metal ions etc.), were discovered for utilization in affinity 
chromatography or in affinity immobilization methodologies (Carlsson et al., 1998; Nelson 
& Cox, 2005; Nilsson et al., 1997; Roy & Gupta, 2006; Saleemuddin, 1999). 

As mentioned earlier the major advantage of utilization of affinity interactions for enzyme 
immobilization lies in the selectivity of the method. Also the possibility to control the 
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orientation of immobilized enzyme and minimal conformational changes caused by this 
type of binding resulting in high retention of the immobilized molecule activity represent an 
important benefit. The reversibility of the methods, enabling the support reloading, and the 
possibility of direct enzyme immobilization from crude cell lysate without additional 
purification steps contribute to the better applicability of these methods in practice. Mild 
reaction conditions and relative simplicity of these immobilization processes should also be 
emphasized (Andreescu et al., 2006; Brena & Batista-Viera, 2006; Bucur et al., 2004; Clare et 
al., 2001; Costa et al., 2005; Daunert et al., 2007; Kumada et al., 2010; Saleemuddin, 1999).  

2.2.1 Fusion protein affinity tags utilized for protein immobilization 

One way how to use affinity binding in the immobilization process is the approach 
exploiting possibilities of molecular biology generating recombinant fusion proteins 
(chimeric proteins), i.e. proteins of interest containing specific parts suitable for affinity 
interactions. These parts, called affinity tags, are usually amino acids sequences, ranging in 
size from a few amino acids to whole proteins. A wide variety of these fusion partners was 
prepared, some of them with the ability to bind small ligands, others interacting with a 
suitable protein partner. Not negligible advantage of use of fusion protein approach consists 
in the possibility to attach one type of fusion partner to different proteins of interest. This 
fact enables the usage of one support type, preparation of which can sometime be very 
expensive or complicated, for immobilization of various enzymes (Arnau et al., 2006; Chern 
& Chao, 2005; Costa et al., 2005; Daunert et al., 2007; Nilsson et al., 1997; Sørensen & 
Mortensen, 2005; Rao et al., 1998; Saleemuddin, 1999; Terpe, 2003). 

It is important to mention that immobilization is not the only reason for recombinant fusion 
proteins production, although in their ability to enable simple purification (affinity 
chromatography) and immobilization processes lies their most important advantage. In 
some cases proteins are produced with suitable fusion partners also for increase of solubility 
(fusion with maltose-binding protein, thioredoxin, glutathione S-transferase etc.) and 
stability of original enzyme (maltose-binding protein, thioredoxin etc.), for an improvement 
of the correct folding of the protein (maltose-binding protein, ubiquitin-based tags etc.) or 
for an increase of the synthesis of proteins, which are translated only poorly under normal 
conditions (green fluorescent protein) etc. Fusion partners can be used as specific folding 
and expression reporters, too (green fluorescent protein, rainbow tags) (Arnau et al., 2006; 
Altenbuchner & Mattes, 2005; Arechaga et al., 2003; Baneyx, 1999; Jacquet et al., 1999; 
Nilsson et al., 1997; Rao et al., 1998; Sørensen & Mortensen, 2005; Waldo et al., 1999).  

Description of various ways of immobilizations enabled by affinity interactions mediated by 
affinity tags and particular examples will be described in the part 2.2.3. For a better 
comprehensibility of the recombinant proteins preparation next part of the chapter will be 
devoted to a brief description of one of the simplest ways for recombinant protein 
production.  

2.2.2 Recombinant proteins preparation 

Increasing usage of enzymes in broad spectra of biotechnological applications led to a 
demand on cost-effective processes producing sufficient amounts of desired proteins. The 
isolation from original sources was very often not suitable (low production in original 
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organism, high costs of cultivation process, pathogenicity of the original organisms etc.), but 
new techniques of molecular biology opened the way for the production of recombinant 
proteins in host organisms, thus solving many of above mentioned complications (Demain 
& Vaishnav, 2009; García-Junceda et al., 2004; Sørensen & Mortensen, 2005). 

Many different expression systems were evolved, including Gram-positive and Gram-negative 
bacteria, yeasts, fungi and plant, insect or mammalian cells. The reason for different expression 
systems preparation is the fact, that every system has its advantages and drawbacks and no 
expression system could be suitable for all demanded proteins. Generally it is possible to say 
that the choice of correct expression system depends on several factors as e.g. cost, size of the 
protein, demanded posttranslational modifications, final yield etc. (Arnau et al., 2006; Demain 
& Vaishnav, 2009; Gellissen et al., 2005; Primrose et al., 2001). As it is beyond the theme of this 
chapter, it is not possible to explain here all details related to all individual expression systems. 
For illustration we will briefly describe the usage of one mostly used expression system using 
the best known and described bacteria (E. coli) and we will also outline one of possible 
strategies for recombinant proteins production. 

E. coli is the microorganism serving for a long decades for scientific purposes. For its 
convenience it is nowadays one of the most often used organisms for research and also for 
industrial purposes in the recombinant enzymes production. But even this expression 
system has its limitations. The inability to produce glycosylated proteins can be named as 
one example. Therefore, research based on genetic engineering focuses aims to overcome 
some shortcomings and thus increase the possibility of application of these microorganisms 
in many new industrial processes (Baneyx, 1999; Demain & Vaishnav, 2009; Altenbuchner & 
Mattes, 2005; Sørensen & Mortensen, 2005). 

Every strategy for preparation of recombinant protein in a host cell consists of four basic 
steps (Primrose et al., 2001). 

1. In the first step it is necessary to have the possibility to prepare DNA fragment 
containing the gene encoding the desired protein. 

2. Prepared DNA is inserted into a chosen vector. Plasmids, nowadays mostly 
commercially prepared, are often used as suitable DNA vectors. 

3. Prepared expression plasmid is introduced into host cells. 
4. Host cells after plasmid DNA introduction are cultivated on suitable media and 

positive colonies containing expression plasmid for recombinant protein production are 
detected (Altenbuchner & Mattes, 2005; Primrose et al., 2001; Sørensen & Mortensen, 
2005; Vodrážka, 1999). 

A scheme of the process of recombinant protein production is for a better comprehensibility 
shown in the figure 4. 

Another advantage offered by recombinant proteins production is the possibility of 
modification of the original nucleotide sequence encoding the protein of interest. For 
example suitable alterations in the original structure of the protein may result in desirable 
changes of its stability, activity or specificity. However, for the topic of this chapter the fact 
that on both termini of the gene special DNA sequences may be ligated, which are 
responsible for a production of original polypeptide chain with additional polypeptide 
sequences, which can be used as affinity tag for immobilization processes, is important. 
These positions of fusion tags usually don´t represent any obstacle for the catalytic centre 
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and thus for a correct enzymatic function of the protein (Andreescu et al., 2006; Arnau et al., 
2006; Bucur et al., 2004; Demain & Vaishnav, 2009; Rao et al., 1998).  

 
Fig. 4. Recombinant protein preparation  

It should be once more emphasized that only one of the simplest strategies for recombinant 
protein production was described and for more precise description of cloning methods, gene 
manipulations and expression system advantages the reader is recommended to search in 
mentioned works. 

2.2.3 Affinity tags used for protein immobilization 

As stated earlier, following paragraphs will discuss the most interesting affinity tags, which 
were used for enzyme immobilization. In many cases these tags are often used also for 
affinity chromatography enabling very effective purification of desired proteins. General 
principle of these methods is illustrated in the figure 5. 
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These positions of fusion tags usually don´t represent any obstacle for the catalytic centre 

 
Affinity Interactions as a Tool for Protein Immobilization 37 

and thus for a correct enzymatic function of the protein (Andreescu et al., 2006; Arnau et al., 
2006; Bucur et al., 2004; Demain & Vaishnav, 2009; Rao et al., 1998).  

 
Fig. 4. Recombinant protein preparation  

It should be once more emphasized that only one of the simplest strategies for recombinant 
protein production was described and for more precise description of cloning methods, gene 
manipulations and expression system advantages the reader is recommended to search in 
mentioned works. 

2.2.3 Affinity tags used for protein immobilization 

As stated earlier, following paragraphs will discuss the most interesting affinity tags, which 
were used for enzyme immobilization. In many cases these tags are often used also for 
affinity chromatography enabling very effective purification of desired proteins. General 
principle of these methods is illustrated in the figure 5. 



 
Affinity Chromatography 38

 
Fig. 5. Principle of immobilization methods enabled by affinity tags 

2.2.3.1 Immobilization by polyhistidine tags 

This method, based on the specific interaction of histidine-rich tags of different length 
attached to the protein of interest and of metal ions immobilized on the matrix (Ni2+, Cu2+, 
Zn2+ etc.), belongs to a group of immobilized metal affinity adsorption techniques. The 
attachment of polyhistidine tag to different protein partners was used in many cases for 
purification processes and also the interest of its possible employment in immobilizations is 
under intensive investigation. The reversibility of the method and thus the reuse of the 
supports can be ensured by using competitive ligand (e.g. imidazole or histidine) or by 
usage of metal ions chelator like EDTA. This method, although used in many 
immobilization experiments, can in some cases suffer from different complications. For 
example leaching of the metal ions from the support can cause product contamination. Also 
the interference of large number of metal-binding proteins or additional interactions 
between the immobilized protein and affinity support may represent a serious limitation. 
Several authors stated also relatively low binding affinity (similarly as for glutathione S-
transferase tag or maltose-binding tag) as an important restriction of use of these affinity 
tags in immobilization processes. However, polyhistidine-tags exploiting immobilization 
techniques were successfully used e.g. for acetylcholine esterase, β-galactosidase, lactate 
dehydrogenase, β-glucuronidase or D-hydantoinase immobilization. During the 
development of methods exploiting the interaction with metal ions various tags of different 
composition, containing additional amino acid residues, were prepared too (Bucur et al., 
2004; Daunert et al., 2007; Desai et al., 2002; Hernandez & Fernandez-Lafuente, 2011; Ho et 
al., 2004; Nilsson et al., 1997; Rao et al., 1998; Roy & Gupta, 2006; Saleemuddin, 1999; 
Takakura et al., 2010; Terpe, 2003). 

2.2.3.2 Immobilization using avidin-biotin interaction 

Another strategy for affinity immobilization exploits extraordinarily strong affinity 
interaction (probably one of the strongest noncovalent interactions between two 
biomolecules) between vitamin H - biotin (figure 6) and egg white glycoprotein avidin or its 
bacterial alternative streptavidin originating from Streptomyces avidinii. Biotinylated proteins 
may be attached to the support containing avidin as an interaction partner. The preparation 
of biotinylated conjugates is usually not accompanied by a significant loss of activity; 
however, chemical approaches result in heterogenous population of desired biotinylated 
protein. Methods of genetic engineering may represent a solution of above mentioned 
complication. β-Galactosidase may be given as an example of an enzyme immobilized by 
this strategy. In some cases (e.g. keratinkinase, β-galactosidase, trypsin) reversely fusion 
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proteins of desired enzyme and streptavidin can be immobilized on a biotinylated support. 
During detailed research also other affinity tags with the ability to bind biotin were 
discovered. As an example tamavidin 2, a fungal avidin-like protein, used as affinity tag e.g. 
for sialyltransferase from Photobacterium sp. JT-ISH-224 immobilization on biotin carrying 
support, can be mentioned (Clare et al., 2001; Costa et al., 2005; Hernandez & Fernandez-
Lafuente, 2011; Nilsson et al., 1997; Rao et al., 1998; Takakura et al., 2010; Turková, 1999). 

 
Fig. 6. Biotin 

2.2.3.3 Immobilization by cellulose-binding domain 

It is known that some bacterial or fungal proteins, e.g. exoglucanase and endoglucanase 
from Cellulomonas fimi or cellulase from Trichoderma harzianum, are able to specifically bind 
cellulose thanks to their cellulose-binding domain. These domains may be exploited as 
affinity tags for fusion proteins immobilization on cellulose supports, which are inert and 
exhibit only low non-specific affinity and are readily available. A genetically based fusion 
protein technique of this type was used e.g. for β-glucosidase from Agrobacterium sp., 
Zymomonas mobilis extracellular invertase or Bacillus stearothermophilus L1 lipase. Alternative 
method using chemical coupling by glutaraldehyde was utilized for preparation of a 
conjugate containing glucose oxidase and cellulose-binding domain. As an interesting inter-
methodical example the immobilization technique used for alkaline phosphatase and β-
glucosidase can be mentioned. In this case a chimeric protein containing cellulose-binding 
domain and streptavidin was prepared, attached on cellulose support and used for 
immobilization of biotinylated forms of above mentioned enzymes (Chern & Chao, 2005; 
Clare et al., 2001; Daunert et al., 2007; Hernandez & Fernandez-Lafuente, 2011; Hwang et al., 
2004; Rao et al., 1998; Roy & Gupta, 2006; Saleemuddin, 1999; Terpe, 2003). 

2.2.3.4 Immobilization by chitin-binding domain 

Chitin represents another example of suitable affinity support, which is among other 
nontoxic, biodegradable and commonly occurring in the nature and thus available at 
relatively low cost. Chitin-binding domain, originating e.g. from chitinase A1 of Bacillus 
circulans WL-12, serves as appropriate affinity tag in these cases. D-Hydantoinase can be 
mentioned as an example of an enzyme successfully produced with a chitin-binding domain 
affinity tag and immobilized on chitin support. It can be supposed that also this type of 
affinity support will find a broader application field in the future (Chern & Chao, 2005; 
Daunert et al., 2007; Krajewska, 2004; Terpe, 2003). 

2.2.3.5 Immobilization exploiting calmodulin as an affinity tag 

Immobilization techniques utilizing the calcium-binding regulatory protein calmodulin as 
an affinity tag are based on the highly specific interaction of this molecule (attached to the 
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proteins of desired enzyme and streptavidin can be immobilized on a biotinylated support. 
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Fig. 6. Biotin 
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protein of interest) with its phenothiazine ligand (figure 7). Oriented immobilized enzyme 
can be easily removed from the support thanks to Ca2+ dependence of the interaction 
process enabling the support regeneration. Covalent binding of the phenothiazine ligand to 
the support prevents the leaching of the ligand. This immobilization technique was used e.g. 
for organophosphorus hydrolase or β-lactamase (Daunert et al., 2007; Desai et al., 2002). 

 
Fig. 7. Phenothiazine 

We would like to end this part, devoted to the topic of utilization of affinity tags for protein 
immobilization, with directing the attention to the fact that also many others affinity tags 
were tested to be suitable as a tool for enzyme immobilization. However, mentioning all of 
them exceeds possibilities of this communication. As examples we can mention 
immobilization by polystyrene-binding peptides with their ability to specifically bind 
hydrophilic polystyrene supports, immobilization by DNA hybridization, exploiting the 
ability of polynucleotide chains of DNA to pair according to the rules of complementarity, 
or by using glutathione S-transferase tag, which is able to specifically bind to glutathione 
(Daunert et al., 2007; Kumada et al., 2010; Paternolli et al., 2002). 

2.2.4 Other approaches for affinity immobilization 

Although the methods of molecular biology and genetic engineering for fusion protein 
production are very useful and popular in immobilization strategies, in some cases native 
features of proteins of interest are possible to be exploit for the immobilization, too. A few 
examples of this type of techniques are mentioned in the following paragraphs. In some 
cases a very tight relations between these methods and earlier described principles based on 
fusion protein preparation are evident. 

2.2.4.1 Glycoproteins immobilization 

For the immobilization of glycoproteins (proteins posttranslationally modified by 
carbohydrate attachment to hydroxyl groups of serine and threonine or to amide group of 
asparagine) their specific interaction with carbohydrate-binding proteins i.e. lectins can be 
used. This type of posttranslational modification is very common in nature and was 
observed in many eukaryotes, archaebacteria or even in some prokaryotes. The specificity of 
above mentioned interactions was many times exploited in affinity based purification 
procedures. Concanavalin A originating from Jack bean (Canavalia ensiformis), displaying 
selectivity for defined mannosylated and glucosylated structures, is the mostly used lectin in 
immobilization processes. Considering the fact that carbohydrate chains are usually not 
involved in catalytical processes, this method of immobilization as a rule doesn´t evince 
significant influence on the catalytic activity of the enzyme. Promising results obtained for a 
glycoprotein acetylcholine esterase by Bucur and co-workers were published recently. Also 
other glycoenzymes, as for example glucose oxidase, invertase, β-galactosidase, 
carboxypeptidase Y or amyloglucosidase, were immobilized by this way. However, high 
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cost for lectin supports can represent a limitation of application of these techniques and thus 
new ways for inexpensive carriers´ preparation are searched. Even on this field new 
methodologies were achieved. As an example the immobilization utilizing an affinity 
boronate gel also called as "general lectin", which is able to interact with many polar 
functional groups of suitable structure, can be mentioned. Although having a lower 
specificity for recognized carbohydrate structure, its advantages lie in its stability and lower 
cost. This technique was successfully used e.g. for horseradish peroxidase immobilization. 
Methods exploiting glycosyl specific antibodies supports, which are highly specific for a 
glycoenzyme of interest, were also reported as an alternative for glycoproteins 
immobilization (Ahmad et al., 2001; Bucur et al., 2004; Bucur et al., 2005; Liu & Scouten, 
1996; Nelson & Cox, 2005; Rao et al., 1998; Roy & Gupta, 2006; Saleemuddin, 1999; Tischer & 
Wedekind, 1999; Turková, 1999).  

2.2.4.2 Immobilization methods based on antibodies-antigens interactions 

Several immobilization methods exploit the interaction specificity of antibodies (monoclonal 
or polyclonal) and their antigens. It is almost impossible to describe all evolved variations 
ranging from the simplest immobilization of protein on a support covered with appropriate 
antibody (used for e.g. carboxypeptidase A, trypsin, chymotrypsin), continuing with 
exploiting secondary antibodies (e.g. immobilization of horseradish peroxidase via 
monoclonal enzyme specific antibody and anti-Fc antibodies) to preparation of fusion 
protein and its interaction with anti-tag antibody (used for alkaline phosphatase). An 
important role in these techniques is played also by two antibodies-binding proteins, i.e. 
Protein A from Staphylococcus aureus with the ability to specifically bind the Fc region of 
immunoglobulins and streptococcal Protein G with broader binding abilities. Both 
mentioned proteins enable oriented immobilization of antibodies on the surface, thus 
ensuring a correct orientation of antibody binding sites for further interaction. Next to 
favourable possibility to control the orientation of immobilized enzyme also other 
advantages are connected with antibody-antigen interaction using immobilization 
techniques, e.g. the fact that antibodies represent a spacer separating the enzyme and the 
matrix ensuring thus enough space required for correct enzymatic activity. Some limitations 
may be represented by relatively high costs of monoclonal antibody preparation. As 
mentioned at the beginning of the paragraph, many different variations and improvements, 
encompassing e.g. using two simultaneously attached affinity tags, preparation of Fc-
binding unit of Protein A or coimmobilization of two enzymes, were evolved. Also 
methods, where e.g. IgG or Protein A were used as affinity tags, were reported (Daunert et 
al., 2007; Nilsson et al., 1997; Rao et al., 1998; Roy & Gupta, 2006; Saleemuddin, 1999; 
Solomon et al., 1991; Turková 1999). 

For methods based on the interaction of histidine-rich enzyme parts and metal chelate 
supports an alternative that doesn´t exploit strategies of genetic engineering exists, too. 
Some proteins, as for example alkaline phosphatase, lysozyme or ribonuclease A, are able to 
bind these supports also in their native form. Chemical procedure increasing the amount of 
surface histidine of glycoproteins was tested for Penicillium chrysogenum glucose oxidase and 
horseradish peroxidase. Similar interactions, observed between phosphorylated proteins 
and immobilized metal ions (Ga3+, Fe3+ etc.), may be utilized e.g. for enrichment of 
phosphoproteins in studied samples or for phosphorylated proteins and peptides 
purification. For phosphoproteins immobilization their ability to bind alumina can be 



 
Affinity Chromatography 40

protein of interest) with its phenothiazine ligand (figure 7). Oriented immobilized enzyme 
can be easily removed from the support thanks to Ca2+ dependence of the interaction 
process enabling the support regeneration. Covalent binding of the phenothiazine ligand to 
the support prevents the leaching of the ligand. This immobilization technique was used e.g. 
for organophosphorus hydrolase or β-lactamase (Daunert et al., 2007; Desai et al., 2002). 

 
Fig. 7. Phenothiazine 

We would like to end this part, devoted to the topic of utilization of affinity tags for protein 
immobilization, with directing the attention to the fact that also many others affinity tags 
were tested to be suitable as a tool for enzyme immobilization. However, mentioning all of 
them exceeds possibilities of this communication. As examples we can mention 
immobilization by polystyrene-binding peptides with their ability to specifically bind 
hydrophilic polystyrene supports, immobilization by DNA hybridization, exploiting the 
ability of polynucleotide chains of DNA to pair according to the rules of complementarity, 
or by using glutathione S-transferase tag, which is able to specifically bind to glutathione 
(Daunert et al., 2007; Kumada et al., 2010; Paternolli et al., 2002). 

2.2.4 Other approaches for affinity immobilization 

Although the methods of molecular biology and genetic engineering for fusion protein 
production are very useful and popular in immobilization strategies, in some cases native 
features of proteins of interest are possible to be exploit for the immobilization, too. A few 
examples of this type of techniques are mentioned in the following paragraphs. In some 
cases a very tight relations between these methods and earlier described principles based on 
fusion protein preparation are evident. 

2.2.4.1 Glycoproteins immobilization 

For the immobilization of glycoproteins (proteins posttranslationally modified by 
carbohydrate attachment to hydroxyl groups of serine and threonine or to amide group of 
asparagine) their specific interaction with carbohydrate-binding proteins i.e. lectins can be 
used. This type of posttranslational modification is very common in nature and was 
observed in many eukaryotes, archaebacteria or even in some prokaryotes. The specificity of 
above mentioned interactions was many times exploited in affinity based purification 
procedures. Concanavalin A originating from Jack bean (Canavalia ensiformis), displaying 
selectivity for defined mannosylated and glucosylated structures, is the mostly used lectin in 
immobilization processes. Considering the fact that carbohydrate chains are usually not 
involved in catalytical processes, this method of immobilization as a rule doesn´t evince 
significant influence on the catalytic activity of the enzyme. Promising results obtained for a 
glycoprotein acetylcholine esterase by Bucur and co-workers were published recently. Also 
other glycoenzymes, as for example glucose oxidase, invertase, β-galactosidase, 
carboxypeptidase Y or amyloglucosidase, were immobilized by this way. However, high 

 
Affinity Interactions as a Tool for Protein Immobilization 41 

cost for lectin supports can represent a limitation of application of these techniques and thus 
new ways for inexpensive carriers´ preparation are searched. Even on this field new 
methodologies were achieved. As an example the immobilization utilizing an affinity 
boronate gel also called as "general lectin", which is able to interact with many polar 
functional groups of suitable structure, can be mentioned. Although having a lower 
specificity for recognized carbohydrate structure, its advantages lie in its stability and lower 
cost. This technique was successfully used e.g. for horseradish peroxidase immobilization. 
Methods exploiting glycosyl specific antibodies supports, which are highly specific for a 
glycoenzyme of interest, were also reported as an alternative for glycoproteins 
immobilization (Ahmad et al., 2001; Bucur et al., 2004; Bucur et al., 2005; Liu & Scouten, 
1996; Nelson & Cox, 2005; Rao et al., 1998; Roy & Gupta, 2006; Saleemuddin, 1999; Tischer & 
Wedekind, 1999; Turková, 1999).  

2.2.4.2 Immobilization methods based on antibodies-antigens interactions 

Several immobilization methods exploit the interaction specificity of antibodies (monoclonal 
or polyclonal) and their antigens. It is almost impossible to describe all evolved variations 
ranging from the simplest immobilization of protein on a support covered with appropriate 
antibody (used for e.g. carboxypeptidase A, trypsin, chymotrypsin), continuing with 
exploiting secondary antibodies (e.g. immobilization of horseradish peroxidase via 
monoclonal enzyme specific antibody and anti-Fc antibodies) to preparation of fusion 
protein and its interaction with anti-tag antibody (used for alkaline phosphatase). An 
important role in these techniques is played also by two antibodies-binding proteins, i.e. 
Protein A from Staphylococcus aureus with the ability to specifically bind the Fc region of 
immunoglobulins and streptococcal Protein G with broader binding abilities. Both 
mentioned proteins enable oriented immobilization of antibodies on the surface, thus 
ensuring a correct orientation of antibody binding sites for further interaction. Next to 
favourable possibility to control the orientation of immobilized enzyme also other 
advantages are connected with antibody-antigen interaction using immobilization 
techniques, e.g. the fact that antibodies represent a spacer separating the enzyme and the 
matrix ensuring thus enough space required for correct enzymatic activity. Some limitations 
may be represented by relatively high costs of monoclonal antibody preparation. As 
mentioned at the beginning of the paragraph, many different variations and improvements, 
encompassing e.g. using two simultaneously attached affinity tags, preparation of Fc-
binding unit of Protein A or coimmobilization of two enzymes, were evolved. Also 
methods, where e.g. IgG or Protein A were used as affinity tags, were reported (Daunert et 
al., 2007; Nilsson et al., 1997; Rao et al., 1998; Roy & Gupta, 2006; Saleemuddin, 1999; 
Solomon et al., 1991; Turková 1999). 

For methods based on the interaction of histidine-rich enzyme parts and metal chelate 
supports an alternative that doesn´t exploit strategies of genetic engineering exists, too. 
Some proteins, as for example alkaline phosphatase, lysozyme or ribonuclease A, are able to 
bind these supports also in their native form. Chemical procedure increasing the amount of 
surface histidine of glycoproteins was tested for Penicillium chrysogenum glucose oxidase and 
horseradish peroxidase. Similar interactions, observed between phosphorylated proteins 
and immobilized metal ions (Ga3+, Fe3+ etc.), may be utilized e.g. for enrichment of 
phosphoproteins in studied samples or for phosphorylated proteins and peptides 
purification. For phosphoproteins immobilization their ability to bind alumina can be 
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exploit as confirmed e.g. for pepsine, which contains a phosphoserine residue. Also for this 
type of interaction an alternative method converting enzymes of interest to phosphoproteins 
was evolved and successfully used for e.g. subtilisin (Chaga, 2001; Hernandez & Fernandez-
Lafuente, 2011; Machida et al., 2007; Rao et al., 1998; Saleemuddin, 1999; Schmidt et al., 2007).  

At the end of this chapter it is again necessary to emphasize that different variations and 
combinations of all above mentioned methods are possible and new improvements are 
published every year. As one nicely illustrative example a combined method used for alkaline 
phosphatase immobilization may serve. In this technique a fusion protein strategy and 
antibody-antigen interaction were connected, because a tagged protein was immobilized by 
specially prepared anti-tag antibodies (Hernandez & Fernandez-Lafuente, 2011). 

3. Conclusion 
The idea of enzyme immobilization has introduced a totally new look on using these 
excellent biocatalysts in technological processes. Immobilized enzymes have a big potential 
for biotechnological practice for their important economical, technological and ecological 
advantages. Some weak points in immobilization techniques, as e.g. possible lowering of 
enzyme activity, was a challenge for the modern research and has led to development of a 
broad range of immobilization methods.  

Utilization of affinity interactions for protein immobilization is a new trend, which is 
nowadays intensively examined. Many interesting variations of these strategies are based on 
natural specific interactions of molecules; many others are exploiting new findings of 
molecular biology and genetic engineering. Though affinity immobilization techniques are 
nowadays studied by many research teams, there are still new possibilities in finding 
simple, effective and inexpensive methods that would enable the use of immobilized 
enzymes in common technological practice. Many successful results from recent years 
indicate the importance of affinity immobilization techniques in these innovative 
methodologies. 

4. Acknowledgment 
Publishing of this work was supported by the Ministry of Education, Youth and Sports 
(MSM6046137305). 

5. References 
Aehle, W. (2007). Enzymes in industry (third edition), Wiley-VCH, ISBN 978-3-527-31689-2, 

Weinheim 
Ahmad, S.; Anwar, A. & Saleemuddin, M. (2001). Immobilization and stabilization of 

invertase on Cajanus cajan lectin support. Bioresource Technology, Vol.79, No.2, pp. 
121-127, ISSN 0960-8524 

Altenbuchner, J. & Mattes, R. (2005). Escherichia coli, In: Production of recombinant proteins: 
novel microbial and eukaryotic expression systems, G. Gellissen, (Ed.), 7-43, Wiley-VCH, 
ISBN 3-527-31036-3, Weinheim  

 
Affinity Interactions as a Tool for Protein Immobilization 43 

Andreescu, S.; Bucur, B. & Marty, J.-L. (2006). Affinity immobilization of tagged enzymes, 
In: Immobilization of enzymes and cells. (second edition), J. M. Guisan, (Ed.), Humana 
Press Inc., ISBN 1-59745-053-7, New Jersey 

Arechaga, I.; Miroux, B.; Runswick, M. J. & Walker, J. E. (2003). Over-expression of 
Escherichia coli F1F0-ATPase subunit a is inhibited by instability of the uncB gene 
transcript. FEBS Letters, Vol.547, No.1-3, pp. 97-100, ISSN 0014-5793 

Arnau, J.; Lauritzen, C.; Petersen, G. E. & Pedersen, J. (2006). Current strategies for the use of 
affinity tags and tag removal for the purification of recombinant proteins. Protein 
Expression and Purification, Vol.48, No.1, pp. 1-13, ISSN 1046-5928 

Baneyx, F. (1999). Recombinant protein expression in Escherichia coli. Current Opinion in 
Biotechnology, Vol.10, No.5, pp. 411-421, ISSN 0958-1669 

Brena, B. M. & Batista-Viera, F. (2006). Immobilization of enzymes, In: Immobilization of 
enzymes and cells. (second edition), J. M. Guisan, (Ed.), Humana Press Inc., ISBN 1-
59745-053-7, New Jersey 

Bucur, B.; Danet, A. F. & Marty, J.-L. (2004). Versatile method of cholinesterase 
immobilisation via affinity bonds using Concanavalin A applied to the construction 
of a screen-printed biosensor. Biosensors and Bioelectronics, Vol.20, No.2, pp. 217-225, 
ISSN 0956-5663 

Bucur, B.; Danet, A. F. & Marty, J.-L. (2005). Cholinesterase immobilisation on the surface of 
screen-printed electrodes based on concanavalin A affinity. Analytica Chimica Acta, 
Vol.530, No.1, pp. 1-6, ISSN 0003-2670 

Carlsson, J.; Janson, J.-C. & Sparrman, M. (1998). Affinity chromatography, In: Protein 
purification. Principles, high resolution methods, and applications. (second edition). J.-C. 
Janson & L. Rydén, (Ed.), Viley-VCH, ISBN 0-471-18626-0, New York 

Cao, L. (2005). Carrier-bound immobilized enzymes. Principles, Application and Design (first 
edition), Wiley-VCH, ISBN 978-1-61583-208-8, Weinheim 

Chaga, G. S. (2001). Twenty-five years of immobilized metal ion affinity chromatography: 
past, present and future. Journal of Biochemical and Biophysical Methods, Vol.49, No.1-
3, pp. 313-334, ISSN 0165-022x 

Chern, J.-T. & Chao, Y.-P. (2005). Chitin-binding domain based immobilization of D-
hydantoinase. Journal of Biotechnology, Vol.117, No.3, pp. 267-275, ISSN 0168-1656 

Clare, D. A.; Valentine, V. W.; Catignani, G. L. & Swaisgood, H. E. (2001). Molecular design, 
expression, and affinity immobilization of a trypsin-streptavidin fusion protein. 
Enzyme and Microbial Technology, Vol. 28, No. 6, pp. 483-491, ISSN 0141-0229 

Costa, S. A.; Azevedo, H. S. & Reis, R. L. (2005). Enzyme immobilization in biodegradable 
polymers for biomedical applications, In: Biodegradable systems in tissue engineering 
and regenerative medicine. R. L. Reis & J. S. Román, (Ed.), CRC Press LLC, ISBN 978-
0-203-49123-2, London 

Cowan, D. A. & Fernandez-Lafuente, R. (2011). Enhancing the functional properties of 
thermophilic enzymes by chemical modification and immobilization. Enzyme and 
Microbial Technology, Vol.49, No.4, pp. 326-346, ISSN 0141-0229 

Daunert, S.; Bachas, L. G.; Schauer-Vukasinovic, V.; Gregory, K.J.; Schrift, G. & Deo, S. 
(2007). Calmodulin-mediated reversible immobilization of enzymes. Colloids and 
Surfaces B: Biointerfaces, Vol.58, No.1, pp. 20-27, ISSN 0927-7765  

Demain, A. L. & Vaishnav, P. (2009). Production of recombinant proteins by microbes and 
higher organism. Biotechnology Advances, Vol.27, No. 3, pp. 297-306, ISSN 0734-9750 



 
Affinity Chromatography 42
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At the end of this chapter it is again necessary to emphasize that different variations and 
combinations of all above mentioned methods are possible and new improvements are 
published every year. As one nicely illustrative example a combined method used for alkaline 
phosphatase immobilization may serve. In this technique a fusion protein strategy and 
antibody-antigen interaction were connected, because a tagged protein was immobilized by 
specially prepared anti-tag antibodies (Hernandez & Fernandez-Lafuente, 2011). 

3. Conclusion 
The idea of enzyme immobilization has introduced a totally new look on using these 
excellent biocatalysts in technological processes. Immobilized enzymes have a big potential 
for biotechnological practice for their important economical, technological and ecological 
advantages. Some weak points in immobilization techniques, as e.g. possible lowering of 
enzyme activity, was a challenge for the modern research and has led to development of a 
broad range of immobilization methods.  

Utilization of affinity interactions for protein immobilization is a new trend, which is 
nowadays intensively examined. Many interesting variations of these strategies are based on 
natural specific interactions of molecules; many others are exploiting new findings of 
molecular biology and genetic engineering. Though affinity immobilization techniques are 
nowadays studied by many research teams, there are still new possibilities in finding 
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1. Introduction 
Affinity chromatography is a technique used to purify compounds, such as proteins, that 
have the ability to non-covalently and reversibly bind specific molecules, known as ligands. 
This method differs from the classical chromatography techniques in that the protein is 
purified on the basis of a unique biochemical property. In affinity chromatography, the 
ligand is covalently attached to a matrix, which must be chemically inert, porous, and have a 
variety of functional groups suitable for coupling with diverse ligands. Various matrices 
and ligands are used in affinity chromatography, depending on the protein to be purified 
(Voet & Voet, 1995). A particular affinity chromatography technique, which uses 
carbohydrate adsorbents (ligands or matrices) for purification of glycan-binding proteins or 
lectins, is called carbohydrate affinity chromatography. 

Lectins are a diverse group of proteins that bind specifically various carbohydrates. They are 
present in every organism, suggesting their role in basic biological functions, including 
regulatory, adhesive, defence against pathogens, and many others (Varki et al., 2009). In an 
organism, a number of different lectins are usually present in various isoforms, called 
isolectins (Van Damme et al., 1998). These differ only in slight variations in primary structure 
and carbohydrate-binding specificity, but can show differences in their biological activities 
(Leavitt et al., 1977). Therefore, when isolating a lectin it is important to purify the individual 
isolectins. 

Different types of lectin are distinguished according to their overall structure – merolectins 
contain a single carbohydrate-binding domain, hololectins are composed of two or more 
such domains and chimerolectins contain additional, non-lectin domains, usually catalytic 
in function (Peumans & Van Damme, 1995). The majority of lectins contain multiple binding 
sites, and can thus, by binding and cross-linking of specific glycoreceptors on cell surfaces, 
agglutinate cells such as erythrocytes. Lectins also act as recognition molecules in cell–
molecule and cell–cell interactions, and are involved in cellular processes, including cell 
adhesion, migration, differentiation, proliferation and apoptosis. Furthermore, many lectins 
elicit diverse physiological responses in various organisms and possess immunomodulatory 
properties and thus have potential roles in cancer and metastasis (Perillo et al., 1998; Sharon 
& Lis, 1989), which makes them potentially useful in biotechnological and biomedical 
applications. 

The binding of lectins to carbohydrates is noncovalent and reversible, involving hydrogen 
bonds, hydrophobic, electrostatic and van der Waals interactions and dipole attraction. The 
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binding of sugars (mono- and disaccharides) to a lectin is relatively weak, with dissociation 
constants in the millimolar or micromolar range. On the other hand, interactions of 
multivalent lectins with complex, branched carbohydrates containing multiple epitopes, 
result in high-avidity binding with nanomolar or even picomolar dissociation constants 
(Varki et al., 2009). 

In general, lectins possess biochemical and binding properties which are very convenient for 
their purification by carbohydrate affinity chromatography. They do not react catalytically 
with carbohydrates, modifying the ligand, unless the lectin is a subdomain of a modular 
protein that contains another catalytic (glycosidase) domain. As noted earlier, lectins bind 
carbohydrates noncovalently and reversibly and at least the most widely used ligands, 
mono- and disaccharides, are usually bound relatively weakly, so that the lectin is readily 
released from an affinity column by competitive elution using specific free carbohydrates. 
Moreover, lectins and carbohydrates are both usually stable compounds, therefore elution 
techniques using extreme conditions of pH and/or ionic strength can also be applied to 
release a lectin from the carbohydrate affinity column. 

In this chapter, current carbohydrate affinity chromatography methods for purification of 
lectins exhibiting various carbohydrate-binding specificities are presented. The affinity 
ligands, matrices, ligand coupling methods and elution techniques used are described in 
detail. Throughout the chapter, all sugars are of the ᴅ-configuration, unless otherwise stated. 

2. Lectin isolation using carbohydrate affinity chromatography 
Any source of interest can be selected for isolation of lectins, from humans, animals, plants, 
fungi to microorganisms, including viruses. First, a lectin must be released from the source 
into solution, usually by liberating it from the cells. Several methods can be used, depending 
on the mechanical characteristics of the source tissue, such as homogenization by 
mechanical disruption or by lysis (Voet & Voet, 1995). Lectins are water-soluble proteins, 
therefore are extracted with aqueous buffers and then centrifuged and filtered if necessary 
to remove the cell debris. Extraction should be carried out at 4 °C to prevent denaturation 
and degradation, by proteolytic enzymes, of the lectin of interest. Moreover, addition of 
protease inhibitors to the extraction buffer is recommended if proteolytic activity is 
observed in the extract (Kvennefors et al., 2008; Matsumoto et al., 2011; Watanabe et al., 
2007), although some lectins have been found to be resistant to proteolytic degradation 
(Pohleven et al., 2009). In addition, glycosidase inhibitors, such as glucosidase inhibitor 1-
deoxynojirimycin (0.2 mM) and the mannosidase inhibitor 1-deoxymannojirimycin (0.2 
mM), have also been added to the extract to prevent cleavage of immobilized carbohydrate 
ligands in the affinity column (Watanabe et al., 2007). Before the extract is applied to the 
carbohydrate affinity column, some of the impurities can be removed using fractional 
precipitation with ammonium sulphate and/or other classical chromatography techniques. 
To follow the lectin fractions throughout the purification procedure, agglutinating activity 
can be monitored using erythrocytes specific for the lectin; a given lectin does not 
agglutinate all types of red blood cells, only those exhibiting the lectin-specific glycans. 

Once the extract exhibiting agglutinating activity is prepared, the carbohydrate affinity 
chromatography method appropriate for purifying the lectin has to be selected. This involves 
the adsorbent that can bind the lectin and separate it from the extract, and an elution technique 
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that can release the bound lectin from the column. It is therefore important to know the 
specificity and stability of the lectin and also to consider the stability of the adsorbent, since 
extremes of pH and temperature may be used for ligand coupling and elution. Carbohydrates 
and, in general, lectins are relatively stable molecules. The specificity of the desired lectin in 
the extract can be determined by examining its agglutinating activity, using various classes of 
erythrocytes that expose diverse glycans on their surfaces. For example human blood group A 
expresses non-reducing terminal α-N-acetylgalactosamine, group B, terminal α-galactose and 
group O, fucosyl-galactose (Schenkel-Brunner, 2007). In addition, hapten inhibition of 
agglutination, using various carbohydrates or glycoproteins, can be used to determine the 
specificity of the lectin, enabling the lectin-specific adsorbent to be selected. The stability of the 
lectin can be assessed by examining agglutinating activity of the extract, pretreated under 
various conditions of pH. However, observations suggest that the lectin in an extract is more 
stable than the isolated one, probably because it is stabilized by bound carbohydrates. 

A wide variety of adsorbents have been described for lectin isolation and can be divided 
into the following groups: carbohydrate (mono-, di, and polysaccharide) ligands and 
glycoprotein ligands, both immobilized to the carrier matrix, and adsorbent 
(polysaccharide) matrices (Sections 3 and 4). In the latter case, no ligand is required, since 
the polysaccharide matrices themselves bind lectins, while in the former cases, ligand is 
coupled to a previously activated matrix. Depending on the ligand, one of several methods 
can be applied to activate the matrix with various reagents and subsequently immobilize 
carbohydrate or glycoprotein ligands. After the coupling, the amount of carbohydrate or 
glycoprotein ligand is determined (Section 5). 

After the extract containing the lectin has been applied to the carbohydrate affinity adsorbent 
and appropriately incubated (for example for several hours at 4 °C or 1 hour at room 
temperature), the impurities are washed off the column and the bound lectin then eluted. This 
is usually performed using gravity-flow column chromatography or fast protein liquid 
chromatography (FPLC). Depending on the specificity and stability of the lectin and 
adsorbent, various elution techniques can be used, such as competitive elution with specific 
carbohydrates, desorption by changing the pH and/or ionic strength of the eluent, or elution 
with urea solutions. When extremes of pH are used for elution, the protein fractions and 
column have to be neutralized by buffer as soon as possible (Section 6). The eluted protein 
fractions can be detected by measuring their absorbance at 280 nm and the affinity column 
capacity readily estimated by following the agglutinating activity of the flow-through. 

Carbohydrate affinity chromatography is a simple, one-step method for purifying lectins. 
However, in some cases additional separation techniques have to be used subsequently to 
purify the lectin to homogeneity, such as ion-exchange chromatography and/or gel 
filtration. For example, isolectins cannot be separated by carbohydrate affinity 
chromatography, since they show very similar carbohydrate-binding specificities; ion-
exchange chromatography has been used successfully to separate individual isolectins 
(Guzmán-Partida et al., 2004; Horibe et al., 2010; Leavitt et al., 1977; Mishra et al., 2004; Ren 
et al., 2008; Sultan et al., 2009). Moreover, different lectins can sometimes be co-isolated from 
the extract, especially when the ligand is immobilized to polysaccharide matrices, which 
also bind lectins. In that case, serial carbohydrate affinity chromatography can be applied 
using two or more adsorbents in series (Chen et al., 1999; Kato et al., 2011; Lavanya Latha et 
al., 2006; Moreira et al., 1998; Ooi et al., 2002; Pohleven et al., 2011; Trindade et al., 2006).  
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Fig. 1. Protocol for separation and purification of lectins using carbohydrate affinity 
chromatography 
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For example, the extract is applied to the affinity column that binds, besides the lectin of 
interest, non-desired lectins. Eluted lectins are then separated on a column that only binds 
non-desired lectins, and the lectin of interest is purified by simply washing the column. 

Whatever the purification method used, the protein fractions are analyzed for purity using 
biochemical methods, such as electrophoretic techniques or reversed-phase high-
performance liquid chromatography (RP-HPLC), and lectin activity is assessed by 
agglutination assay. After use, affinity chromatography columns should be stored at 4–8 °C, 
in the presence of a bacteriostat e.g. 20 % ethanol or 0.1 % azide (w/v) or in 2 M NaCl. The 
protocol for lectin purification using carbohydrate affinity chromatography is presented in 
Figure 1. 

3. Ligands 
In carbohydrate affinity chromatography, mono-, di-, and polysaccharides, as well as 
glycoproteins, can be used as matrix-immobilized ligands. 

3.1 Mono- and disaccharides 

Of all the ligands, mono- and disaccharides coupled to a Sepharose matrix are the most 
widely used adsorbents. Recently, isolation of lectins from various sources has been 
described using numerous sugars, such as lactose (Almanza et al., 2004; Braga et al., 2006; 
Fujii et al., 2011; Hamako et al., 2007; Kawsar et al., 2009; Mendonça-Franqueiro et al., 
2011; Naeem et al., 2007b; Pohleven et al., 2009; Rocha et al., 2009; Silva et al., 2007), 
sucrose and glucose (Pohleven et al., 2011), galactose (Konami et al., 1991; Lavanya Latha 
et al., 2006; Mo et al., 2000; Moreira et al., 1998; Naeem et al., 2007b; Nagata, 2005), 
mannose (Andon et al., 2003; Ooi et al., 2010; Suseelan et al., 2002), fucose (Cammarata et 
al., 2007; Mansour & Abdul-Salam, 2009), L-rhamnose (Jimbo et al., 2007; Watanabe et al., 
2008), and sugars with 2’-acetamido groups N-acetylgalactosamine (Gerlach et al., 2005; 
Perçin et al., 2009; Qureshi et al., 2006), N-acetylglucosamine (Kaur et al., 2005; Kim et al., 
2006; Maheswari et al., 2002; Wang & Ng, 2003), and N,N’-diacetylchitobiose (Konami et 
al., 1991; Koyama et al., 2002). 

Direct coupling of small ligand molecules, such as mono- and disaccharides, to the matrix 
can often result in binding of the lectin to sugar ligands being prevented, due to steric 
hindrance by the matrix. Spacer groups can minimize such interference and, furthermore, 
enable a variety of functional groups to be introduced, allowing the use of alternative 
techniques for ligand coupling to the matrix. A spacer group can be attached to the carrier 
(Section 4.2), or alternatively, sugar derivatives can be synthesized by attaching spacers, 
such as 6-amino-hexyl and ε-aminocaproyl groups (Lis & Sharon, 1981). Several 
carbohydrate derivatives have recently been synthesized and utilized in affinity 
chromatography for lectin isolations, such as the Galβ1–4Fuc derivative containing a 
hydrophilic spacer modified with a free amino group (Takeuchi et al., 2011), an 
iodoacetamidyl derivative of Glc1Man9GlcNAc2 (Watanabe et al., 2007), and a derivative of 
L-fucose with a BSA spacer (Argayosa & Lee, 2009). In addition, a novel method for covalent 
immobilization of a range of carbohydrate derivatives onto polymeric resin beads has been 
described (Chen et al., 2007). 
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Fig. 1. Protocol for separation and purification of lectins using carbohydrate affinity 
chromatography 
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For example, the extract is applied to the affinity column that binds, besides the lectin of 
interest, non-desired lectins. Eluted lectins are then separated on a column that only binds 
non-desired lectins, and the lectin of interest is purified by simply washing the column. 

Whatever the purification method used, the protein fractions are analyzed for purity using 
biochemical methods, such as electrophoretic techniques or reversed-phase high-
performance liquid chromatography (RP-HPLC), and lectin activity is assessed by 
agglutination assay. After use, affinity chromatography columns should be stored at 4–8 °C, 
in the presence of a bacteriostat e.g. 20 % ethanol or 0.1 % azide (w/v) or in 2 M NaCl. The 
protocol for lectin purification using carbohydrate affinity chromatography is presented in 
Figure 1. 

3. Ligands 
In carbohydrate affinity chromatography, mono-, di-, and polysaccharides, as well as 
glycoproteins, can be used as matrix-immobilized ligands. 

3.1 Mono- and disaccharides 

Of all the ligands, mono- and disaccharides coupled to a Sepharose matrix are the most 
widely used adsorbents. Recently, isolation of lectins from various sources has been 
described using numerous sugars, such as lactose (Almanza et al., 2004; Braga et al., 2006; 
Fujii et al., 2011; Hamako et al., 2007; Kawsar et al., 2009; Mendonça-Franqueiro et al., 
2011; Naeem et al., 2007b; Pohleven et al., 2009; Rocha et al., 2009; Silva et al., 2007), 
sucrose and glucose (Pohleven et al., 2011), galactose (Konami et al., 1991; Lavanya Latha 
et al., 2006; Mo et al., 2000; Moreira et al., 1998; Naeem et al., 2007b; Nagata, 2005), 
mannose (Andon et al., 2003; Ooi et al., 2010; Suseelan et al., 2002), fucose (Cammarata et 
al., 2007; Mansour & Abdul-Salam, 2009), L-rhamnose (Jimbo et al., 2007; Watanabe et al., 
2008), and sugars with 2’-acetamido groups N-acetylgalactosamine (Gerlach et al., 2005; 
Perçin et al., 2009; Qureshi et al., 2006), N-acetylglucosamine (Kaur et al., 2005; Kim et al., 
2006; Maheswari et al., 2002; Wang & Ng, 2003), and N,N’-diacetylchitobiose (Konami et 
al., 1991; Koyama et al., 2002). 

Direct coupling of small ligand molecules, such as mono- and disaccharides, to the matrix 
can often result in binding of the lectin to sugar ligands being prevented, due to steric 
hindrance by the matrix. Spacer groups can minimize such interference and, furthermore, 
enable a variety of functional groups to be introduced, allowing the use of alternative 
techniques for ligand coupling to the matrix. A spacer group can be attached to the carrier 
(Section 4.2), or alternatively, sugar derivatives can be synthesized by attaching spacers, 
such as 6-amino-hexyl and ε-aminocaproyl groups (Lis & Sharon, 1981). Several 
carbohydrate derivatives have recently been synthesized and utilized in affinity 
chromatography for lectin isolations, such as the Galβ1–4Fuc derivative containing a 
hydrophilic spacer modified with a free amino group (Takeuchi et al., 2011), an 
iodoacetamidyl derivative of Glc1Man9GlcNAc2 (Watanabe et al., 2007), and a derivative of 
L-fucose with a BSA spacer (Argayosa & Lee, 2009). In addition, a novel method for covalent 
immobilization of a range of carbohydrate derivatives onto polymeric resin beads has been 
described (Chen et al., 2007). 
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3.2 Polysaccharides 

Recently, several polysaccharides have been immobilized to various matrices in order to 
isolate lectins. These include chitin, a polymer of a N-acetylglucosamine (Bovi et al., 2011; 
Narahari & Swamy, 2010; Santi-Gadelha et al., 2006; Trindade et al., 2006), mannan, a 
mannose polymer (Argayosa et al., 2011; Kvennefors et al., 2008; Naeem et al., 2007a; Ourth 
et al., 2005), alginate, a copolymer of β-mannuronate and α-L-guluronate (Roy et al., 2005), 
chitosan, a polysaccharide composed of glucosamine and N-acetylglucosamine (Chen & Xu, 
2005), glucan laminarin (Chen et al., 1999) and exopolysaccharide extracted from 
Azospirillum brasiliense (Mora et al., 2008). 

3.3 Glycoproteins 

Carbohydrate moieties of glycoproteins, called glycans, can also be used as ligands for lectin 
isolation. Usually, glycans contain a variety of carbohydrates and therefore can be used for 
the isolation of lectins with various specificities (Lis & Sharon, 1981). Recently, numerous 
glycoproteins have been immobilized, usually to cyanogen bromide activated Sepharose. 
These include fetuin (Bhowal et al., 2005; Guzmán-Partida et al., 2004; Matsumoto et al., 
2011; Naeem et al., 2007b; Ooi et al., 2002; Rittidach et al., 2007; Sun et al., 2007; Valadez-
Vega et al., 2011; Yang et al., 2007), mucin from porcine (Sus scrofa) stomach 
(Chumkhunthod et al., 2006; Souza et al., 2010; Takahashi et al., 2008) and bovine (Bos 
taurus) submaxillary mucin (Imamichi & Yokoyama, 2010; Kawagishi et al., 1994; 
Naganuma et al., 2006), thyroglobulin (Ren et al., 2008; Wang et al., 2004) and ovalbumin 
(Mo et al., 1999). Besides, desialylated glycoproteins treated with mild acid hydrolysis or 
neuraminidases, which removes sialic acid, thus exposing other saccharides, have been used 
as ligands, such as asialofetuin (Bhat et al., 2010; Kaur et al., 2006; Naeem et al., 2007b; Nagre 
et al., 2010; Shangary et al., 1995) and asialomucin (Vega & Pérez, 2006). 

Another method used for lectin isolation, based on immobilized glycoprotein ligands, is 
affinity chromatography on agarose-immobilized porcine (Sus scrofa) blood plasma proteins 
(Kajiya et al., 2003) or on stroma (Alpuche et al., 2010; Dresch et al., 2008; Vazquez et al., 
1993; Veau et al., 1999) or membranes (Castillo-Villanueva et al., 2007) of various 
erythrocytes, fixed with 1 % glutaraldehyde and physically entrapped in various matrices. 

4. Matrices 
In carbohydrate affinity chromatography, polysaccharide matrices can be used in two ways 
– as adsorbents for binding lectins, or as carriers to which ligands can be attached. 

4.1 Adsorbent matrices 

A number of matrices are polysaccharide-based, and can thus be used as adsorbents for 
isolation of lectins with appropriate specificities, without prior immobilization of carbohydrate 
ligands. The most widely used is Sepharose, but Sephadex is also used. Both are commercially 
available (GE Healthcare). Sepharose is an agarose-based, bead-formed matrix, containing 2, 4, 
or 6 % agarose, hence designated Sepharoses 2B, 4B, or 6B. Furthermore, Sepharose CL gels are 
cross-linked derivatives of Sepharose, and thus chemically and physically more resistant, i.e. 
stable over a wider pH range, and can be applied when extreme conditions are used for 
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coupling or elution. Agarose is a galactose-anhydrogalactose copolymer (Angal & Dean, 1977), 
so Sepharose has recently been used extensively as an adsorbent for isolation of lectins specific 
for galactosides and related carbohydrates (Cao et al., 2010; De-Simone et al., 2006; Kato et al., 
2011; Moura et al., 2006; Pohleven et al., 2011). In contrast, Sephadex is a beaded gel prepared 
by cross-linking dextran, a polysaccharide composed of glucose. It has been used for purifying 
glucose/mannose-specific lectins from various sources (Biswas et al., 2009; Rangel et al., 2011; 
Roh & Park, 2005). 

Many galactose-specific lectins recognize terminal non-reducing galactosyl residues, rather 
than internal ones, in galactan polysaccharides (Lis & Sharon, 1981). Therefore, partial, mild 
hydrolysis of Sepharose by acid treatment – for example incubation in 1 M HCl for three 
hours at 50 °C (Voss et al., 2006) – can be used to cleave the polysaccharide chains, thus 
exposing additional terminal galactosyl residues, without completely degrading the 
Sepharose (Ersson et al., 1973; Lis & Sharon, 1981). Recently, numerous lectins have been 
isolated on acid treated Sepharose (Jimbo et al., 2000; Kawagishi et al., 1994; Mishra et al., 
2004; Stirpe et al., 2007; Voss et al., 2006). 

In addition to Sepharose and Sephadex, commercially available Affi-Gel blue gel (Bio-Rad), 
composed of beaded, cross-linked agarose, has been used as an adsorbent matrix (Lin & Ng, 
2008; Shao et al., 2011; Sharma et al., 2010; Wong et al., 2010). Further, naturally occurring 
cross-linked polysaccharides, which are inexpensive and simple to prepare with 
epichlorhydrin or divinyl sulphone, have also been extensively used as adsorbent matrices 
for isolating galactose-specific lectins (Lis & Sharon, 1981). These include guar gum or 
guaran (Sigma-Aldrich), a galactomannan polysaccharide that binds lectins with anomeric 
preference for α-galactose (Alencar et al., 2010; Santos et al., 2009; Souza et al., 2011; Sultan 
et al., 2009), a polysaccharide isolated from Spondias purpurea (Teixeira et al., 2007), a cross-
linked seed gum matrix prepared from plant Leucaena leucocephala (Seshagirirao et al., 2005), 
a galactomannan from Adenanthera pavonina (Moreira et al., 1998; Teixeira-Sá et al., 2009; 
Trindade et al., 2006), and a cross-linked galactoxyloglucan from Mucuna sloanei (Teixeira-Sá 
et al., 2009). Moreover, adsorbent matrices from yeast glucan or curdlan, a polymer of 
glucose, were prepared to isolate glucose-specific lectins (Mikes & Man, 2003). 

Since polysaccharide matrices like Sepharose and Sephadex bind lectins, when using such 
matrices as carriers for carbohydrate ligand immobilization a variety of lectins can be co-
isolated; ones specific for the matrix and one for the ligand. To purify the latter lectin, 
additional methods, such as gel filtration or ion-exchange chromatography have to be used. 
Alternatively, serial carbohydrate affinity chromatography can be introduced, in which two 
or more affinity columns are used in tandem. For example, in the first step, the extract is 
applied to the affinity column (with matrix-immobilized ligand) which, besides the lectin of 
interest, also binds non-desired (matrix-specific) lectins. The eluted lectin mixture is then 
applied to a second column (with matrix alone) that only binds the non-desired lectins. The 
non-bound lectin of interest is washed off the column and thus purified. Several authors 
have purified lectins from a variety of sources using serial carbohydrate affinity 
chromatography (Chen et al., 1999; Kato et al., 2011; Lavanya Latha et al., 2006; Moreira et 
al., 1998; Ooi et al., 2002; Pohleven et al., 2011; Trindade et al., 2006) or Ultrogel-A4 agarose 
beads to remove non-specific agarose-binding proteins from the extract prior to subjecting it 
to carbohydrate affinity chromatography (Kvennefors et al., 2008). In contrast, non-
polysaccharide matrices, such as silica carriers (Synsorb) (Kaur et al., 2006; Mo et al., 2000; 
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3.2 Polysaccharides 

Recently, several polysaccharides have been immobilized to various matrices in order to 
isolate lectins. These include chitin, a polymer of a N-acetylglucosamine (Bovi et al., 2011; 
Narahari & Swamy, 2010; Santi-Gadelha et al., 2006; Trindade et al., 2006), mannan, a 
mannose polymer (Argayosa et al., 2011; Kvennefors et al., 2008; Naeem et al., 2007a; Ourth 
et al., 2005), alginate, a copolymer of β-mannuronate and α-L-guluronate (Roy et al., 2005), 
chitosan, a polysaccharide composed of glucosamine and N-acetylglucosamine (Chen & Xu, 
2005), glucan laminarin (Chen et al., 1999) and exopolysaccharide extracted from 
Azospirillum brasiliense (Mora et al., 2008). 

3.3 Glycoproteins 

Carbohydrate moieties of glycoproteins, called glycans, can also be used as ligands for lectin 
isolation. Usually, glycans contain a variety of carbohydrates and therefore can be used for 
the isolation of lectins with various specificities (Lis & Sharon, 1981). Recently, numerous 
glycoproteins have been immobilized, usually to cyanogen bromide activated Sepharose. 
These include fetuin (Bhowal et al., 2005; Guzmán-Partida et al., 2004; Matsumoto et al., 
2011; Naeem et al., 2007b; Ooi et al., 2002; Rittidach et al., 2007; Sun et al., 2007; Valadez-
Vega et al., 2011; Yang et al., 2007), mucin from porcine (Sus scrofa) stomach 
(Chumkhunthod et al., 2006; Souza et al., 2010; Takahashi et al., 2008) and bovine (Bos 
taurus) submaxillary mucin (Imamichi & Yokoyama, 2010; Kawagishi et al., 1994; 
Naganuma et al., 2006), thyroglobulin (Ren et al., 2008; Wang et al., 2004) and ovalbumin 
(Mo et al., 1999). Besides, desialylated glycoproteins treated with mild acid hydrolysis or 
neuraminidases, which removes sialic acid, thus exposing other saccharides, have been used 
as ligands, such as asialofetuin (Bhat et al., 2010; Kaur et al., 2006; Naeem et al., 2007b; Nagre 
et al., 2010; Shangary et al., 1995) and asialomucin (Vega & Pérez, 2006). 

Another method used for lectin isolation, based on immobilized glycoprotein ligands, is 
affinity chromatography on agarose-immobilized porcine (Sus scrofa) blood plasma proteins 
(Kajiya et al., 2003) or on stroma (Alpuche et al., 2010; Dresch et al., 2008; Vazquez et al., 
1993; Veau et al., 1999) or membranes (Castillo-Villanueva et al., 2007) of various 
erythrocytes, fixed with 1 % glutaraldehyde and physically entrapped in various matrices. 

4. Matrices 
In carbohydrate affinity chromatography, polysaccharide matrices can be used in two ways 
– as adsorbents for binding lectins, or as carriers to which ligands can be attached. 

4.1 Adsorbent matrices 

A number of matrices are polysaccharide-based, and can thus be used as adsorbents for 
isolation of lectins with appropriate specificities, without prior immobilization of carbohydrate 
ligands. The most widely used is Sepharose, but Sephadex is also used. Both are commercially 
available (GE Healthcare). Sepharose is an agarose-based, bead-formed matrix, containing 2, 4, 
or 6 % agarose, hence designated Sepharoses 2B, 4B, or 6B. Furthermore, Sepharose CL gels are 
cross-linked derivatives of Sepharose, and thus chemically and physically more resistant, i.e. 
stable over a wider pH range, and can be applied when extreme conditions are used for 
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coupling or elution. Agarose is a galactose-anhydrogalactose copolymer (Angal & Dean, 1977), 
so Sepharose has recently been used extensively as an adsorbent for isolation of lectins specific 
for galactosides and related carbohydrates (Cao et al., 2010; De-Simone et al., 2006; Kato et al., 
2011; Moura et al., 2006; Pohleven et al., 2011). In contrast, Sephadex is a beaded gel prepared 
by cross-linking dextran, a polysaccharide composed of glucose. It has been used for purifying 
glucose/mannose-specific lectins from various sources (Biswas et al., 2009; Rangel et al., 2011; 
Roh & Park, 2005). 

Many galactose-specific lectins recognize terminal non-reducing galactosyl residues, rather 
than internal ones, in galactan polysaccharides (Lis & Sharon, 1981). Therefore, partial, mild 
hydrolysis of Sepharose by acid treatment – for example incubation in 1 M HCl for three 
hours at 50 °C (Voss et al., 2006) – can be used to cleave the polysaccharide chains, thus 
exposing additional terminal galactosyl residues, without completely degrading the 
Sepharose (Ersson et al., 1973; Lis & Sharon, 1981). Recently, numerous lectins have been 
isolated on acid treated Sepharose (Jimbo et al., 2000; Kawagishi et al., 1994; Mishra et al., 
2004; Stirpe et al., 2007; Voss et al., 2006). 

In addition to Sepharose and Sephadex, commercially available Affi-Gel blue gel (Bio-Rad), 
composed of beaded, cross-linked agarose, has been used as an adsorbent matrix (Lin & Ng, 
2008; Shao et al., 2011; Sharma et al., 2010; Wong et al., 2010). Further, naturally occurring 
cross-linked polysaccharides, which are inexpensive and simple to prepare with 
epichlorhydrin or divinyl sulphone, have also been extensively used as adsorbent matrices 
for isolating galactose-specific lectins (Lis & Sharon, 1981). These include guar gum or 
guaran (Sigma-Aldrich), a galactomannan polysaccharide that binds lectins with anomeric 
preference for α-galactose (Alencar et al., 2010; Santos et al., 2009; Souza et al., 2011; Sultan 
et al., 2009), a polysaccharide isolated from Spondias purpurea (Teixeira et al., 2007), a cross-
linked seed gum matrix prepared from plant Leucaena leucocephala (Seshagirirao et al., 2005), 
a galactomannan from Adenanthera pavonina (Moreira et al., 1998; Teixeira-Sá et al., 2009; 
Trindade et al., 2006), and a cross-linked galactoxyloglucan from Mucuna sloanei (Teixeira-Sá 
et al., 2009). Moreover, adsorbent matrices from yeast glucan or curdlan, a polymer of 
glucose, were prepared to isolate glucose-specific lectins (Mikes & Man, 2003). 

Since polysaccharide matrices like Sepharose and Sephadex bind lectins, when using such 
matrices as carriers for carbohydrate ligand immobilization a variety of lectins can be co-
isolated; ones specific for the matrix and one for the ligand. To purify the latter lectin, 
additional methods, such as gel filtration or ion-exchange chromatography have to be used. 
Alternatively, serial carbohydrate affinity chromatography can be introduced, in which two 
or more affinity columns are used in tandem. For example, in the first step, the extract is 
applied to the affinity column (with matrix-immobilized ligand) which, besides the lectin of 
interest, also binds non-desired (matrix-specific) lectins. The eluted lectin mixture is then 
applied to a second column (with matrix alone) that only binds the non-desired lectins. The 
non-bound lectin of interest is washed off the column and thus purified. Several authors 
have purified lectins from a variety of sources using serial carbohydrate affinity 
chromatography (Chen et al., 1999; Kato et al., 2011; Lavanya Latha et al., 2006; Moreira et 
al., 1998; Ooi et al., 2002; Pohleven et al., 2011; Trindade et al., 2006) or Ultrogel-A4 agarose 
beads to remove non-specific agarose-binding proteins from the extract prior to subjecting it 
to carbohydrate affinity chromatography (Kvennefors et al., 2008). In contrast, non-
polysaccharide matrices, such as silica carriers (Synsorb) (Kaur et al., 2006; Mo et al., 2000; 
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Naeem et al., 2007b; Shangary et al., 1995), poly(2-hydroxyethyl methacrylate) matrix of 
Spheron 300 (Nahálková et al., 2001), fractogel affinity matrix (Guzmán-Partida et al., 2004) 
or polyacrylamide beads (Dresch et al., 2008; Hořejší & Kocourek, 1978; Veau et al., 1999), 
can be used to avoid non-specific binding of lectins to the polysaccharide matrix. 

4.2 Carrier matrices 

Carrier matrices are used as supports to which various carbohydrate or glycoprotein ligands 
are coupled. These matrices have to be previously activated for the covalent coupling to take 
place. Various matrices are commercially available (Sepharose, Mini-leak agarose, 
Toyopearl, Synsorb, Seralose, and Spheron besides others), some of them being pre-
activated and others already coupled with carbohydrate ligands. 

Numerous matrices, to which diverse ligands were immobilized by various coupling 
methods, have been used recently to purify lectins. The most widely used have been 
differently activated Sepharoses – divinyl sulphone (Almanza et al., 2004; Lavanya Latha et 
al., 2006; Pohleven et al., 2011) and epoxy (epichlorohydrin) activated Sepharose have been 
used to immobilize carbohydrates (Chen et al., 1999; Kaur et al., 2005; Maheswari et al., 
2002; Mora et al., 2008; Nagata, 2005), and cyanogen bromide activated Sepharose for 
glycoproteins (Bhat et al., 2010; Bhowal et al., 2005; Kajiya et al., 2003; Mo et al., 1999; 
Naganuma et al., 2006; Nagre et al., 2010; Vega & Pérez, 2006; Yang et al., 2007). N-
hydroxysuccinimide Sepharose was used for coupling with sugar derivatives containing 
amino groups (Takeuchi et al., 2011), and thiopropyl Sepharose for immobilizing 
iodoacetamidyl glycan derivatives (Watanabe et al., 2007). Mini-Leak agarose (Kem-En-Tec), 
a divinyl sulphone activated matrix (Valadez-Vega et al., 2011), and Seralose (Konozy et al., 
2002) have also been used. Moreover, several kinds of Toyopearl affinity resins (Tosoh) exist 
that use various coupling chemistries for the attachment of ligands to formyl, carboxy, 
amino, epoxy or tresyl groups. For lectin isolation, Toyopearl AF-Amino 650 was used to 
immobilize glycoproteins (Imamichi & Yokoyama, 2010; Kawagishi et al., 1994; Takahashi et 
al., 2008). 

Commercially available agarose matrices pre-coupled with carbohydrates or glycoproteins 
have also been used, such as agarose beads with immobilized lactose (EY Laboratories) 
(Hamako et al., 2007), galactose (Pierce) (Trindade et al., 2006), mannose (Sigma-Aldrich) 
(Ooi et al., 2002; Suseelan et al., 2002), N-acetylgalactosamine (Gerlach et al., 2005; Qureshi et 
al., 2006), N-acetylglucosamine (Sigma-Aldrich) (Kim et al., 2006; Wang & Ng, 2003), N,N'-
diacetylchitobiose (Sigma-Aldrich) (Koyama et al., 2002), mannan (Sigma-Aldrich) (Naeem 
et al., 2007a; Ourth et al., 2005), and fetuin (Sigma-Aldrich) (Ooi et al., 2002; Rittidach et al., 
2007). 

In contrast, non-polysaccharide-based matrices have also been used, such as silica carrier 
Synsorb with immobilized galactose (Mo et al., 2000; Naeem et al., 2007b), amino activated 
silica beads with immobilized asialofetuin (Clifmar) (Kaur et al., 2006; Shangary et al., 1995), 
2-acetamido-2-deoxy-β-glucopyranoside-glycosylated Spheron 300 (Nahálková et al., 2001), 
azlactone-activated fractogel coupled with fetuin (Guzmán-Partida et al., 2004), 
polyacrylamide gel with immobilized carbohydrates (Hořejší & Kocourek, 1978), 
poly(hydroxypropyl methacrylate-glycidyl methacrylate) beads with N-acetylgalactosamine 
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attached through epoxy groups of glycidyl methacrylate (Perçin et al., 2009) and monolithic 
columns with various immobilized sugars (Kato et al., 2011; Tetala et al., 2007) and the 
polysaccharide mannan (Bedair & El Rassi, 2004). 

For immobilization of small carbohydrate ligands, such as mono- or disaccharides, to carrier 
matrices, it is necessary to use spacer arms to separate the ligand from the support thus 
making immobilized small ligand molecules more accessible to the lectin binding. In 
addition, spacers can be used to introduce a variety of functional groups, which allows 
the use of alternative coupling techniques (Lis & Sharon, 1981). A spacer group can be 
attached either to the sugar derivative ligand (Section 3.1) or to the carrier matrix and 
then carbohydrate ligand is coupled to the immobilized spacer to obtain affinity column 
for lectin purification (Lis & Sharon, 1981). In addition, activated matrices, such as divinyl 
sulphone activated, epoxy activated, N-hydroxysuccinimide activated Sepharose, CH 
Sepharose, and Thiopropyl Sepharose, already contain spacer arms and are prepared for 
ligand coupling. 

5. Coupling methods 
There are various methods for covalently attaching a carbohydrate or glycoprotein ligand to 
a carrier matrix. First, the matrix is activated, which can be done in several ways using 
various reagents and conditions. Commercially available pre-activated matrices are also 
available. During the activation, spacer arms of various lengths can be introduced to the 
matrix. Ligands are then covalently coupled via their functional groups to differently activated 
matrices, resulting in links with different stabilities (Pepper, 1992). After coupling, the amount 
of carbohydrate ligand coupled to the beads can be determined by the phenol-sulphuric acid 
method (Dubois et al., 1956) or the 3,5-dinitrosalicylic acid method (Bailey et al., 1992). On the 
other hand, glycoprotein ligands can be determined using protein quantitation methods, such 
as the Bradford (Bradford, 1976) and BCA protein assay (Pierce) methods. 

5.1 The divinyl sulphone method 

This method of activation is appropriate for a wide variety of polymer matrices, such as 
Sepharose, Sephadex, Sephacryl, Fractogel, Ultrogel, cellulose, and dextran. Commercially 
available divinyl sulphone activated agarose can also be obtained. Such matrices are suitable 
for coupling with carbohydrate and (glyco)protein ligands via their hydroxyl or amino 
groups. With this method, a highly reactive vinyl group is introduced to the matrix 
simultaneously with a spacer. The activation using divinyl sulphone is fairly rapid (70 
minutes at room temperature; (Levi & Teichberg, 1981)) and the activated material is stable 
for up to 12 months in aqueous suspension at 4 °C. The resulting vinyl groups are highly 
reactive with hydroxylic compounds, therefore coupling takes place at lower pH and 
temperatures than with other methods. The coupling with carbohydrates takes 15 hours at 
pH 10-11, at room temperature in the dark (Levi & Teichberg, 1981) while for proteins, at 
even lower pH values in the range of 6.5-10. However, the link formed is unstable in 
alkaline solutions (Lis & Sharon, 1981; Pepper, 1992), so acidic elution of bound lectins is 
advised. The method has recently been used for coupling sugars to Sepharose in order to 
isolate lectins from various sources (Almanza et al., 2004; Lavanya Latha et al., 2006; 
Pohleven et al., 2011). 
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Naeem et al., 2007b; Shangary et al., 1995), poly(2-hydroxyethyl methacrylate) matrix of 
Spheron 300 (Nahálková et al., 2001), fractogel affinity matrix (Guzmán-Partida et al., 2004) 
or polyacrylamide beads (Dresch et al., 2008; Hořejší & Kocourek, 1978; Veau et al., 1999), 
can be used to avoid non-specific binding of lectins to the polysaccharide matrix. 

4.2 Carrier matrices 

Carrier matrices are used as supports to which various carbohydrate or glycoprotein ligands 
are coupled. These matrices have to be previously activated for the covalent coupling to take 
place. Various matrices are commercially available (Sepharose, Mini-leak agarose, 
Toyopearl, Synsorb, Seralose, and Spheron besides others), some of them being pre-
activated and others already coupled with carbohydrate ligands. 

Numerous matrices, to which diverse ligands were immobilized by various coupling 
methods, have been used recently to purify lectins. The most widely used have been 
differently activated Sepharoses – divinyl sulphone (Almanza et al., 2004; Lavanya Latha et 
al., 2006; Pohleven et al., 2011) and epoxy (epichlorohydrin) activated Sepharose have been 
used to immobilize carbohydrates (Chen et al., 1999; Kaur et al., 2005; Maheswari et al., 
2002; Mora et al., 2008; Nagata, 2005), and cyanogen bromide activated Sepharose for 
glycoproteins (Bhat et al., 2010; Bhowal et al., 2005; Kajiya et al., 2003; Mo et al., 1999; 
Naganuma et al., 2006; Nagre et al., 2010; Vega & Pérez, 2006; Yang et al., 2007). N-
hydroxysuccinimide Sepharose was used for coupling with sugar derivatives containing 
amino groups (Takeuchi et al., 2011), and thiopropyl Sepharose for immobilizing 
iodoacetamidyl glycan derivatives (Watanabe et al., 2007). Mini-Leak agarose (Kem-En-Tec), 
a divinyl sulphone activated matrix (Valadez-Vega et al., 2011), and Seralose (Konozy et al., 
2002) have also been used. Moreover, several kinds of Toyopearl affinity resins (Tosoh) exist 
that use various coupling chemistries for the attachment of ligands to formyl, carboxy, 
amino, epoxy or tresyl groups. For lectin isolation, Toyopearl AF-Amino 650 was used to 
immobilize glycoproteins (Imamichi & Yokoyama, 2010; Kawagishi et al., 1994; Takahashi et 
al., 2008). 

Commercially available agarose matrices pre-coupled with carbohydrates or glycoproteins 
have also been used, such as agarose beads with immobilized lactose (EY Laboratories) 
(Hamako et al., 2007), galactose (Pierce) (Trindade et al., 2006), mannose (Sigma-Aldrich) 
(Ooi et al., 2002; Suseelan et al., 2002), N-acetylgalactosamine (Gerlach et al., 2005; Qureshi et 
al., 2006), N-acetylglucosamine (Sigma-Aldrich) (Kim et al., 2006; Wang & Ng, 2003), N,N'-
diacetylchitobiose (Sigma-Aldrich) (Koyama et al., 2002), mannan (Sigma-Aldrich) (Naeem 
et al., 2007a; Ourth et al., 2005), and fetuin (Sigma-Aldrich) (Ooi et al., 2002; Rittidach et al., 
2007). 

In contrast, non-polysaccharide-based matrices have also been used, such as silica carrier 
Synsorb with immobilized galactose (Mo et al., 2000; Naeem et al., 2007b), amino activated 
silica beads with immobilized asialofetuin (Clifmar) (Kaur et al., 2006; Shangary et al., 1995), 
2-acetamido-2-deoxy-β-glucopyranoside-glycosylated Spheron 300 (Nahálková et al., 2001), 
azlactone-activated fractogel coupled with fetuin (Guzmán-Partida et al., 2004), 
polyacrylamide gel with immobilized carbohydrates (Hořejší & Kocourek, 1978), 
poly(hydroxypropyl methacrylate-glycidyl methacrylate) beads with N-acetylgalactosamine 
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attached through epoxy groups of glycidyl methacrylate (Perçin et al., 2009) and monolithic 
columns with various immobilized sugars (Kato et al., 2011; Tetala et al., 2007) and the 
polysaccharide mannan (Bedair & El Rassi, 2004). 

For immobilization of small carbohydrate ligands, such as mono- or disaccharides, to carrier 
matrices, it is necessary to use spacer arms to separate the ligand from the support thus 
making immobilized small ligand molecules more accessible to the lectin binding. In 
addition, spacers can be used to introduce a variety of functional groups, which allows 
the use of alternative coupling techniques (Lis & Sharon, 1981). A spacer group can be 
attached either to the sugar derivative ligand (Section 3.1) or to the carrier matrix and 
then carbohydrate ligand is coupled to the immobilized spacer to obtain affinity column 
for lectin purification (Lis & Sharon, 1981). In addition, activated matrices, such as divinyl 
sulphone activated, epoxy activated, N-hydroxysuccinimide activated Sepharose, CH 
Sepharose, and Thiopropyl Sepharose, already contain spacer arms and are prepared for 
ligand coupling. 

5. Coupling methods 
There are various methods for covalently attaching a carbohydrate or glycoprotein ligand to 
a carrier matrix. First, the matrix is activated, which can be done in several ways using 
various reagents and conditions. Commercially available pre-activated matrices are also 
available. During the activation, spacer arms of various lengths can be introduced to the 
matrix. Ligands are then covalently coupled via their functional groups to differently activated 
matrices, resulting in links with different stabilities (Pepper, 1992). After coupling, the amount 
of carbohydrate ligand coupled to the beads can be determined by the phenol-sulphuric acid 
method (Dubois et al., 1956) or the 3,5-dinitrosalicylic acid method (Bailey et al., 1992). On the 
other hand, glycoprotein ligands can be determined using protein quantitation methods, such 
as the Bradford (Bradford, 1976) and BCA protein assay (Pierce) methods. 

5.1 The divinyl sulphone method 

This method of activation is appropriate for a wide variety of polymer matrices, such as 
Sepharose, Sephadex, Sephacryl, Fractogel, Ultrogel, cellulose, and dextran. Commercially 
available divinyl sulphone activated agarose can also be obtained. Such matrices are suitable 
for coupling with carbohydrate and (glyco)protein ligands via their hydroxyl or amino 
groups. With this method, a highly reactive vinyl group is introduced to the matrix 
simultaneously with a spacer. The activation using divinyl sulphone is fairly rapid (70 
minutes at room temperature; (Levi & Teichberg, 1981)) and the activated material is stable 
for up to 12 months in aqueous suspension at 4 °C. The resulting vinyl groups are highly 
reactive with hydroxylic compounds, therefore coupling takes place at lower pH and 
temperatures than with other methods. The coupling with carbohydrates takes 15 hours at 
pH 10-11, at room temperature in the dark (Levi & Teichberg, 1981) while for proteins, at 
even lower pH values in the range of 6.5-10. However, the link formed is unstable in 
alkaline solutions (Lis & Sharon, 1981; Pepper, 1992), so acidic elution of bound lectins is 
advised. The method has recently been used for coupling sugars to Sepharose in order to 
isolate lectins from various sources (Almanza et al., 2004; Lavanya Latha et al., 2006; 
Pohleven et al., 2011). 
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5.2 The epoxide method 

This method is widely used for coupling hydroxyl groups of carbohydrates to epoxy 
activated matrices. In addition, amino and sulfhydryl groups of ligands can also be used for 
(glyco)protein immobilization (Murthy & Moudgal, 1986). The activation of the matrix 
provides an active epoxy group for coupling and a flexible, extended (12-atom) hydrophilic 
spacer arm. However, these reactions require high pH values (12-13) and temperatures 
above 40 °C (Lis & Sharon, 1981); the reaction is also slow. The aggressiveness of the method 
does not allow the use of silica or glass beads that are destroyed under such conditions 
(Pepper, 1992). On the other hand, increasing ionic strength facilitates the ligand 
immobilization, therefore very high salt concentrations allow coupling at pHs as low as 8.5 
(Murthy & Moudgal, 1986). The resulting ether bond is stable, which ensures low leakage of 
ligands from the column (Lis & Sharon, 1981; Pepper, 1992). This method has been used for 
the isolations of lectins by employing epichlorohydrin for carbohydrate coupling to 
Sepharose (Chen et al., 1999; Kaur et al., 2005; Maheswari et al., 2002; Mora et al., 2008; 
Nagata, 2005) or for cross-linking polysaccharides to prepare an adsorbent matrix (Teixeira 
et al., 2007). Commercially available matrices, such as epoxy activated Sepharose (GE 
Healthcare) can be obtained. 

5.3 The cyanogen bromide method 

A cyanogen bromide activated matrix can be used for immobilizing ligands containing an 
amino group. The coupling reaction is rapid (2 hours at room temperature) and takes place 
at pH values between 8 and 10, most frequently at pH 8.3 (Pepper, 1992), however coupling 
at pH 7.4 was also reported (Kajiya et al., 2003). In carbohydrate affinity chromatography, 
this method is often used to immobilize glycoproteins, since carbohydrates rarely contain 
amino groups (galactosamine, glucosamine). The method is not suitable for coupling small 
ligands, since cyanogen bromide activation does not introduce a spacer. Alternatively, sugar 
derivatives containing spacers with amino groups can be prepared and immobilized using 
this method (Lis & Sharon, 1981). For lectin isolation, numerous glycoproteins have been 
immobilized to cyanogen bromide activated Sepharose (Bhat et al., 2010; Bhowal et al., 2005; 
Kajiya et al., 2003; Mo et al., 1999; Naganuma et al., 2006; Nagre et al., 2010; Vega & Pérez, 
2006; Yang et al., 2007). 

5.4 The N-hydroxysuccinimide method 

Matrices with immobilized N-hydroxysuccinimide, such as N-hydroxysuccinimide 
activated Sepharose and CH Sepharose, form stable amide bonds with ligands containing 
an amino group. They also provide an eight carbon spacer arm. In carbohydrate affinity 
chromatography, the method is appropriate for coupling glycoproteins and carbohydrates 
or, more often, carbohydrate derivatives containing an amino group (Takeuchi et al., 
2011). 

5.5 The thiopropyl method 

Thiopropyl matrices, such as Thiopropyl Sepharose, react reversibly under mild 
conditions with ligands containing thiol groups to form mixed disulphides and, in 
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addition, provide a spacer. Alternatively, iodoacetamidyl carbohydrate derivatives can be 
conjugated to thiopropyl matrices by alkylation of the thiol groups, as described 
(Watanabe et al., 2007). 

5.6 The azlactone method 

Azlactone-activated matrices, such as Fractogel, react with amine groups of (glyco)proteins, 
forming a stable amide bond under physiological conditions. In carbohydrate affinity 
chromatography, it has been used for immobilizing the glycoproteins to a matrix (Guzmán-
Partida et al., 2004). 

6. Elution techniques 
Two main elution techniques, depending on the ligand and the adsorbent, can be applied to 
release a bound lectin from the affinity column, namely competitive elution and elution at 
different pH and/or ionic strength. When choosing the most appropriate technique to 
desorb a bound lectin, its specificity, its stability, and the type of adsorbent, namely sugar or 
complex polysaccharide, must be considered. When a mono- or disaccharide is used as a 
ligand, the lectin is readily released from the affinity column by competitive elution, using 
specific carbohydrates, if possible ones with higher affinity for the lectin than the adsorbent. 
Recently, the great majority of authors report the use of competitive elution of lectins using 
specific mono- or disaccharides. For example, when a lectin was isolated on Sepharose, 
galactose was used for desorption, while glucose was used with Sephadex. The 
concentrations of sugars used are usually 0.2 M (ranging from 0.01 – 0.5 M), while sugar 
gradients (from 0.1 to 0.3 or 1 M) have also been used (Table 1). Subsequently, these lectin-
bound sugars must be removed to free the binding sites of the lectin, usually by extensive 
dialysis. Alternatively, to avoid the latter step, lectins can be desorbed from the column by 
changing the conditions to extremes of ionic strength or pH. The latter technique depends 
on the chemical stability of the matrix, ligand and adsorbed substances and is not suitable 
for lectins and adsorbents that are destroyed in such conditions. However, carbohydrates 
and lectins are usually stable molecules; nevertheless, care must be taken not to damage 
them irreversibly. Therefore, fractions containing the proteins should be neutralized 
immediately, usually with 2 M or 1 M Tris-HCl buffer, pH 7.5 (Table 1). The column also has 
to be equilibrated with the binding buffer. When complex, branched oligo- or 
polysaccharides with high avidity for lectins are used as adsorbents, the lectins cannot be 
readily eluted using monovalent sugars with lower affinity for lectins. In this case, extreme 
pH and/or ionic strength conditions should also be used. Several authors report the elution 
of lectins using acidic (20-100 mM glycine-HCl or β-alanine buffer, pH ~2.5, or 1-3 % acetic 
acid) or alkaline (10 mM NaOH, 0.1 M triethanolamine buffer, pH 11, or Tris-OH buffer, pH 
11.4) solutions as well as buffers containing 1 M NaCl or 3 M MgCl2 (gradient was also 
used) (Table 1). In some cases, lectins have been eluted using 6 M (Matsumoto et al., 2011) or 
8 M urea (Suseelan et al., 2002). The carbohydrate binding activity of some lectins, such as 
C-type lectins, depends on divalent metal ions (Ca2+), therefore can be eluted using buffers 
containing chelating agents, such as 2–100 mM ethylenediaminetetraacetic acid (EDTA) 
(Table 1). 
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5.2 The epoxide method 

This method is widely used for coupling hydroxyl groups of carbohydrates to epoxy 
activated matrices. In addition, amino and sulfhydryl groups of ligands can also be used for 
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provides an active epoxy group for coupling and a flexible, extended (12-atom) hydrophilic 
spacer arm. However, these reactions require high pH values (12-13) and temperatures 
above 40 °C (Lis & Sharon, 1981); the reaction is also slow. The aggressiveness of the method 
does not allow the use of silica or glass beads that are destroyed under such conditions 
(Pepper, 1992). On the other hand, increasing ionic strength facilitates the ligand 
immobilization, therefore very high salt concentrations allow coupling at pHs as low as 8.5 
(Murthy & Moudgal, 1986). The resulting ether bond is stable, which ensures low leakage of 
ligands from the column (Lis & Sharon, 1981; Pepper, 1992). This method has been used for 
the isolations of lectins by employing epichlorohydrin for carbohydrate coupling to 
Sepharose (Chen et al., 1999; Kaur et al., 2005; Maheswari et al., 2002; Mora et al., 2008; 
Nagata, 2005) or for cross-linking polysaccharides to prepare an adsorbent matrix (Teixeira 
et al., 2007). Commercially available matrices, such as epoxy activated Sepharose (GE 
Healthcare) can be obtained. 

5.3 The cyanogen bromide method 

A cyanogen bromide activated matrix can be used for immobilizing ligands containing an 
amino group. The coupling reaction is rapid (2 hours at room temperature) and takes place 
at pH values between 8 and 10, most frequently at pH 8.3 (Pepper, 1992), however coupling 
at pH 7.4 was also reported (Kajiya et al., 2003). In carbohydrate affinity chromatography, 
this method is often used to immobilize glycoproteins, since carbohydrates rarely contain 
amino groups (galactosamine, glucosamine). The method is not suitable for coupling small 
ligands, since cyanogen bromide activation does not introduce a spacer. Alternatively, sugar 
derivatives containing spacers with amino groups can be prepared and immobilized using 
this method (Lis & Sharon, 1981). For lectin isolation, numerous glycoproteins have been 
immobilized to cyanogen bromide activated Sepharose (Bhat et al., 2010; Bhowal et al., 2005; 
Kajiya et al., 2003; Mo et al., 1999; Naganuma et al., 2006; Nagre et al., 2010; Vega & Pérez, 
2006; Yang et al., 2007). 

5.4 The N-hydroxysuccinimide method 

Matrices with immobilized N-hydroxysuccinimide, such as N-hydroxysuccinimide 
activated Sepharose and CH Sepharose, form stable amide bonds with ligands containing 
an amino group. They also provide an eight carbon spacer arm. In carbohydrate affinity 
chromatography, the method is appropriate for coupling glycoproteins and carbohydrates 
or, more often, carbohydrate derivatives containing an amino group (Takeuchi et al., 
2011). 

5.5 The thiopropyl method 

Thiopropyl matrices, such as Thiopropyl Sepharose, react reversibly under mild 
conditions with ligands containing thiol groups to form mixed disulphides and, in 
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addition, provide a spacer. Alternatively, iodoacetamidyl carbohydrate derivatives can be 
conjugated to thiopropyl matrices by alkylation of the thiol groups, as described 
(Watanabe et al., 2007). 

5.6 The azlactone method 

Azlactone-activated matrices, such as Fractogel, react with amine groups of (glyco)proteins, 
forming a stable amide bond under physiological conditions. In carbohydrate affinity 
chromatography, it has been used for immobilizing the glycoproteins to a matrix (Guzmán-
Partida et al., 2004). 

6. Elution techniques 
Two main elution techniques, depending on the ligand and the adsorbent, can be applied to 
release a bound lectin from the affinity column, namely competitive elution and elution at 
different pH and/or ionic strength. When choosing the most appropriate technique to 
desorb a bound lectin, its specificity, its stability, and the type of adsorbent, namely sugar or 
complex polysaccharide, must be considered. When a mono- or disaccharide is used as a 
ligand, the lectin is readily released from the affinity column by competitive elution, using 
specific carbohydrates, if possible ones with higher affinity for the lectin than the adsorbent. 
Recently, the great majority of authors report the use of competitive elution of lectins using 
specific mono- or disaccharides. For example, when a lectin was isolated on Sepharose, 
galactose was used for desorption, while glucose was used with Sephadex. The 
concentrations of sugars used are usually 0.2 M (ranging from 0.01 – 0.5 M), while sugar 
gradients (from 0.1 to 0.3 or 1 M) have also been used (Table 1). Subsequently, these lectin-
bound sugars must be removed to free the binding sites of the lectin, usually by extensive 
dialysis. Alternatively, to avoid the latter step, lectins can be desorbed from the column by 
changing the conditions to extremes of ionic strength or pH. The latter technique depends 
on the chemical stability of the matrix, ligand and adsorbed substances and is not suitable 
for lectins and adsorbents that are destroyed in such conditions. However, carbohydrates 
and lectins are usually stable molecules; nevertheless, care must be taken not to damage 
them irreversibly. Therefore, fractions containing the proteins should be neutralized 
immediately, usually with 2 M or 1 M Tris-HCl buffer, pH 7.5 (Table 1). The column also has 
to be equilibrated with the binding buffer. When complex, branched oligo- or 
polysaccharides with high avidity for lectins are used as adsorbents, the lectins cannot be 
readily eluted using monovalent sugars with lower affinity for lectins. In this case, extreme 
pH and/or ionic strength conditions should also be used. Several authors report the elution 
of lectins using acidic (20-100 mM glycine-HCl or β-alanine buffer, pH ~2.5, or 1-3 % acetic 
acid) or alkaline (10 mM NaOH, 0.1 M triethanolamine buffer, pH 11, or Tris-OH buffer, pH 
11.4) solutions as well as buffers containing 1 M NaCl or 3 M MgCl2 (gradient was also 
used) (Table 1). In some cases, lectins have been eluted using 6 M (Matsumoto et al., 2011) or 
8 M urea (Suseelan et al., 2002). The carbohydrate binding activity of some lectins, such as 
C-type lectins, depends on divalent metal ions (Ca2+), therefore can be eluted using buffers 
containing chelating agents, such as 2–100 mM ethylenediaminetetraacetic acid (EDTA) 
(Table 1). 
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Carbohydrate-
specific lectin 

Ligand Matrix Elution technique Reference 

Galactoside-specific 
lectins 

showing specificity 
for galactose, lactose, 

N-acetyl-
galactosamine, N-

acetyl-lactosamine, or 
N,N’-diacetyl-
lactosediamine 

Galactose Synsorb 0.2 M lactose Mo et al., 2000 
Lactose Divinyl sulphone 

activated Sepharose
0.2 M lactose, 0.01 

M NaOH 
neutralized with 2M 
Tris, pH 7.5, or 0.1 
M glycine buffer, 

pH 2.6 

Almanza et al., 
2004; Pohleven et 
al., 2009; Rocha et 

al., 2009 

N-acetyl-
galactosamine 

Agarose 0.2 M galactose or 
0.01 M N-

acetylgalactosamine

Gerlach et al., 2005; 
Qureshi et al., 2006 

Fetuin Agarose 6 M urea Matsumoto et al., 
2011 

Bovine 
submaxillary 
gland mucin 

Cyanogen bromide 
activated Sepharose 

4B 

3 M MgCl2 Naganuma et al., 
2006 

Porcine stomach 
mucin 

Toyopearl AF-
Amino-650M 

3 M sodium 
thiocyanate 

(NaSCN) 

Takahashi et al., 
2008 

Porcine stomach 
mucin 

Sepharose 4B 20 mM 1, 3-
diaminopropane 

neutralized with 1 
M Tris–HCl, pH 7.0

Chumkhunthod et 
al., 2006 

Asialofetuin Sepharose CL 0.2 M lactose Naeem et al., 2007b 
Asialofetuin Amino activated 

silica beads 
0.1 M glycine-HCl 

buffer, pH 2.5, 
neutralized with 2 
M Tris-HCl, pH 8.3

Kaur et al., 2006 

Asialomucin Cyanogen bromide 
activated Sepharose 

4B 

0.05 M Tris-OH, pH 
11.4, neutralized 

with 2 N HCl 

Vega & Pérez, 2006 

/ Sepharose 0.2 M galactose, 0.01 
M EDTA, 0.1 M 
isopropyl-β-D-

thiogalactoside, or 1 
mM HCl, pH 3.0 

Cao et al., 2010; De-
Simone et al., 2006 

/ Acid treated 
Sepharose 

0.1 M or 0.2 M 
galactose, or 0.2 M 

lactose 

Jimbo et al., 2000; 
Mishra et al., 2004; 
Stirpe et al., 2007; 
Voss et al., 2006 

/ Affi-gel blue gel 1 M NaCl Lin & Ng, 2008 
Alginate Guar gum 0.1 M galactose Roy et al., 2005 

/ Guar gum 1 M NaCl, 0.1 M or 
0.2 M lactose, or 0.1 

M glycine buffer, 
pH 2.6 

Alencar et al., 2010; 
Santos et al., 2009; 
Souza et al., 2011; 
Sultan et al., 2009 

/ Cross-linked 
Leucaena leucocephala

seed gum 

0.2 M lactose Seshagirirao et al., 
2005 
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Carbohydrate-
specific lectin 

Ligand Matrix Elution technique Reference 

/ Cross-linked 
Adenanthera pavonina

galactomannan 

0.2 M galactose or 
0.1 M acetate buffer, 

pH 2.6 

Moreira et al., 1998; 
Teixeira-Sá et al., 

2009 
/ cross-linked 

Spondias purpurea 
polysaccharide 

0.2 M galactose or 
0.1 M β-alanine 
buffer, pH 2.6 

Teixeira et al., 2007 

Glucose/mannose-
specific lectins 

showing specificity 
for N-acetyl-
glucosamine, 

chitooligosaccharides, 
or chitin 

Glucose Divinyl sulphone 
activated Sepharose

0.2 M glucose or 
0.01 M NaOH 

neutralized with 2M 
Tris, pH 7.5 

Pohleven et al., 
2011 

Mannose Agarose 0.2 M mannose, 0.5 
M 

mannopyranoside 
or 8 M urea 

Andon et al., 2003; 
Ooi et al., 2010; 

Suseelan et al., 2002 

N-acetyl-
glucosamine 

Epoxy activated 
Sepharose 6B 

0.1 or 0.2 M N-
acetylglucosamine 

Kaur et al., 2005; 
Maheswari et al., 

2002 
Ovalbumin Cyanogen bromide 

activated Sepharose 
4B 

0.2 M methyl α-ᴅ-
mannoside 

Mo et al., 1999 

/ Sephadex 0.2 M or 0.1 M 
glucose, 0.1 M 

glycine buffer, pH 
2.6 or glucose 

Biswas et al., 2009; 
Rangel et al., 2011; 
Roh & Park, 2005 

Mannan Agarose 0.05 M mannose, 0.2 
M methyl α-ᴅ-

mannopyranoside 
or 2 mM EDTA 

Argayosa et al., 
2011; Naeem et al., 
2007a; Ourth et al., 

2005 
Chitin / 0.1 M triethanol-

amine, pH 11 
Santi-Gadelha et al., 

2006 
Fucose-specific 

lectins 
L-fucose Agarose 0.1 – 1 M L-fucose 

gradient or 0.2 M L-
fucose 

Cammarata et al., 
2007; Mansour & 

Abdul-Salam, 2009 
ʟ-rhamnose-specific 

lectin 
L-rhamnose Sepharose 4B 0.2 M L-rhamnose Jimbo et al., 2007; 

Watanabe et al., 
2008 

Sialic acid-specific 
lectins 

showing specificity 
for neuraminyl 

oligosaccharides, or 
N-acetylneuraminic 

acid 

Fetuin Agarose 0.1 M N-acetyl-
glucosamine 

Rittidach et al., 
2007; Sun et al., 

2007 
Fetuin Cyanogen bromide 

activated Sepharose 
4B 

0.05 M citrate 
buffer, pH 5.0, 

devoid of Ca2+ ions

Bhowal et al., 2005 

Rat erythrocyte 
stroma 

Sephadex G-25 3 % acetic acid Vazquez et al., 1993 

 
Table 1. Carbohydrate affinity chromatography methods used to isolate lectins according to 
their carbohydrate-binding specificities. 
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M 

mannopyranoside 
or 8 M urea 

Andon et al., 2003; 
Ooi et al., 2010; 

Suseelan et al., 2002 

N-acetyl-
glucosamine 

Epoxy activated 
Sepharose 6B 

0.1 or 0.2 M N-
acetylglucosamine 

Kaur et al., 2005; 
Maheswari et al., 

2002 
Ovalbumin Cyanogen bromide 

activated Sepharose 
4B 

0.2 M methyl α-ᴅ-
mannoside 

Mo et al., 1999 

/ Sephadex 0.2 M or 0.1 M 
glucose, 0.1 M 

glycine buffer, pH 
2.6 or glucose 

Biswas et al., 2009; 
Rangel et al., 2011; 
Roh & Park, 2005 

Mannan Agarose 0.05 M mannose, 0.2 
M methyl α-ᴅ-

mannopyranoside 
or 2 mM EDTA 

Argayosa et al., 
2011; Naeem et al., 
2007a; Ourth et al., 

2005 
Chitin / 0.1 M triethanol-

amine, pH 11 
Santi-Gadelha et al., 

2006 
Fucose-specific 

lectins 
L-fucose Agarose 0.1 – 1 M L-fucose 

gradient or 0.2 M L-
fucose 

Cammarata et al., 
2007; Mansour & 

Abdul-Salam, 2009 
ʟ-rhamnose-specific 

lectin 
L-rhamnose Sepharose 4B 0.2 M L-rhamnose Jimbo et al., 2007; 

Watanabe et al., 
2008 

Sialic acid-specific 
lectins 

showing specificity 
for neuraminyl 

oligosaccharides, or 
N-acetylneuraminic 

acid 

Fetuin Agarose 0.1 M N-acetyl-
glucosamine 

Rittidach et al., 
2007; Sun et al., 

2007 
Fetuin Cyanogen bromide 

activated Sepharose 
4B 

0.05 M citrate 
buffer, pH 5.0, 

devoid of Ca2+ ions

Bhowal et al., 2005 

Rat erythrocyte 
stroma 

Sephadex G-25 3 % acetic acid Vazquez et al., 1993 

 
Table 1. Carbohydrate affinity chromatography methods used to isolate lectins according to 
their carbohydrate-binding specificities. 



 
Affinity Chromatography 

 

62

7. Other methods for the purification of lectins 
In addition to carbohydrate affinity chromatography, other methods have also been used to 
purify lectins. For example, some lectins have been purified using fractional precipitation 
with ammonium sulphate, followed by classical chromatographic methods, such as ion-
exchange chromatography and gel filtration (Horibe et al., 2010; Pan et al., 2010). Lectins are 
usually glycoproteins, therefore some authors describe their isolation by affinity 
chromatography on the Sepharose-immobilized lectin Concanavalin A (Absar et al., 2005; 
Charungchitrak et al., 2011; Konkumnerd et al., 2010; Petnual et al., 2010; Yan et al., 2010). 
Moreover, ferromagnetic particles with immobilized polysaccharide levan have been 
prepared and used for isolation of lectins. The magnetic property of the particles favoured 
the washing of impurities using a magnetic field; the sugars were then used to release the 
lectins and recover the particles (Angeli et al., 2009). To purify ion-dependent lectins, which 
show affinity for metal ions, affinity precipitation using metal charged EGTA or affinity 
chromatography using iminodiacetic acid-Sepharose charged with metal ions was used. 
After adsorption, lectins were eluted using buffer containing EDTA (Naeem et al., 2006). A 
novel affinity chromatographic method for purifying lectins using glycosylated nanofibrous 
membrane has also been described. An affinity membrane with immobilized glucose 
ligands showed strong and reversible lectin binding capability (Che et al., 2011). 

8. Conclusions 
Carbohydrate affinity chromatography is by far the most widely used method for purifying 
lectins. It is a simple method that takes advantage of their specific properties. However, 
there is no generally applicable protocol. Selection of the most appropriate matrix, ligand 
and elution technique, apart from matrix activation and ligand coupling methods, can be 
difficult. These have to be selected according to the individual lectin. A variety of currently 
used methods are presented in Table 1, for isolating lectins according to their carbohydrate-
binding specificity. To purify any lectin of interest, one of the described methods at least 
should be effective. 
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1. Introduction 
Lectins are sugar binding proteins and glycoproteins, and are widely distributed from 
bacteria to humans. Lectins are easily detected by agglutination of erythrocytes, known as 
hemagglutination. Stillmark first reported in his doctoral thesis that the extract from beans 
of the castor tree, Ricinus communis, contains lectin by the method of hemagglutination 
(Stillmark, 1888). Since each lectin binds to a specific kind of sugar, and sugar chains on the 
cell surface differ according to cell type and animals species, lectins can distinguish types of 
cells (Landsteiner & Raubitschek, 1907). Moreover, the lectin of red kidney beans has 
mitogenic activity, in which leucocytes are transformed into undifferentiated cells and 
initiate mitosis (Nowell, 1960). Thus, the lectins not only recognize specific cell types, but 
also affect cell physiology. 

The lectins are defined as sugar binding proteins but are excluded from sugar binding 
antibodies and enzymes. They are classified into many groups based on amino acid 
sequences. For example, galectin, and C-type lectin are popular lectins (Kasai & 
Hirabayashi, 1996; Drickamer, 1999), and even today, various lectins with new structures are 
still being found in many animals, bacteria, and fungi ( Jimbo et al., 2005; Tateno et al., 1998; 
Jimbo et al., 2000; Sato et al., 2011). 

Lectins are involved in various biological phenomena such as self-defense (ficolins) 
(Matsushita, 2009), differentiation (Kawaguchi et al., 1991), and mineralization (Kamiya, et 
al., 2002). Self-defense is a well-known function of animal lectins. Lectins in invertebrates' 
hemolymph recognize and inactivate infecting bacteria, viruses, and so on. We found lectin 
activity in the hemolymph of the deep-sea bivalve Calyptogena okutanii (Jimbo et al., 2009). 

Purification of a lectin is usually carried out using sugar affinity chromatography, since they 
bind to specific sugars. The scheme of lectin purification was shown in Figure 1. When a 
lectin-containing extract was applied to a resin to which the specific sugar was bound, the 
lectin binds to the resin and other proteins do not. After washing the resin, proteins except 
the lectin is flowed through the resin and the lectin only remains to be bound to the resin. 
When the specific sugar containing buffer is applied to the resin, the lectin detaches from the 
resin and the purified lectin are obtained from extract. 
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Fig. 1. A lectin purification scheme 
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Fig. 2. A strategy of lectin purification 

In the process of lectin purification, the usage of various types of resin results in drastically 
different lectin recovery with dissimilar properties of the purified lectin. In this chapter, we 
describe the optimal conditions for hemagglutination by lectin from C. okutanii, the 
employment of resin for lectin purification, and also the effects of resins on lectin recovery 
and the properties of the lectin (Fig. 2). 

2. Collection of hemolymph of Calyptogena okutanii 
Calyptogena okutanii belongs to the family Vesicomyidae and forms colonies at a depth of 
750–2,100 m around Sagami Bay, Nankai Trough, and Okinawa Trough in Japan (Kojima & 
Ohta, 1997; Fujikura et al., 2000). The habitat around C. okutanii is inclement: low 
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Ohta, 1997; Fujikura et al., 2000). The habitat around C. okutanii is inclement: low 
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temperatures of about 2°C, lack of sunlight, and high pressure (more than 80 atm). Thus, 
many animals including C. okutanii living in this habitat are supported by chemosynthesis. 
C. okutanii harbors symbiotic sulfur-oxidizing bacteria in their gill epithelial cells. As a 
consequence of the symbiosis with these bacteria, their digestive tracts are degenerated. It is 
interesting how their proteins have adapted to a habitat of high pressure and cold 
temperatures. Since we found hemagglutination activity in the hemolymph of C. okutanii, 
we tried to purify it to compare the protein structure of the lectin of a deep-sea 
chemosynthesis-based bivalve with those in other animals. 

C. okutanii was collected using the remotely operated vehicle Hyper-Dorphine of the Japan 
agency of Marine Science and Technology (JAMSTEC) at NT08-03 and NT08-24 operation, 
or the submarine Shinkai 6500 of JAMSTEC at the YK05-12 operation. The sampling point 
was a seep off Hatsushima, Sagami Bay, at depth of 850 m (35° 0.9441 N, 139° 13.3181 E). 
After collection, samples were kept at 4°C in filtrated sea water. Since C. okutanii and C. 
soyoae colonize together at the same place, the species of each bivalve was identified by 
sequence determination of the partial amplification of the cytochrome oxidase I gene 
(Folmeret al., 1994). The hemolymph was collected from the bivalve by cutting an adductor 
muscle using a scalpel, and was centrifuged at 2,000 rpm for 5 min at room temperature to 
remove blood cells. The supernatant was stored at -80°C before use.  

3. Measurement of hemagglutination activity 
Lectins are easily detected by measuring hemagglutination activity, because sugar chains of 
peptidoglycans, extracellular matrix, glycoproteins, or glycolipids cover the cell surface of 
blood cells. However, the structure of sugar chains of blood cells is different from organism 
to organism. In addition, the incubation temperature and buffer composition employed are 
known to affect the lectin activity. Thus, we examined the optimal conditions for 
hemagglutination activity for C. okutanii hemolymph using various animal erythrocytes. 

3.1 Methods 

4% animal erythrocyte suspensions were prepared as follows: Blood (chicken, guinea pig, 
goose, horse, bovine, sheep, rabbit, and human types A, B, AB, and O) was centrifuged at 
2,000 rpm for 5 min at room temperature. The pellet was resuspended with 50 ml of 0.85% 
NaCl, and the solution was centrifuged. After washing three times, the pellet was 
resuspended to make a 4% erythrocyte suspension.  

The hemagglutination activity was measured as follows: A sample (20 µl) was diluted by 
two-fold serial dilutions with dilution buffer (600 mM NaCl, 20 mM Tris-HCl, pH 8.5, 10 
mM CaCl2) in a 96-well titerplate. After 20 µl of 4% animal erythrocyte suspension was 
added to the dilution and mixed, the plate was incubated at 4°C, 25°C, or 37°C for 30 min. 
The hemagglutination activity (HU) was expressed as a titer defined as the reciprocal of the 
maximum dilution giving positive hemagglutination.  

3.2 Condition determination 

First, the hemagglutination activity was tested using several animal erythrocytes. As shown 
in Figure 3, only human erythrocyte suspensions gave high hemagglutination activities, 
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while others gave less than one-tenth as much. The hemagglutination activity was not 
blood-type specific, and the differences in hemagglutination activity among blood types 
were small. So the hemagglutination activity of C. okutanii hemolymph was tested using 
human type A erythrocytes in following experiments. 

Next, the effects of experimental conditions on hemagglutination activity were evaluated. 
We examined the effect of temperature on hemagglutination activity. The activity was the 
highest at 4°C and decreased at higher temperatures (Fig. 4A). For pH, the 
hemagglutination activity of C. okutanii was the highest from pH 7.0 to 9.0 and decreased at 
less than pH 7.0 or at more than pH 9.0 (Fig. 4B). The increase of NaCl concentrations 
resulted in higher hemagglutination activity. The activity increased up to 600 mM NaCl, did 
not changed at higher concentrations (Fig. 4C). 
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Fig. 3. Differences of hemagglutination activities of the C. okutanii hemolymph to various 
animal erythrocytes. 

Divalent cations are important for the activity and structural stability of proteins, and some 
groups of lectins, like C-type lectins, need calcium ions for their activity (Drickamer, 1999). 
The hemagglutination activity of the hemolymph of C. okutanii also needs calcium ions. 
Interestingly, the hemagglutination activity showed a maximum titer at 10 mM CaCl2 and 
rapidly decreased at higher concentrations (Fig. 4D). 

The concentrations of NaCl and CaCl2 in sea water are 600 mM and 10 mM, respectively. C. 
okutanii lives at a depth of 750-2,100 m, and the composition of sea water is almost constant 
in the range of that depth, and the temperature at that depth is below 4°C. This suggests that 
the lectin is adapted to the environment in which C. okutanii lives.  

Given these results, the hemagglutination activity of C. okutanii hemolymph was measured 
at 4°C after dilution with 10 mM CaCl2, 50 mM Tris-HCl, pH 8.5, 600 mM NaCl, using 4% 
human type A erythrocyte suspension. 
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while others gave less than one-tenth as much. The hemagglutination activity was not 
blood-type specific, and the differences in hemagglutination activity among blood types 
were small. So the hemagglutination activity of C. okutanii hemolymph was tested using 
human type A erythrocytes in following experiments. 

Next, the effects of experimental conditions on hemagglutination activity were evaluated. 
We examined the effect of temperature on hemagglutination activity. The activity was the 
highest at 4°C and decreased at higher temperatures (Fig. 4A). For pH, the 
hemagglutination activity of C. okutanii was the highest from pH 7.0 to 9.0 and decreased at 
less than pH 7.0 or at more than pH 9.0 (Fig. 4B). The increase of NaCl concentrations 
resulted in higher hemagglutination activity. The activity increased up to 600 mM NaCl, did 
not changed at higher concentrations (Fig. 4C). 
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Fig. 3. Differences of hemagglutination activities of the C. okutanii hemolymph to various 
animal erythrocytes. 

Divalent cations are important for the activity and structural stability of proteins, and some 
groups of lectins, like C-type lectins, need calcium ions for their activity (Drickamer, 1999). 
The hemagglutination activity of the hemolymph of C. okutanii also needs calcium ions. 
Interestingly, the hemagglutination activity showed a maximum titer at 10 mM CaCl2 and 
rapidly decreased at higher concentrations (Fig. 4D). 

The concentrations of NaCl and CaCl2 in sea water are 600 mM and 10 mM, respectively. C. 
okutanii lives at a depth of 750-2,100 m, and the composition of sea water is almost constant 
in the range of that depth, and the temperature at that depth is below 4°C. This suggests that 
the lectin is adapted to the environment in which C. okutanii lives.  

Given these results, the hemagglutination activity of C. okutanii hemolymph was measured 
at 4°C after dilution with 10 mM CaCl2, 50 mM Tris-HCl, pH 8.5, 600 mM NaCl, using 4% 
human type A erythrocyte suspension. 
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Fig. 4. Optimization of hemagglutination activity of the C. okutanii hemolymph. 

The hemagglutination activity was measured by using different buffers for dilutions of 
hemolymph, or by using different incubation conditions. The hemagglutination test was 
conducted at 4, 25, and 37°C (A). For dilutions of hemolymph, solutions at different pHs 
containing a wide range buffers, glycine-acetate-MOPS pH 4, 5, 7, 8, 9, 10, or phosphate buffer 
at pH 6.0, were used (B). NaCl concentrations of dilution buffers for hemolymph were 0, 200, 
400, 600, and 1000 mM (C). CaCl2 concentrations were 0, 5, 10, 20, 40, 80, and 160 mM (D). 

4. Selection of sugars for affinity chromatography 
The determination of the sugar specificity of a lectin is needed to select the resin for using 
affinity purification. One test for determining sugar-binding specificity is the so-called 
hemagglutination inhibition test. A lectin is incubated with a sugar beforehand, and then 
the hemagglutination activity is examined. If the lectin has an affinity to the added sugar, 
hemagglutination is inhibited because the lectin already binds to the sugar. On the other 
hand, if the lectin does not have an affinity to the sugar, hemagglutination should occur. 
Using a variety of sugars, a sugar affinity profile of the lectin can be obtained. 

4.1 Methods 

10 µl of 0.2 M sugars (D-glucose, D-glucosamine, N-acetyl-D-glucosamine, D-galactosamine, 
N-acetyl-D-glucosamine, D-galacturonic acid, L-arabinose, D-ribose, D-fucose, D-xylose, D-
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fructose, D-mannose, L-rhamnose, L-sorbose, N-acetyl-D-neuramic acid, maltose, lactose, or 
melibiose), or 0.5% of fetuin or mannnan were diluted with two-fold serial dilutions in a V-
shaped 96-well titerplate. The hemagglutination titer of the hemolymph was adjusted to 16 
HU by dilution with 600 mM NaCl, 10 mM CaCl2, 50 mM Tris-HCl, pH 8.5. 10 µl of the 
diluted hemolymph was added to the V-shaped 96-well titerplate, and incubated at 4°C for 
1 h. After incubation, 20 µl of 4% human type A erythrocyte suspension was mixed and 
incubated at 4°C for 30 min. The result was expressed as the minimum inhibitory 
concentration of the sugar that completely inhibited hemagglutination. 

4.2 Hemagglutination inhibition of hemolymph 

The hemagglutination activity of hemolymph was inhibited by N-acetyl neuramic acid (3.12 
mM), N-acetyl glucosamine (6.25 mM), N-acetyl galactosamine (12.5 mM), and D-glucosamine 
(25 mM). Among the four inhibitory sugars, all except D-glucosamine share an N-acetyl group. 
It is expected that the lectin in the hemolymph can be purified using sugar–bound affinity 
chromatography using these sugars.  

4.3 Preparation of sugar-bound resins 

For lectin purification, many sugar-bound resins were used. To date, insoluble sugar 
polymers such as cellulose, dextran, or agarose (Ersson et al., 1973; Kamiya et al., 1988), 
glycoprotein-bound resin (Tunkijjanukij et al., 1997), and sugar-bound resin (Jimbo et al., 
2007) have been used. To purify the hemolymph lectin, we chose to make a sugar-bound 
resin using epoxy-activated Sepharose 6B (GE healthcare Bioscience). The resin was 
prepared as follows: 3.6 g of epoxy-activated Sepharose 6B was swelled with 500 ml of 
distilled water, and was washed with 700 ml of distilled water. After the addition of ligand 
solution (20 mg/ml N-acetyl neuramic acid, N-acetyl glucosamine, N-acetyl galactosamine, 
or L-fucose at pH 13), the Sepharose 6B was incubated at 45°C for 20 h with shaking. The 
suspension was filtrated using a glass filter, and the Sepharose 6B was collected. It was 
washed with 100 ml of distilled water, 100 ml of bicarbonate buffer (500 mM NaCl, 100 mM 
sodium bicarbonate, pH 8.0), and 100 ml of acetate buffer (500 mM NaCl, 100 mM sodium 
acetate, pH 4.0). The Sepharose 6B was suspended with 100 ml of 1 M monoethanolamine, 
and incubated at 40°C for 16 h, and then alternately washed with 100 ml of acetate buffer 
and borate buffer (0.5 M NaCl, 100 mM borate, pH 8.0) three times. After washing, the resin 
was suspended in 10 mM CaCl2, 600 mM NaCl, 50 mM Tris-HCl, pH 8.5. 

4.4 Lectin binding to sugar-bound Sepharose 6B 

To confirm whether the hemolymph lectin was bound to the prepared sugar-bound Sepharose 
6B, we examined whether the lectin was bound to the resin as follows. The sugar-bound resin 
(100 µl) was transferred to a 1.5 ml microtube and then washed with 1 ml of the binding buffer 
(10 mM CaCl2, 600 mM NaCl, 50 mM Tris-HCl, pH 8.5) three times. 100 µl of the hemolymph 
was added to the washed sugar-bound resin, and incubated on ice for 1 h with occasional 
mixing. The tube was centrifuged at 5,000 rpm, at 4°C for 1 min, and the supernatant was 
transferred to a new tube. The hemagglutination activity of the supernatant was determined. 

After the hemolymph of C. okutanii was incubated with N-acetyl neuramic acid-bound 
Sepharose 6B, N-acetyl glucosamine-bound sepharose 6B, or N-acetyl galactosamine-bound 
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Fig. 4. Optimization of hemagglutination activity of the C. okutanii hemolymph. 
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Sepharose 6B, the supernatant of the mixtures had less than 10% of the hemagglutination 
activity of the hemolymph before incubation (Fig. 5). Bacause more than 90% of the lectin in 
the hemolymph was estimated to be bound to these sugar-bound resins, these resins can be 
used for the purification of hemolymph lectin. We selected N-acetyl neuramic acid- and N-
acetyl glucosamine-bound Sepharose 6B as candidate resins for affinity purification because 
of their effective lectin binding. 

 
Fig. 5. Hemagglutination activity adsorption to sugar-bound resin. 

The hemolymph was mixed with sugar-bound resin, and then the hemagglutination activity 
of the supernatant was measured. L-fucose, N-acetyl neuramic acid, N-acetyl glucosamine, 
and N-acetyl galactosamine indicate L-fucose-, N-acetyl neuramic acid-, N-acetyl 
glucosamine-, and N-acetyl galactosamine-bound Sepharose 6B, respectively. Hemolymph 
indicates that the hemagglutination activity was directly measured. 

5. Affinity purification of the hemolymph lectin by using sugar-bound resin 
The optimal condition for hemagglutination activity as described in Section 3 would be also 
suitable for affinity purification. The hemagglutination inhibition test and hemagglutination 
binding test to sugar-bound resin showed that the lectin in the hemolymph of C. okutanii can 
be purified by using N-acetyl neuramic acid- or N-acetyl-glucosamine-bound Sephrose 6B. 
In this section, we describe how the lectin was purified using these resins, and compare the 
activity recovery or property of each purified lectin. 

5.1 Methods 

5 ml of N-acetyl neuramic acid-bound resin was equilibrated with binding buffer (10 mM 
CaCl2, 600 mM NaCl, 50 mM Tris-HCl, pH 8.5), and then 10 ml of the hemolymph was 
applied to the resin. After washing with binding buffer, the bound lectin was eluted by 
elution buffer (40 mM N-acetyl neuramic acid, 10 mM CaCl2, 600 mM NaCl, 50 mM Tris-
HCl, pH 8.5). In the case of using N-acetyl glucosamine-bound sepharose 6B, the bound 
lectin was eluted by elution buffer containing 0.2 M N-acetyl glucosamine instead of 40 mM 
N-acetyl neuramic acid. The eluate was dialyzed against the binding buffer overnight. 
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5.2 N-acetyl neuramic acid-bound Sepharose 6B 

The chromatogram is shown in Figure 6. The hemagglutination activity was completely 
adsorbed to the N-acetyl neuramic acid-bound Sepharose 6B, and a single peak of the 
hemagglutination activity was eluted by the addition of 40 mM N-acetyl neuramic acid in 
the binding buffer. After dialysis against the binding buffer overnight, the recovery was 
only about 4% in terms of hemagglutination activity (Table 1). Prolonged dialysis decreased 
hemagglutination activity of the lectin. No other protein was eluted by 8 M urea, indicating 
that all the lectin bound to the resin was eluted by N-acetyl neuramic acid. Although EDTA, 
which is a calcium chelator, or ethyleneglycol was used for elution of the lectin to improve 
the recovery of hemagglutination activity, the eluates by them showed no activity. 

The purified lectin was analyzed by SDS-PAGE (Figure 7). Only one component with an 
apparent molecular mass of 42.5 kDa was observed under reducing conditions, while three 
components with apparent molecular masses of 235, 208, and 114 kDa, respectively, were 
found under non-reducing conditions. This indicated that the lectin was composed of 6 or 3 
subunits. The amino terminal amino acid sequence of the component was 
ENAXXIINIQCGYGAGCGAA. The lectin eluted with N-acetyl neuramic acid was named as 
COL-N.  

 
Fig. 6. Affinity purification using N-acetyl neuramic acid-bound resin.  

The arrow indicated the addition of elution buffer. Closed squares and closed triangles 
indicate absorbance at 280 nm and hemagglutination activity, respectively. 
 

 Protein 
(mg) 

Total activity 
(total HU) 

Recovery 
(%) 

Specific activity 
(HU/mg protein)

Purification 
(Fold) 

Hemolymph 222.3 307.2  1.38 1 
COL-N 0.0624 12.2 3.96 196 142 

Table 1. Purification of COL-N 
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only about 4% in terms of hemagglutination activity (Table 1). Prolonged dialysis decreased 
hemagglutination activity of the lectin. No other protein was eluted by 8 M urea, indicating 
that all the lectin bound to the resin was eluted by N-acetyl neuramic acid. Although EDTA, 
which is a calcium chelator, or ethyleneglycol was used for elution of the lectin to improve 
the recovery of hemagglutination activity, the eluates by them showed no activity. 

The purified lectin was analyzed by SDS-PAGE (Figure 7). Only one component with an 
apparent molecular mass of 42.5 kDa was observed under reducing conditions, while three 
components with apparent molecular masses of 235, 208, and 114 kDa, respectively, were 
found under non-reducing conditions. This indicated that the lectin was composed of 6 or 3 
subunits. The amino terminal amino acid sequence of the component was 
ENAXXIINIQCGYGAGCGAA. The lectin eluted with N-acetyl neuramic acid was named as 
COL-N.  

 
Fig. 6. Affinity purification using N-acetyl neuramic acid-bound resin.  

The arrow indicated the addition of elution buffer. Closed squares and closed triangles 
indicate absorbance at 280 nm and hemagglutination activity, respectively. 
 

 Protein 
(mg) 

Total activity 
(total HU) 

Recovery 
(%) 

Specific activity 
(HU/mg protein)

Purification 
(Fold) 

Hemolymph 222.3 307.2  1.38 1 
COL-N 0.0624 12.2 3.96 196 142 

Table 1. Purification of COL-N 
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Fig. 7. SDS-PAGE of purified lectin 

The purified lectin was analyzed by SDS-PAGE under reducing conditions (lane 1) or non-
reducing conditions (lane 2). M indicates molecular standard proteins. 

5.3 N-acetyl glucosamine-bound Sepharose 6B 

When the lectin was eluted with N-acetyl glucosamine-bound resin, the hemagglutination 
activity was eluted by N-acetyl glucosamine. The chromatogram of this purification was 
similar to that using N-acetyl neuramic acid, but the recovery of hemagglutination activity 
using N-acetyl glucosamine-bound Sepharose 6B was much higher (Table 2). SDS-PAGE 
showed that the eluted peak was a single component with an apparent molecular mass of 
42.5 kDa, similar to COL-N. Moreover, the amino terminal amino acid sequence of the lectin 
was identical to that of COL-N. So the lectin purified with N-acetyl glucosamine was named 
as COL-G. These results indicated that COL-N and COL-G were identical. However, the 
recovery of COL-G activity was drastically different. The recovery of hemagglutination 
activity of COL-G was as high as 85% and was about 24 times higher than that of COL-N. 
Moreover, the specific activity of COL-G was also higher than that of COL-N. 
 

 Protein 
(mg) 

Total activity 
(total HU) 

Recovery 
(%) 

Specific activity 
(HU/mg protein)

Purification 
(Fold) 

Hemolymph 518 443  0.86 1 
COL-G 1.24 384 85 310 360 

Table 2. Purification table of COL-G 
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5.4 Sugar Inhibition profiles of COL-N and COL-G 

We characterized the properties of COL-N and COL-G. Their optimal hemagglutination 
activities were the same as those of the hemolymph with regard to pH, Ca2+ concentration, and 
NaCl concentration. However, the hemagglutination inhibition profiles of these lectins were 
different (Table 3). The hemagglutination activity of COL-G was inhibited by D-glucosamine, 
N-acetyl glucosamine, N-acetyl galactosamine, and N-acetyl neuramic acid. The minimum 
inhibitory concentrations of these sugars to the hemagglutination activity of COL-G were 
identical to that of the hemolymph. On the other hand, the hemagglutination activity of COL-
N was inhibited by D-glucosamine, N-acetyl glucosamine, and N-acetyl galactosamine like 
COL-G and the hemolymph of C. okutanii. However, the minimum inhibitory concentrations 
of these sugars to COL-N were two or four times higher than those to COL-G and the 
hemolymph. Moreover, the hemagglutination activity of COL-N was not inhibited by N-acetyl 
neuramic acid, even at a concentration of less than 100 mM, although the minimum inhibitory 
concentration of N-acetyl neuramic acid to the hemolymph was 3.12 mM. 
 

Sugars Minimum inhibitory concentration (mM) 
hemolymph COL-G COL-N 

D-glucose -* - - 
D-glucosamine 25 25 100 

N-acetyl-D-glucosamine 12.5 12.5 25 
D-galactose - - - 

D-galactosamine - - - 
N-acetyl-D-galactosamine 6.25 6.25 25 

D-galacturonic acid - - - 
L-arabinose - - - 

D-ribose - - - 
D-fucose - - - 
D-xylose - - - 

D-fructose - - - 
D-mannose - - - 
L-rhamnose - - - 

L-sorbose - - - 
N-acetyl-D-neuramic acid 3.12 3.12 - 

Maltose - - - 
Sucrose - - - 
Lactose - - - 

Melibiose - - - 
Fetuin - - - 

mannan - - - 
* Hemagglutination activity was not inhibited at less than 100 mM. 

Table 3. Sugar Inhibition Test 

Our hypothesis to explain these results is that the lectin COL-N tightly binds to N-acetyl 
neuramic acid. In affinity chromatography, lectins are adsorbed to a sugar-bound resin, and 
then eluted by a sugar that is identical to the sugar bound to the resin. Thus, the lectin forms 
a complex with the sugar. The sugar bound to the lectin is usually removed by dialysis, but 
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Our hypothesis to explain these results is that the lectin COL-N tightly binds to N-acetyl 
neuramic acid. In affinity chromatography, lectins are adsorbed to a sugar-bound resin, and 
then eluted by a sugar that is identical to the sugar bound to the resin. Thus, the lectin forms 
a complex with the sugar. The sugar bound to the lectin is usually removed by dialysis, but 
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this is difficult if the lectin is strongly bound to the sugar. COL-N was purified with N-acetyl 
neuramic acid–bound Sepharose 6B, which was the strongest inhibitor of the 
hemagglutination activity of the hemolymph among the sugars tested. Thus, it is possible 
that COL-N remains bound to N-acetyl neuramic acid and that overnight dialysis does not 
remove it. It is also possible that some of the lectins in the hemolymph that have affinity to 
N-acetyl neuramic acid remain bound to the resin after elution. But no protein was eluted by 
8 M urea. It thus seems that no part of lectin bound to N-acetyl neuramic acid remained to 
be adsorbed to the resin. 

If COL-N binds to N-acetyl neuramic acid, why did COL-N show hemagglutination activity in 
our experiments? One hypothesis is that there are two subunits that have different sugar 
binding affinities. As shown above, C. okutanii lectin is composed of 3 or 6 subunits. When the 
C. okutanii lectin was treated with glycopeptidase F, which removes sugar chains from N-
glycosylated proteins, C. okutanii lectin became two components with apparent molecular 
masses of 32.7 and 34.6 kDa (data not shown), suggesting that C. okutanii lectin is composed of 
two different subunits. Since the amino terminal amino acid sequences of the two components 
were identical over 20 amino acid residues, each subunit must be closely related.  

There are lectins that have a high similarity to each other, but their sugar binding profiles 
are different. Ficolins are serum lectins and are components of the innate immune system. 
Ficolin homologues are widely distributed in the animal kingdom (Lu & Le, 1998). Mice 
have two ficolins, ficolin A and ficolin B (Endo et al., 2005). The amino acid sequences of 
these lectins have high identity to each other (69%), but their sugar binding affinities are 
different. Ficolin A binds to N-acetyl glucosamine and N-acetyl galactosamine, while ficolin 
B binds to N-acetyl glucosamine, N-acetyl galactosamine, and N-acetyl neuramic acid. The 
sugar binding properties of the C. okutanii lectin subunits may be similar to those of ficolins. 
If we hypothesize that C. okutanii lectin is composed of two subunits like mouse ficolins, and 
that one has high affinity to N-acetyl neuramic acid while the other does not, the fact that 
COL-N has no affinity to N-acetyl neuramic acid can be explained as follows. In the case of 
COL-N, one subunit of the C. okutanii lectin is occupied by N-acetyl neuramic acid, while the 
other can still bind to N-acetyl glucosamine and N-acetyl galactosamine. The low recovery 
of the hemagglutination activity of COL-N is explainable assuming that COL-N is a complex 
with N-acetyl neuramic acid. If COL-N binds to N-acetyl neuramic acid, the total binding 
sites of COL-N should decrease, and the hemagglutination activity should also decrease.  

6. Conclusion 
For the purification of C. okutanii hemolymph lectin, N-acetyl neuramic acid-bound 
Sepharose 6B was poorly effective, and the properties of C. okutanii lectin were different 
from those of native lectin. When we used N-acetyl glucosamine-bound resin, the recovery 
of the lectin activity was 85%, and the sugar-binding property of the purified lectin was 
identical to that of the hemolymph. When a sugar that strongly binds to a lectin is used as 
an affinity resin, it is possible that the lectin is not well recovered. On the other hand, when 
a sugar that binds weakly to the lectin is used, the lectin bound to the resin is small and 
much of it is unbound, resulting in low recovery. To purify lectin effectively with its natural 
properties, careful selection of sugar-bound resin is important. 
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Moreover, this method is also applied to the others purified by affinity chromatography. To 
purify enzymes or cells with native activity, they can be purified by the affinity 
chromatography and it is possible that the activity of something purified is different from 
that of crude extract. Using a different resin for the purification, something purified with 
native activity can be obtained. 
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1. Introduction  
Affinity chromatography is a high resolution, high capacity, and one of the most powerful 
and diverse methods for separating proteins and other biological molecules of interest on 
the basis of a highly specific, reversible biological interaction between two molecules: an 
affinity ligand attached to a solid matrix to create a stationary phase, and a target molecule 
in a mobile phase. Specifically, immunoaffinity chromatography (IAC) relies on a solid 
stationary phase consisting of an antibody coupled to a chromatographic matrix or to 
magnetic beads, and harnesses the selective and strong binding of antibodies to their targets 
(Hage, 1998). Accordingly, any molecule that can be bound effectively by an antibody can be 
purified using IAC (Lesney, 2003). Purified antibodies are coupled to the inert solid phase 
and mixed with the antigen solution under conditions that favor adsorption. Following 
antigen capture, unwanted antigens are removed by washing, and the purified antigen is 
released by switching to conditions that favor desorption. Purification (often greater than 
1000-fold) and simultaneous concentration of the target protein are thus achieved 
(Fitzgerald et al., 2011). One of the first uses of IAC was reported in 1951 by Campbell et al. 
who used immobilized bovine serum albumin on p-aminobenzyl cellulose to purify anti-
albumin antibodies. Since then, there has been a great expansion in the applications of IAC 
for analytical, clinical, and diagnostic purposes.  

2. Basic components 
2.1 Antibodies 

2.1.1 Antibody structure  

The typical Y-shaped structure of an IgG molecule consists of two identical heavy (H) and 
two identical light (L) chains (50 and 25 kDa each, respectively), linked by disulfide bonds 
(Fig.1). All four chains consist of constant (C) and variable (V) domains. The lower part of 
the molecule, called the Fc region, is highly conserved between antibody classes, and 
mediates effector functions of antibodies. The upper arms of the antibody are referred to as 
the Fab regions. The V regions of both heavy and light chains combine to form two identical 
antigen binding sites. Within each V domain, amino acid sequence variation, and hence 
antigen recognition, is predominantly focused around three “hypervariable” regions. These 
residues are referred to as “complementarity determining regions” (CDRs). CDRs from the 
variable heavy and variable light chain domains are juxtaposed to create the antigen binding 
site that recognizes the antigenic epitope, a specific location on the antigen (Elgert, 1996).  
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Fig. 1. Structure of an IgG molecule (Modified from Little et al., 2000).  

Immunoaffinity chromatography relies on the exquisite binding between an antibody and 
an antigen, the result of four different types of non-covalent (and therefore reversible) 
interactions: ionic interactions, hydrogen bonds, van der Waals interactions, and 
hydrophobic interactions (Harlow and Lane, 1999b; Fitzgerald et al., 2011). Our ability to 
manipulate antibodies and antibody-antigen interactions offers great potential for the use of 
IAC in research as well as for therapeutic and diagnostic applications. Moreover, the advent 
of recombinant antibody production has paved the way for even more advances in 
manipulating antibodies to our advantage. 

2.1.2 Choice of antibody 

The primary isolation of specific antibodies is necessary for the subsequent purification of 
specific antigens. Antibodies used as ligands can be purified by precipitation with dextran 
or ammonium sulfate, or by isolation on a Protein A, Protein G, or Protein L column. The 
ideal antibody for use in immunoaffinity chromatography should possess two properties: 
(a) High intrinsic affinity, since an antibody attached to a solid phase has no room for 
cooperative binding. This is especially important when using a diluted antigen source, 
where quantitative antigen capture is hard to achieve. Quantitative binding of antigen to the 
immunoadsorbent along with a low background (non-specific interactions) are insured 
when using an antibody with an affinity ≥108 and two hours of antigen-antibody contact. 
When the antibody affinity is ≤106, some antigen will be left in solution, and exposure to the 
antibody column will have to be repeated; and (b) Ease of elution: This depends on the type 
and number of antigen-antibody bonds: the fewer types of interactions involved, the easier 
all of them can be destabilized (Harlow and Lane, 1999c). 
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Polyclonal antibodies (Pabs) are produced by multiple B-cell clones, and as a population can 
recognize and bind with varying affinities to a variety of independent epitopes on a single 
antigen (Fig.2) (Michnick and Sidhu, 2008). In a typical antiserum, only 5% of the Pabs are 
target-specific (Harlow and Lane, 1999a). The presence of several antibodies directed at 
different epitopes of the same antigen makes elution difficult and may damage the 
chromatography column and denature the antigen.  

 
Fig. 2. Overview of poly- and monoclonal antibody production (Modified from Michnick 
and Sidhu, 2008, and Kuby, 1992)  

Pabs are commonly obtained from sera of immunized animals, and are thus available in 
limited supply; even when a Pab proves suitable for use in affinity chromatography, it is 
often difficult to obtain multiple lots with consistent quality. To avoid these problems, Pabs 
can be purified by affinity chromatography over a column of antigen to obtain antigen-
specific antibodies, as well as the elution profile of the antigen-antibody interaction, the 
same conditions of which can then be used to purify the antigen from a crude source. This is 
seldom practically achievable because it assumes that antigen is available for the 
purification of antibodies, which are then used to purify the antigen. This may seem like a 
“Catch-22”, but this technology is often used when the host is immunized against a 
synthetic peptide (conjugated with a carrier protein) that mimics a B-cell epitope on a larger 
protein. In such a case, the peptide is commercially available in milligram quantities and 
will allow the isolation of an antigen-specific antibody population that can be used for IAC. 

Monospecific Polyclonal Antibodies can alternatively be generated using recombinantly 
produced (typically) human protein fragments known as protein epitope signature tags 
(PrESTs). PrESTs are 100–150 amino acid fragments that are selected based on their relative 
low homology to other proteins in the human proteome (Agaton et al., 2004), thus 
minimizing cross-reactivity by the generated antibodies (Lindskog et al., 2005). The size of 
PrESTs is selected to be small enough for easy PCR handling and cloning, and large enough 
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to provide conformational epitopes. PrEST selection also avoids certain restriction enzyme 
sites, transmembrane regions (which are poorly expressed in Escherichia coli), and signal 
peptides that are cleaved off during translocation in E. coli (Lindskog et al., 2005). PrESTs are 
expressed as fusion proteins to an albumin-binding protein and to a His6 tag. The former 
functions as a “carrier protein” and confers an increased immune response (Libon et al., 
1999), while the latter facilitates purification under denaturing conditions from E. coli 
inclusion bodies (Crowe et al., 1994). Following PrEST selection, expression, and 
purification, mass spectrometry and SDS-PAGE analysis are used to verify sequence 
accuracy and to provide protein purity analysis, respectively. The bicinchoninic acid assay is 
then used for determination of protein concentration of the purified PrEST antigens 
(Gunneras et al., 2008). PrEST-specific polyclonal antibodies are then obtained by 
immunizing animals with the purified PrEST proteins, and are in turn purified by using the 
PrEST proteins as affinity chromatography ligands. PrEST-specific polyclonal antibodies are 
extremely useful for expression and localization studies in both normal and diseased tissue 
using tissue microarrays (Larsson et al., 2006; Kampf et al., 2004).  

A monoclonal antibody (Mab) is the product of a single immortal hybridoma cell line (a 
clone), and is thus available in unlimited supply. Mabs possess exquisite, well-defined 
specificity to a single epitope, and constitute a homogeneous binder population (Fig.2). 
High-affinity Mabs can bind to a large proportion of antigen. All antibodies bind to the 
same epitope, making elution conditions easy and gentle. The use of a pool of different 
Mabs is not recommended, as different epitopes on the antigen will be recognized, making 
desorption difficult and hence possibly denaturing the antigen and damaging the antibody 
column (Harlow and Lane, 1999c). Note that it is not necessary to have pure antigen to 
produce a monospecific Mab (Gustafsson, 1990). Therefore, a seemingly paradoxical 
approach becomes feasible: first making the specific Mab and then using it to isolate the 
corresponding antigen from the immunogen mix afterwards. 

Recombinant antibodies and antibody fragments are produced in vitro by antibody phage 
display, bypassing the need to immortalize immune B-cells, as antibody genes are 
immortalized instead (Winter and Milstein, 1991). Antibodies can be produced as Fab, 
F(ab')2 (two Fab units and the hinge region), single-chain antibody fragments (scFv), and 
diabodies (a dimeric scFv) (Rader and Barbas, 1997) (Fig.3). An scFv fragment is the smallest 
Ig fragment (one-sixth of a complete Ab) containing the whole antigen-binding site (Yokota 
et al., 1992). Following the cloning of the genes encoding the antibody heavy and light gene 
fragments, a large antibody repertoire can be constructed. Because heavy and light chains 
are combined randomly, each phage has the potential to display on its surface a unique 
antibody with a specific antigen-binding site (Rader and Barbas, 1997; Pini and Bracci, 2000). 
The genetic information encoding the displayed molecule is contained within the phage 
coat, thus providing a direct physical link between genotype and phenotype (Rader and 
Barbas, 1997). This linkage endows the protein with the two key characteristics of molecular 
evolution: replicability and mutability (Smith and Petrenko, 1997): It allows the selection, 
amplification, and manipulation of a specific clone from pools of millions. Moreover, the 
amino acid sequence of a selected phage can be deduced by deciphering the DNA sequence 
within (Barbas and Wagner, 1995). Because of the direct physical linkage between the DNA 
genotype and the antibody phenotype, recombinant antibodies are also easily optimized, 
and are amenable to fusions with proteins and peptides (drugs, toxins…) (Little et al., 2000; 
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Azzazy and Highsmith, 2002). Peptide tags can easily be introduced into recombinant 
antibodies, greatly facilitating purification and detection (Andris-Widhopf et al., 2000). 
Using phage display, antibodies can be expressed in E. coli, yeast, plants (plantibodies) 
against virtually any antigen, including conserved antigens, non-immunogenic molecules, 
and toxic molecules (Little et al., 2000; Hoogenboom and Chames, 2000). In addition, 
recombinant human or humanized antibodies circumvent the human response elicited by 
murine mAbs (Maynard and Georgiou, 2000). Regarding IAC, recombinant antibodies have 
the same advantages as monoclonal antibodies, i.e. monospecificity against a single epitope. 

 
Fig. 3. Structure of scFv, Fab, and diabody antibody fragments. 

The use of avian antibodies, IgY, has several major advantages. Chickens are 
phylogenetically very distant from mammals, and hence can be used to produce antibodies 
against highly conserved or weakly immunogenic mammalian epitopes (Jensenius et al., 
1981). Avian antibodies are most commonly produced in eggs. Because chickens are 
inexpensive to maintain and a high yield of antibody can be obtained from the eggs, they 
represent a relatively inexpensive source of antibodies (Berghman et al., 2005). Eggs are 
more easily collected than blood samples, and a few eggs per week can provide the same 
amount of immunoglobulin as repeated bleeding of an immunized rabbit (Chui et al., 2004). 
However, for IAC, avian antibodies have the same drawbacks as mentioned above for Pabs, 
in that they represent a mix of specificities and affinities, unless they can be first purified 
against the antigen. 

2.2 Solid matrix 

The immunoaffinity matrix onto which the antibody ligand will be attached should be 
inexpensive, readily available, easy to use, and highly stable: the support material and the 
attached ligand should not react with the solvents used in the purification process, and 
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should be resistant to degradation or damage by enzymes and microbes that might be 
present in the sample. It should also be able to withstand physical stress (i.e. pressure), 
especially when packed into a column, should remain intact throughout the purification 
process, and be easily regenerated under relatively harsh conditions (Urh et al., 2009). The 
IAC matrix should be easily modified for antibody attachment, and should be macroporous 
with uniform particle and pore size and good flow properties (Urh et al., 2009). A 
compromise should be achieved between pore size and surface area, as supports with small 
pore size have a large surface area, much of which may not be available for immobilization 
of antibody (Gustavsson and Larsson, 2006). In contrast, large pore support systems do not 
have accessibility problems, but may result in a low level of antibody attachment due to the 
small surface area. Supports with pore sizes of 300-500Å, which is approximately three to 
five times the diameter of an antibody, allow for maximum antibody coverage, as well as for 
suitable binding of immobilized antibodies to many small or medium sized targets (100-150 
kDa) (Clarke et al., 2000).  

Conventional matrices for use in IAC systems have been based on low-pressure resistance, 
allowing their operation under gravity flow with a slight vacuum or peristaltic flow applied 
(Schuste et al., 2000). These matrices include carbohydrate-based media (agarose, dextrose, 
or cellulose), synthetic organic supports such as acrylamide polymers, polymethacrylate 
derivatives, polyethersulfone matrices, or inorganic materials such as silica and zirconia 
(Fitzgerald et al., 2011). Cross-linked agarose is an extremely popular matrix because it can 
usually withstand a wide pH range (e.g. pH 3–12), most aqueous solvents (including 
denaturants), many organic solvents or modifiers, and enzymatic treatments. However, 
agarose beads and other soft gel matrices are more susceptible to pressure, relative to 
stronger supports, such as silica, polystyrene and other highly cross-linked materials (Urh et 
al., 2009). Immunomagnetic beads represent an example of a solid support with better 
chemical and hydrodynamic properties than conventional supports. Advantages of 
magnetic separation include quick retrieval of affinity beads at each step, thereby 
significantly shortening the purification process; bypassing sample pre-treatment such as 
filtration or centrifugation; and the ability to use viscous materials that would otherwise 
clog traditional columns (Urh et al., 2009). Magnetic particles are also available conjugated 
with common affinity ligands (Protein A, Protein G, streptavidin), or with specific mono- 
and polyclonal antibodies (Koneracka et al., 2006).  

2.3 Antibody immobilization methods 

The key factor in antibody immobilization onto the affinity matrix is to tightly bind the 
antibody to the support medium without interfering with the activity and accessibility of the 
antigen binding site (Kim and Hage, 2006). There are two fundamentally different ways of 
immobilizing antibodies to a support:  

2.3.1 Random chemical attachment 

This easy method usually targets the Lysine ε- amino groups on the antibodies. However, a 
decrease in activity is observed if the antibodies have some of those amine groups in their 
binding sites (Kortt et al., 1997). Steric hindrance and a decrease in binding efficiency may 
also occur, because the antibodies are immobilized in a random orientation, which bears the 
risk of having the binding site blocked by the attachment (Turková, 1999). 
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Covalent linkage of antibodies to the reactive groups of activated, commercially available 
beads is a cheap, fast, and robust method of antibody attachment to the solid phase. A 
typical example is cyanogen bromide (CNBr)-activated Sepharose (Nisnevitch and Firer, 
2001), but various alternatives are available [tosyl and epoxy activated beads] (Hage, 1998; 
Larsson, 1984). This simple, straightforward methodology is recommended when the 
amount of antibody available is not expected to be a limiting factor, e.g. when the researcher 
has access to a hybridoma that can theoretically produce unlimited amounts of antibody. As 
pointed out above, the antigen-binding capacity of the antibody can be lost in the process of 
covalent bonding to the support; statistically this happens in two out of three attachments, 
and only one out of three antibodies is optimally immobilized, maintaining the potential 
binding of two antigen molecules. Nevertheless, the remaining capacity can still be 
impressive compared to the concentration of the target molecule in the extract to be 
purified. For instance, if 1 ml of CNBr-activated Sepharose slurry is derivatized with 5 mg of 
antibody (a typical ratio) and if one in three antibodies remains fully active (and can thus 
bind two antigen molecules), its binding capacity for a 25 kDa molecule is still 
approximately 500 µg per run. Another potential downside of random chemical attachment 
of antibodies is that the coupling capacity of the beads is so high (up to 30 mg of protein per 
ml of CNBr-agarose), that multipoint attachment can occur, which is another mechanism 
through which antigen-binding capacity can be lost. This can be prevented by limiting the 
time of the coupling reaction, or by adding some “inert” protein to the antibody to be 
coupled, so as to create competition for the available binding sites, and thus lower the 
probability of multipoint attachment. 

Antibodies can also be immobilized onto a matrix by using a secondary ligand. In this case, 
biotinylated antibodies are adsorbed to a support containing immobilized avidin, 
streptavidin, or neutravidin (Moser and Hage, 2010). However, and unless antibodies are 
biotinylated at their Fc carbohydrate groups (O'Shannessy and Quarles, 1987), a decrease in 
binding capacity and efficiency may result from biotin molecules attaching at or near the 
antigen binding site, and/or from biotinylated antibodies randomly attaching to the 
streptavidin support (Moser and Hage, 2010). 

2.3.2 Directional attachment 

The most common way to achieve oriented attachment is to covalently stabilize the 
(reversible) bond between the antibody and Protein A, Protein G, or Protein L beads (Moser 
and Hage, 2010; Urh et al., 2009). Proteins A and G bind to the Fc portion of the antibody, 
while Protein L interacts with kappa light chains. None of these proteins blocks the Fab 
sites. Stabilization of the bond between antibody and binding protein is achieved by 
incubation with a bifunctional reagent (a cross-linker) of the ideal length. A typical example 
is dimethyl pimelimidate (Schneider et al., 1982), but alternatives with different lengths are 
also available. The quality of the immunoadsorbent can easily be checked by saving 50 μg of 
beads before and after the cross-linking reaction. The former should yield a 50 kDa band 
and a 25 kDa band under reducing SDS-PAGE, while the latter should no longer show the 
50 kDa band, since the Fc fragment is supposed to be cross-linked with protein A. In spite of 
their attractiveness, immunoglobulin-binding beads are expensive, will bind extraneous 
antibody that might be present in the sample extract, and their specificities are not universal, 
but rather isotype-dependent. Proteins A and G possess different affinities for IgG types 
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should be resistant to degradation or damage by enzymes and microbes that might be 
present in the sample. It should also be able to withstand physical stress (i.e. pressure), 
especially when packed into a column, should remain intact throughout the purification 
process, and be easily regenerated under relatively harsh conditions (Urh et al., 2009). The 
IAC matrix should be easily modified for antibody attachment, and should be macroporous 
with uniform particle and pore size and good flow properties (Urh et al., 2009). A 
compromise should be achieved between pore size and surface area, as supports with small 
pore size have a large surface area, much of which may not be available for immobilization 
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or cellulose), synthetic organic supports such as acrylamide polymers, polymethacrylate 
derivatives, polyethersulfone matrices, or inorganic materials such as silica and zirconia 
(Fitzgerald et al., 2011). Cross-linked agarose is an extremely popular matrix because it can 
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2.3 Antibody immobilization methods 
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Covalent linkage of antibodies to the reactive groups of activated, commercially available 
beads is a cheap, fast, and robust method of antibody attachment to the solid phase. A 
typical example is cyanogen bromide (CNBr)-activated Sepharose (Nisnevitch and Firer, 
2001), but various alternatives are available [tosyl and epoxy activated beads] (Hage, 1998; 
Larsson, 1984). This simple, straightforward methodology is recommended when the 
amount of antibody available is not expected to be a limiting factor, e.g. when the researcher 
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impressive compared to the concentration of the target molecule in the extract to be 
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antibody (a typical ratio) and if one in three antibodies remains fully active (and can thus 
bind two antigen molecules), its binding capacity for a 25 kDa molecule is still 
approximately 500 µg per run. Another potential downside of random chemical attachment 
of antibodies is that the coupling capacity of the beads is so high (up to 30 mg of protein per 
ml of CNBr-agarose), that multipoint attachment can occur, which is another mechanism 
through which antigen-binding capacity can be lost. This can be prevented by limiting the 
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coupled, so as to create competition for the available binding sites, and thus lower the 
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biotinylated at their Fc carbohydrate groups (O'Shannessy and Quarles, 1987), a decrease in 
binding capacity and efficiency may result from biotin molecules attaching at or near the 
antigen binding site, and/or from biotinylated antibodies randomly attaching to the 
streptavidin support (Moser and Hage, 2010). 

2.3.2 Directional attachment 

The most common way to achieve oriented attachment is to covalently stabilize the 
(reversible) bond between the antibody and Protein A, Protein G, or Protein L beads (Moser 
and Hage, 2010; Urh et al., 2009). Proteins A and G bind to the Fc portion of the antibody, 
while Protein L interacts with kappa light chains. None of these proteins blocks the Fab 
sites. Stabilization of the bond between antibody and binding protein is achieved by 
incubation with a bifunctional reagent (a cross-linker) of the ideal length. A typical example 
is dimethyl pimelimidate (Schneider et al., 1982), but alternatives with different lengths are 
also available. The quality of the immunoadsorbent can easily be checked by saving 50 μg of 
beads before and after the cross-linking reaction. The former should yield a 50 kDa band 
and a 25 kDa band under reducing SDS-PAGE, while the latter should no longer show the 
50 kDa band, since the Fc fragment is supposed to be cross-linked with protein A. In spite of 
their attractiveness, immunoglobulin-binding beads are expensive, will bind extraneous 
antibody that might be present in the sample extract, and their specificities are not universal, 
but rather isotype-dependent. Proteins A and G possess different affinities for IgG types 
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from different species, and even for IgG isotypes within the same species. Protein L can only 
bind certain subtypes of kappa light chains (Urh et al., 2009). 

Oriented attachment is also possible via targeting the antibody’s carbohydrate or sulfhydryl 
groups in the Fc fragment. For instance, antibodies can be coupled to the carbohydrate 
moieties found on the Fc, but not the Fab fragment (Ruhn et al., 1994; Nisnevitch and Firer, 
2001). The Fc carbohydrates are first oxidized by incubation with sodium metaperiodate. 
The aldehyde groups that result from this oxidation are then reacted with a hydrazide-
activated matrix (which is commercially available). The alternative is to reduce the disulfide 
bridge that links the two immunoglobulin heavy chains using a mild reducing agent such as 
2-mercaptoethylamine. This leaves the disulfide bridges of the Fabs intact, but results in two 
“half-antibodies” with exposed sulfhydryl groups. The latter are then reacted with an 
iodoacetyl- or maleimide-activated matrix to form a chemically stable immunoadsorbent 
with full antigen-binding capacity (Spitznagel et al., 1993; Mallik et al., 2007). 

3. Sample extraction 
Recombinant protein production permits high-level expression of foreign proteins in hosts 
such as Escherichia coli, Saccharomyces cerevisiae, and Pichia pastoris. Host cells are then 
disrupted and the expressed target protein is released. The choice of the method for cell 
disruption and sample extraction is an empirical process that is highly dependent on the 
uniqueness of the target protein, the different cell types, and the scale of purification. In any 
case, such methods should be rapid and efficient while conserving the target protein’s 
conformation and activity by minimizing proteolysis or oxidation, and reducing or 
preventing unnecessary lysis of the cell nuclei to prevent an increase in viscosity generated 
by the presence of genomic DNA strands (Grabski, 2009).  

3.1 Preparation of cell lysate 

3.1.1 Chemical and enzymatic cell disruption 

These methods are particularly suited for small, laboratory-scale protein purification, and 
employ detergent-based reagents (such as B-PER®, Thermo Scientific and BugBuster®, EMD 
Chemicals) for effective cell disruption. These reagents are very fast and easy to use, do not 
require expensive equipment, and can readily be combined with lytic enzymes and 
nucleases for more efficient cell lysis and protein extraction from bacteria, yeast, plant cells, 
insect cells, and higher eukaryotes (Grabski, 2009). Another class of detergent-based 
reagents (such as B-PER ® Direct, Thermo Scientific) allows for high throughput automative 
processing of samples. Use of these reagents alongside high-activity lysozyme and nuclease 
permits for cell growth, extraction, and purification to take place in a single test tube or well, 
bypassing the need to separate the host cells from the culture media. The active ingredients 
of these reagents are detergents that weaken the host cells for rupture by disrupting cell 
membrane and cell wall structures. Concurrent treatment with lysozyme further breaks 
down cell walls, whereas the use of nucleases limits viscosity. Enzymatic treatments are 
further advantageous because they are gentle, simple, require no specialized 
instrumentation, and do not generate shear, heat, or oxidative damage. However, the 
optimal conditions for lytic enzymes (pH, temperature) may not be compatible with the 
target protein, and the presence of the enzyme in the extract may interfere with downstream 
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purification and processing. The limited availability and cost of lytic enzymes further curbs 
their use at an industrial scale (Grabski, 2009). 

3.1.2 Mechanical cell disruption 

Mechanical methods of cell disruption are highly effective, rapid, cheap, and thus suited for 
large scale purification. The most popular mechanical disruption methods include 
sonication and high pressure homogenization (Harrison, 1991). These are not suitable for 
small culture volumes (<5 ml) because of inherent excess heat generation and oxidation 
damage (Grabski, 2009). Glass bead homogenization can be used at both laboratory and 
industry scale, and is effective for use with bacteria, plant and animal cells, yeast, spores, 
and fungi. Grinding with glass beads (on a vortex mixer or blender) creates abrasive and 
shear forces between the cells, the beads, and the reaction chamber itself. Care must be 
taken, however, to avoid excessive viscosity generated by the release of nucleic acids 
(Grabski, 2009; Harrison, 1991). Mechanical methods can be combined with an enzymatic 
method to increase the rate of cell disruption and extraction yield, reduce viscosity, and 
minimize product damage (Grabski, 2009). 

3.2 Extraction buffer composition and volume 

Besides being critical to effective cell disruption, the extraction buffer greatly affects 
subsequent purification steps and the protein’s stability and recovery. An ideal extraction 
buffer promotes fast and efficient binding of the analyte to the immobilized antibodies, and 
will leave proteins in their native conformation (Moser and Hage, 2010; Grabski, 2009). The 
important criteria to consider are pH, ionic strength, buffer to cell pellet ratio, and the use of 
additives. To prevent precipitation, the buffer pH should be one unit above or below the 
isoelectric point of the target protein. An ionic strength of 20-50 mM and the presence of 50-
100 mM sodium chloride will maintain buffering capacity, and will minimize ionic 
interactions in the cytoplasm that might lead to adsorption of target protein to charged 
particulates and its subsequent loss upon centrifugation or filtration (Grabski, 2009). 

Proteolysis, dephosphorylation, and denaturation of protein occur as soon as the host cells 
are lysed. These processes can be slowed down dramatically by keeping the samples on ice 
and adding appropriate enzyme inhibitors to the lysis buffer just before use. For 
convenience, cocktails of different protease and phosphatase inhibitors (Aprotinin, PMSF, 
EDTA...) are commercially available. Other additives that can improve stability of the 
extracted protein include reducing agents to maintain reduced disulfide bonds, detergents 
to increase solubility of hydrophobic proteins, kosmotropes (such as glycerol, trehalose, and 
glycerol) to stabilize intermolecular interactions, and nucleases to reduce sample viscosity. 
However, the potential interference of these additives with downstream purification and 
detection must be considered and evaluated (Grabski, 2009). 

To ensure effective disruption and adequate recovery, the volume of buffer used to resuspend 
cell pellets should be at least three times the volume of the original pellet. This will ensure at 
least 85% recovery of the liquid fraction obtained after removal of insoluble cell debris. A more 
soluble and less viscous protein extract can be obtained by using 5-10 volumes of extraction 
buffer, since highly concentrated extracts are susceptible to aggregation and will decrease 
diffusion rate and capture by the immunoaffinity matrix (Grabski, 2009). 
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from different species, and even for IgG isotypes within the same species. Protein L can only 
bind certain subtypes of kappa light chains (Urh et al., 2009). 

Oriented attachment is also possible via targeting the antibody’s carbohydrate or sulfhydryl 
groups in the Fc fragment. For instance, antibodies can be coupled to the carbohydrate 
moieties found on the Fc, but not the Fab fragment (Ruhn et al., 1994; Nisnevitch and Firer, 
2001). The Fc carbohydrates are first oxidized by incubation with sodium metaperiodate. 
The aldehyde groups that result from this oxidation are then reacted with a hydrazide-
activated matrix (which is commercially available). The alternative is to reduce the disulfide 
bridge that links the two immunoglobulin heavy chains using a mild reducing agent such as 
2-mercaptoethylamine. This leaves the disulfide bridges of the Fabs intact, but results in two 
“half-antibodies” with exposed sulfhydryl groups. The latter are then reacted with an 
iodoacetyl- or maleimide-activated matrix to form a chemically stable immunoadsorbent 
with full antigen-binding capacity (Spitznagel et al., 1993; Mallik et al., 2007). 

3. Sample extraction 
Recombinant protein production permits high-level expression of foreign proteins in hosts 
such as Escherichia coli, Saccharomyces cerevisiae, and Pichia pastoris. Host cells are then 
disrupted and the expressed target protein is released. The choice of the method for cell 
disruption and sample extraction is an empirical process that is highly dependent on the 
uniqueness of the target protein, the different cell types, and the scale of purification. In any 
case, such methods should be rapid and efficient while conserving the target protein’s 
conformation and activity by minimizing proteolysis or oxidation, and reducing or 
preventing unnecessary lysis of the cell nuclei to prevent an increase in viscosity generated 
by the presence of genomic DNA strands (Grabski, 2009).  

3.1 Preparation of cell lysate 

3.1.1 Chemical and enzymatic cell disruption 

These methods are particularly suited for small, laboratory-scale protein purification, and 
employ detergent-based reagents (such as B-PER®, Thermo Scientific and BugBuster®, EMD 
Chemicals) for effective cell disruption. These reagents are very fast and easy to use, do not 
require expensive equipment, and can readily be combined with lytic enzymes and 
nucleases for more efficient cell lysis and protein extraction from bacteria, yeast, plant cells, 
insect cells, and higher eukaryotes (Grabski, 2009). Another class of detergent-based 
reagents (such as B-PER ® Direct, Thermo Scientific) allows for high throughput automative 
processing of samples. Use of these reagents alongside high-activity lysozyme and nuclease 
permits for cell growth, extraction, and purification to take place in a single test tube or well, 
bypassing the need to separate the host cells from the culture media. The active ingredients 
of these reagents are detergents that weaken the host cells for rupture by disrupting cell 
membrane and cell wall structures. Concurrent treatment with lysozyme further breaks 
down cell walls, whereas the use of nucleases limits viscosity. Enzymatic treatments are 
further advantageous because they are gentle, simple, require no specialized 
instrumentation, and do not generate shear, heat, or oxidative damage. However, the 
optimal conditions for lytic enzymes (pH, temperature) may not be compatible with the 
target protein, and the presence of the enzyme in the extract may interfere with downstream 

 
Immunoaffinity Chromatography: A Review 

 

99 

purification and processing. The limited availability and cost of lytic enzymes further curbs 
their use at an industrial scale (Grabski, 2009). 

3.1.2 Mechanical cell disruption 

Mechanical methods of cell disruption are highly effective, rapid, cheap, and thus suited for 
large scale purification. The most popular mechanical disruption methods include 
sonication and high pressure homogenization (Harrison, 1991). These are not suitable for 
small culture volumes (<5 ml) because of inherent excess heat generation and oxidation 
damage (Grabski, 2009). Glass bead homogenization can be used at both laboratory and 
industry scale, and is effective for use with bacteria, plant and animal cells, yeast, spores, 
and fungi. Grinding with glass beads (on a vortex mixer or blender) creates abrasive and 
shear forces between the cells, the beads, and the reaction chamber itself. Care must be 
taken, however, to avoid excessive viscosity generated by the release of nucleic acids 
(Grabski, 2009; Harrison, 1991). Mechanical methods can be combined with an enzymatic 
method to increase the rate of cell disruption and extraction yield, reduce viscosity, and 
minimize product damage (Grabski, 2009). 

3.2 Extraction buffer composition and volume 

Besides being critical to effective cell disruption, the extraction buffer greatly affects 
subsequent purification steps and the protein’s stability and recovery. An ideal extraction 
buffer promotes fast and efficient binding of the analyte to the immobilized antibodies, and 
will leave proteins in their native conformation (Moser and Hage, 2010; Grabski, 2009). The 
important criteria to consider are pH, ionic strength, buffer to cell pellet ratio, and the use of 
additives. To prevent precipitation, the buffer pH should be one unit above or below the 
isoelectric point of the target protein. An ionic strength of 20-50 mM and the presence of 50-
100 mM sodium chloride will maintain buffering capacity, and will minimize ionic 
interactions in the cytoplasm that might lead to adsorption of target protein to charged 
particulates and its subsequent loss upon centrifugation or filtration (Grabski, 2009). 

Proteolysis, dephosphorylation, and denaturation of protein occur as soon as the host cells 
are lysed. These processes can be slowed down dramatically by keeping the samples on ice 
and adding appropriate enzyme inhibitors to the lysis buffer just before use. For 
convenience, cocktails of different protease and phosphatase inhibitors (Aprotinin, PMSF, 
EDTA...) are commercially available. Other additives that can improve stability of the 
extracted protein include reducing agents to maintain reduced disulfide bonds, detergents 
to increase solubility of hydrophobic proteins, kosmotropes (such as glycerol, trehalose, and 
glycerol) to stabilize intermolecular interactions, and nucleases to reduce sample viscosity. 
However, the potential interference of these additives with downstream purification and 
detection must be considered and evaluated (Grabski, 2009). 

To ensure effective disruption and adequate recovery, the volume of buffer used to resuspend 
cell pellets should be at least three times the volume of the original pellet. This will ensure at 
least 85% recovery of the liquid fraction obtained after removal of insoluble cell debris. A more 
soluble and less viscous protein extract can be obtained by using 5-10 volumes of extraction 
buffer, since highly concentrated extracts are susceptible to aggregation and will decrease 
diffusion rate and capture by the immunoaffinity matrix (Grabski, 2009). 
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3.3 Pre-clearing of lysate 

To remove proteins that bind nonspecifically to the affinity matrix, the extract can be pre-
incubated with the support matrix, or pre-cleared by incubation with an irrelevant antibody 
of the same species or with normal serum. This pre-clearing step will result in a lower 
background and an improved signal-to-noise ratio (Harlow and Lane, 1999c).  

3.4 Removal of extraneous matter 

Ahead of purification, particulate matter and contaminants must be removed from the 
extract by centrifugation and/or filtration, in order to avoid clogging of the 
chromatographic column. It may also be necessary to perform a desalting and buffer 
exchange step in order to transfer the sample to the correct buffer conditions (pH and salt 
concentration), and to remove unwanted small molecules. If the sample is reasonably clean 
after centrifugation, this last step can be omitted and replaced with a mere adjustment of the 
sample pH and ionic strength to that of the application buffer (Harlow and Lane, 1999c). 
Finally, if the sample extract represents a diluted protein solution, concentration of the 
sample before purification may be necessary to enhance the probability of quantitative 
recovery of the target molecule. 

4. Sample adsorption 
Because the antibody is bound to a solid phase, adsorption conditions should maximize 
antigen-antibody interaction (Harlow and Lane, 1999c). The efficiency of binding is 
related to the strength and the kinetics of this interaction, which in turn depend on the 
amount of immobilized antibody, the concentration of applied target, and the flow rate 
used for binding (Grabski, 2009). Binding can be performed in column or batch format 
(where the sample extract serves to keep the gel beads in suspension). The former allows 
for adjustment of flow rates, and therefore for extending the time of antigen-antibody 
interaction. Generally, a higher flow rate will reduce the binding efficiency, especially 
when the antibody-target interaction is weak, and/or the mass-transfer rate in the column 
is slow. In batch purification, the resin and sample are constantly mixed, thus promoting a 
maximum contact between the target and immobilized antibody. It often saves time, 
especially when dealing with large sample volumes, but requires optimisation of the 
amount of resin used. Because excess resin can result in an increase in nonspecific 
binding, as well as reduced target recovery due to readsorption during the elution step, it 
is preferable to saturate the resin with bound target (Harlow and Lane, 1999c; Grabski, 
2009). 

Optimal binding between antibodies and their targets typically occurs under physiological 
conditions, so the application buffer used in IAC is of neutral pH (7.0-7.4). This promotes 
fast and efficient binding of the desired analyte to the immobilized antibodies, with 
equilibrium constants for antibody binding ranging between 106 and 1012 M-1 (Moser and 
Hage, 2010). 

Following binding, protein bound by nonspecific interactions is removed by washing. 
Increasing salt (0.1–0.5 M) or changing pH values will reduce ionic interactions, while 
decreasing salt, altering pH, or adding surfactants (such as Triton X-100) will remove 
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proteins bound by nonspecific hydrophobic interactions. Contaminants with weak affinity 
to the ligand or to the support matrix itself can be removed by application of low amounts 
of competitive reagents. It is crucial to determine the appropriate flow rate and volume (e.g., 
5–10 column bed volumes) of the wash buffer that will maximally remove contaminants 
while minimizing loss of target (Grabski, 2009; Harlow and Lane, 1999c). 

5. Sample desorption 
Elution of the antigen, often viewed as the most delicate step of an IAC protocol, should 
ideally be carried out in a way that keeps the antibody on the immunoadsorbent intact and 
maintains antigen activity (e.g. enzymatic or hormonal activity), if present, while still 
allowing later regeneration of the column (Firer, 2001). This is especially important if the 
column is to be used for a large number of samples. The sample can always be desorbed 
from the antibody because the four forces that stabilize the antigen-antibody complex (ionic, 
hydrogen bonding, van der Waals interactions, and hydrophobic bonds) are all reversible. 
Thus, the antigen-antibody complex can be destabilized by counteracting the forces at work 
in a particular antibody-epitope interaction. Desorption is thus essentially the reverse 
process of binding, where conditions are optimized to weaken the antibody-target 
interaction. Unfortunately, there is no way to figure out a priori what will be an effective 
eluent from a particular immunoadsorbent; this can only be determined empirically. The 
elution method of choice is often the use of low pH (2.0-2.5) which disrupts both ionic and 
hydrogen bonds between antigen and antibody (Narhi et al., 1997). If that procedure is not 
effective, the next best choice may be to resort to a commercially available eluent such as 
Gentle Elution Buffer (Thermo Scientific), the composition of which is proprietary and is 
reported to destabilize the antigen-antibody complex without damaging either partner of 
the complex. This solution contains very high concentrations of salts and other agents and 
requires thorough dialysis of the sample prior to downstream processing. 

Denaturing agents (8 M urea or 6 M guanidinium hydrochloride) affect elution by 
promoting protein unfolding, while chaotropic salts (3 M sodium thiocyanate, magnesium 
chloride) disrupt the water molecules around the affinity interaction (Singh et al., 2003). 
Both methods, however, can disrupt protein structure and damage labile proteins, resulting 
in very low yields of active, purified protein. They may also decrease the lifetime of the 
antibody column (Burgess and Thompson, 2002). 

The ultimate eluent is probably SDS denaturation of the antibody-antigen complex. While 
this may seem excessively harsh, it makes the antigen available for SDS-PAGE and 
ultimately for mass spectrometric analysis and de novo protein sequence determination. It 
may therefore be worth sacrificing some antibody (and antigen) in a single use procedure, if 
it allows one, for instance, to determine with certainty the molecule that a new monoclonal 
antibody recognizes. 

Elution can also be performed in a specific way, by using a displacer agent which will 
compete with the target protein for binding to the immobilized antibody (Fitzgerald et al., 
2011). For example, proteins containing a hemagglutinin (HA) tag can be purified on an 
anti-HA column, and eluted with an excess of HA. While this elution method is 
advantageous because of its specificity and mild conditions, the dissociation will ultimately 
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3.3 Pre-clearing of lysate 

To remove proteins that bind nonspecifically to the affinity matrix, the extract can be pre-
incubated with the support matrix, or pre-cleared by incubation with an irrelevant antibody 
of the same species or with normal serum. This pre-clearing step will result in a lower 
background and an improved signal-to-noise ratio (Harlow and Lane, 1999c).  

3.4 Removal of extraneous matter 

Ahead of purification, particulate matter and contaminants must be removed from the 
extract by centrifugation and/or filtration, in order to avoid clogging of the 
chromatographic column. It may also be necessary to perform a desalting and buffer 
exchange step in order to transfer the sample to the correct buffer conditions (pH and salt 
concentration), and to remove unwanted small molecules. If the sample is reasonably clean 
after centrifugation, this last step can be omitted and replaced with a mere adjustment of the 
sample pH and ionic strength to that of the application buffer (Harlow and Lane, 1999c). 
Finally, if the sample extract represents a diluted protein solution, concentration of the 
sample before purification may be necessary to enhance the probability of quantitative 
recovery of the target molecule. 

4. Sample adsorption 
Because the antibody is bound to a solid phase, adsorption conditions should maximize 
antigen-antibody interaction (Harlow and Lane, 1999c). The efficiency of binding is 
related to the strength and the kinetics of this interaction, which in turn depend on the 
amount of immobilized antibody, the concentration of applied target, and the flow rate 
used for binding (Grabski, 2009). Binding can be performed in column or batch format 
(where the sample extract serves to keep the gel beads in suspension). The former allows 
for adjustment of flow rates, and therefore for extending the time of antigen-antibody 
interaction. Generally, a higher flow rate will reduce the binding efficiency, especially 
when the antibody-target interaction is weak, and/or the mass-transfer rate in the column 
is slow. In batch purification, the resin and sample are constantly mixed, thus promoting a 
maximum contact between the target and immobilized antibody. It often saves time, 
especially when dealing with large sample volumes, but requires optimisation of the 
amount of resin used. Because excess resin can result in an increase in nonspecific 
binding, as well as reduced target recovery due to readsorption during the elution step, it 
is preferable to saturate the resin with bound target (Harlow and Lane, 1999c; Grabski, 
2009). 

Optimal binding between antibodies and their targets typically occurs under physiological 
conditions, so the application buffer used in IAC is of neutral pH (7.0-7.4). This promotes 
fast and efficient binding of the desired analyte to the immobilized antibodies, with 
equilibrium constants for antibody binding ranging between 106 and 1012 M-1 (Moser and 
Hage, 2010). 

Following binding, protein bound by nonspecific interactions is removed by washing. 
Increasing salt (0.1–0.5 M) or changing pH values will reduce ionic interactions, while 
decreasing salt, altering pH, or adding surfactants (such as Triton X-100) will remove 
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proteins bound by nonspecific hydrophobic interactions. Contaminants with weak affinity 
to the ligand or to the support matrix itself can be removed by application of low amounts 
of competitive reagents. It is crucial to determine the appropriate flow rate and volume (e.g., 
5–10 column bed volumes) of the wash buffer that will maximally remove contaminants 
while minimizing loss of target (Grabski, 2009; Harlow and Lane, 1999c). 

5. Sample desorption 
Elution of the antigen, often viewed as the most delicate step of an IAC protocol, should 
ideally be carried out in a way that keeps the antibody on the immunoadsorbent intact and 
maintains antigen activity (e.g. enzymatic or hormonal activity), if present, while still 
allowing later regeneration of the column (Firer, 2001). This is especially important if the 
column is to be used for a large number of samples. The sample can always be desorbed 
from the antibody because the four forces that stabilize the antigen-antibody complex (ionic, 
hydrogen bonding, van der Waals interactions, and hydrophobic bonds) are all reversible. 
Thus, the antigen-antibody complex can be destabilized by counteracting the forces at work 
in a particular antibody-epitope interaction. Desorption is thus essentially the reverse 
process of binding, where conditions are optimized to weaken the antibody-target 
interaction. Unfortunately, there is no way to figure out a priori what will be an effective 
eluent from a particular immunoadsorbent; this can only be determined empirically. The 
elution method of choice is often the use of low pH (2.0-2.5) which disrupts both ionic and 
hydrogen bonds between antigen and antibody (Narhi et al., 1997). If that procedure is not 
effective, the next best choice may be to resort to a commercially available eluent such as 
Gentle Elution Buffer (Thermo Scientific), the composition of which is proprietary and is 
reported to destabilize the antigen-antibody complex without damaging either partner of 
the complex. This solution contains very high concentrations of salts and other agents and 
requires thorough dialysis of the sample prior to downstream processing. 

Denaturing agents (8 M urea or 6 M guanidinium hydrochloride) affect elution by 
promoting protein unfolding, while chaotropic salts (3 M sodium thiocyanate, magnesium 
chloride) disrupt the water molecules around the affinity interaction (Singh et al., 2003). 
Both methods, however, can disrupt protein structure and damage labile proteins, resulting 
in very low yields of active, purified protein. They may also decrease the lifetime of the 
antibody column (Burgess and Thompson, 2002). 

The ultimate eluent is probably SDS denaturation of the antibody-antigen complex. While 
this may seem excessively harsh, it makes the antigen available for SDS-PAGE and 
ultimately for mass spectrometric analysis and de novo protein sequence determination. It 
may therefore be worth sacrificing some antibody (and antigen) in a single use procedure, if 
it allows one, for instance, to determine with certainty the molecule that a new monoclonal 
antibody recognizes. 

Elution can also be performed in a specific way, by using a displacer agent which will 
compete with the target protein for binding to the immobilized antibody (Fitzgerald et al., 
2011). For example, proteins containing a hemagglutinin (HA) tag can be purified on an 
anti-HA column, and eluted with an excess of HA. While this elution method is 
advantageous because of its specificity and mild conditions, the dissociation will ultimately 



 
Affinity Chromatography 

 

102 

depend on the affinity of antibody-target interaction. Also, large molar excesses of the 
competitor are required, elution is slow and results in broad elution peaks (Urh et al., 2009). 

Following elution, the column should always be washed with the application buffer to allow 
for regeneration of the antibodies before another sample application (Urh et al., 2009). 

6. Applications 
Immunoaffinity chromatography is a versatile, powerful purification method based on well-
characterized antibody-target interactions, making it amenable for use in many applications, 
including sample cleanup, and clinical and diagnostic assays for drugs, toxins, and 
biomarkers. The power of IAC can also be harnessed for use in immunoassays, including 
sandwich, competitive, and non-competitive binding assays. IAC has also been coupled 
with other methods such as HPLC, gas chromatography, mass spectrometry (MS), and 
capillary electrophoresis (CE). In the classic IAC on/off mode (where the analyte is bound to 
the column, impurities are washed away, and the analyte is then eluted off the column), IAC 
is commonly used for the selective purification of target compounds (proteins, 
glycoproteins, carbohydrates, lipids, bacteria, viral particles, drugs) from complex samples. 
(Weller, 2000; Gallant, 2004). Moreover, if a suitable detector (UV/visible absorbance, 
fluorescence) is placed after the column, direct detection of the analyte will be possible, 
provided the analyte is present at a relatively high concentration and is eluted in a sharp, 
well-defined peak that allows a good detection limit (Moser & Hage, 2010). 

IAC methods are extensively used for sample clean-up prior to analysis of foods for 
mycotoxins, veterinary drug residues, pesticides, and environmental contaminants 
(Şenyuva & Gilbert, 2010). Undesirable components are removed from the sample, 
preceding the analysis by a second analytical method such as HPLC. This method has been 
used in the analysis of urine, food, water and soil extracts. A related method, 
immunodepletion, is used in proteomics for highly selective depletion of multiple high-
abundance proteins, prior to analysis of minor sample components. 

In recent years, IAC has been integrated with other analytical methods such as CE and MS. 
CE immunoassays (where antibodies are immobilized in CE capillaries) are utilized because 
they are easily automated, require small amounts of sample and reagents and still maintain 
a good detection limit, and offer relatively fast separation (Moser & Hage, 2008; Phillips and 
Wellner, 2007). 

7. Conclusion 
There are various methods of enriching or purifying a protein of interest from a complex 
mixture of other proteins and components. Immunoaffinity chromatography is the most 
powerful and versatile of these methods, an advantage bestowed by the specific binding 
properties between an immobilized antibody and its target. A single pass through an 
immunoaffinity column can achieve a 1,000- to 10,000-fold purification of a target from a 
crude mixture. Before planning an immunoaffinity purification procedure, and assuming an 
appropriate immobilized antibody is available, one needs to consider the following: (1) the 
sample source, which will dictate the necessary sample extraction conditions and pre-
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treatment; (2) the scale of purification required; (3) the purity required for the final 
application; and (4) the economic feasibility, including time and expense. 
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1. Introduction 
Edwin J. Cohn et al. developed cold ethanol fractionation for isolating different blood 
plasma fractions on an industrial scale during the first half of the last century. The 
fractionation process uses different solubility of plasma proteins by varying the pH, ethanol 
concentration, temperature, ionic strength and protein concentration (Cohn et al., 1946). 
Initially, the main reason for developing plasma fractionation on a large scale was for 
purification of albumin. Albumin is used for treating shock, hypoproteinemia (Janeway et 
al., 1944), acute or chronic nephritis (Thorn & Armstrong, 1945) and hepatic cirrhosis (Thorn 
et al., 1946) as well as other disorders.  

Colonel Bruton was the first to use polyclonal immunoglobulin G (IgG) as a treatment 
(Bruton, 1952). During his work at the Walter Reed Army Hospital in 1952, he used IgG to 
successfully cure a young boy who had recurrent sepsis. Bruton discovered that the -
globulin content in blood plasma can be enhanced by monthly subcutaneous (SC) injection 
of immune human serum globulin. Subsequently, immunoglobulin administration became 
the standard treatment for patients with hypogammaglobulinemia.  

In the late 1970s, intravenous (IV) administration of IgG became the method of choice 
because the large volumes of the immunoglobulin product that are necessary for providing 
the physiologic levels of IgG for the effective treatment of various diseases such as primary 
immune deficiencies (PID), immune (idiopathic) thrombocytopenic purpura (ITP) or 
Kawasaki syndrome can be applied by this route (Weiler, 2004). New purification 
techniques were established to produce IVIG (intravenously administrable immunoglobulin 
G) preparations which would not give rise to the adverse effects such as fever, headache, 
arthralgia, serum sickness, aseptic meningitis, myocardial infarction and thromboembolic 
events typically seen after IV administration of immunoglobulin products intended for the 
intramuscular or subcutaneous route of administration.  

Chromatography for protein purification on an industrial scale was developed 
supplementary to the use of different precipitating agents (e.g. polyethylene glycol (PEG) 
(Polson et al., 1964)) or batch-adsorption on DEAE Sephadex (Hoppe et al., 1967), starting 
from plasma itself or intermediates derived from Cohn’s, Oncley’s or Kistler & 
Nitschmann’s processes (Falksveden & Lundblad, 1980, Hoppe et al., 1967, Kistler & 
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Nitschmann, 1962, Oncley et al., 1949, Suomela, 1980). Later, caprylic acid precipitation 
(Audran & Pejaudier, 1975, Steinbruch & Audran, 1969) was used for the purification of IgG. 
Further processes were developed which combined some of these methods. The resulting 
products were of high quality containing functionally intact IgG that showed a similar 
subclass distribution to that of plasma (Ballow, 2002). Suomela as well as Falksveden and 
Lundblad presented ion exchange chromatographic processes for the isolation of IgG in the 
book “The methods of plasma protein fractionation” edited by Curling. While Falksveden 
used PEG as a precipitation agent and in addition a combination of cation and anion 
exchange chromatography, Suomela added a Lysine Sepharose affinity chromatographic 
step after ion exchange chromatography to remove proteolytic activities, thus enhancing the 
quality of the final preparation (Falksveden & Lundblad, 1980, Suomela, 1980). Travis et al. 
described the advantages of removing albumin by mimetic dye affinity chromatography 
prior to fractionation in different fractionation schemes (Travis et al., 1976). Later Gianazza 
and Arnaud developed a method for purifying plasma proteins, which included the use of 
Cibacron Blue Sepharose affinity chromatography resin. They studied the behavior of 27 
different plasma proteins and suggested affinity chromatography as a useful initial step in 
plasma fractionation (Gianazza & Arnaud, 1982). 

Since the early nineteen seventies, affinity chromatography has been investigated for its use 
in the purification of many biomolecules. The hurdles which need to be overcome were 
already identified in the nineteen seventies: Ligand leaching, low capacity and harsh elution 
conditions (Travis et al., 1976). On the other hand, this method had and still has the 
advantages of a several thousand-fold enrichment of the target protein out of large volumes 
of crude starting materials, combined with high recoveries as well as the targeted separation 
of active and inactive material of denatured or functionally different forms. Roque et al. 
(Roque et al., 2007) and Low et al. (Low et al., 2007) have written excellent reviews of the 
development of affinity ligands used for antibody purification from biological to 
bioengineered or fully synthetic ligands.  

Affinity chromatography has become the method of choice for the purification of 
monoclonal antibodies (Kelley, 2007, Kelley et al., 2009, Low et al., 2007), while the 
purification procedures for polyclonal plasma-derived antibodies traditionally incorporate 
precipitation steps combined with ion exchange chromatography. 

In this chapter we describe the potential advantages and draw-backs of affinity 
chromatography for capturing IgG from clarified crude polyclonal IgG fractions of human 
plasma. IgSelect affinity media and Protein G Sepharose 4 Fast Flow (FF), both from GE 
Healthcare, were investigated for this purpose. Cohn fraction II+III paste, which mainly 
consists of -, - and -globulin (Cohn et al., 1944), was used as the starting material. Ideally 
the process involves the clarification of dissolved II+III paste by filtration and a one-step 
affinity chromatography process leading to an intravenously administrable IgG. A reduction 
in the complexity of the manufacturing should also lead to an improved IgG yield, which 
would increase the market supply needed for new indications like neurological disorders 
(e.g. Alzheimer’s disease (Relkin et al., 2009)). 

2. Affinity chromatography resins for polyclonal human IgG capture 
Most commercially available affinity chromatography resins are protein A based. Hahn and 
coworkers (Hahn et al., 2003, Hahn et al., 2005, Hahn et al., 2006) did a comprehensive study 
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of 15 currently available protein A affinity media, including investigating their mass transfer 
characteristics and selectivity. The 3 resins that came out with the top dynamic binding 
capacities (DBC) at low residence times were MabSelect Xtra ™, MabSelect SuRe™, both 
from GE Healthcare, and ProSep®-vA Ultra from Millipore, all with a DBC at 10% of about 
40 mg/mL IgG at a residence time of 4 minutes. The residence time (e.g. in minutes) is the 
bed height divided by the linear flow rate (e.g. expressed in cm bed height per minute). It is 
preferable that the target protein binds at lower residence times, because manufacturing 
productivity is increased. Although the residence times and capacities of these protein A 
resins are better than those of first generation protein A resins like Protein A Sepharose 4 
Fast Flow (GE Healthcare), the capacities of cation exchange resins used in large scale IgG 
capturing of about 150 mg/mL at a DBC of 10% (data not shown) are still superior. Protein 
A, a bacterial surface protein isolated from Staphylococcus aureus, interacts with the Fc 
(Fragment, crystallizable) part of the antibody. The Fc region is the tail of the antibody 
interacting with cell surface receptors and complement proteins to modulate the immune 
system. Even though the Fc part is regarded as constant across IgGs, not all IgG subclasses 
have identical Fc parts. This is the reason why protein A ligands have only low affinity to 
IgG3. Protein-A-based media are not suitable for polyclonal IgG purification because the 
European Pharmacopoeia requires IgG preparations to have a subclass distribution similar 
to that found in human plasma (Morell et al., 1972, Schauer et al., 2003).  

The remaining candidates suitable for large scale manufacturing were found to be the 
bacterial surface protein G and a novel camelid-antibody-based ligand from BAC company. 

A 17-kDa recombinant protein G fragment manufactured in an E. coli where the albumin 
binding region of native protein G has been genetically deleted is used as a ligand for 
protein G affinity resins. Compared with protein A, which has only weak affinity to IgG3, 
the protein G fragment has a high binding affinity to all human IgG subclasses, including 
IgG3 (GE Healthcare, 2007b). Therefore the experiments described below were performed 
with Protein G Sepharose 4 Fast Flow, which has a capacity of 17 mg/mL at 7 min residence 
time according to the claim of the manufacturer. This resin is an example of a protein G 
resin belonging to the BioProcess Media which GE Healthcare (Björkgatan 30, 75109 
Uppsala, Sweden) offers for industrial scale purification processes. 

IgSelect is a new affinity resin, also manufactured by GE Healthcare, which uses technology 
from BAC (BAC B.V. Huizerstraatweg 28, 1411 GP Naarden, The Netherlands). According 
to BAC their CaptureSelect® ligands offer a unique affinity purification solution based on 
camelid-derived single domain antibody fragments. These small 14-kDa affinity ligands, 
which are produced in Saccharomyces cerevisiae, can be used as a platform solution for any 
biopharmaceutical purification challenge and, also according to BAC, have been proven in 
many applications to result in a high yield and purity of the biopharmaceutical as well as 
fewer purification steps than needed in conventional chromatography methods. All these 
factors affect the cost of the biopharmaceutical products. In addition, CaptureSelect ligands 
can be tailored to guarantee mild elution conditions, thereby maintaining the native state of 
the biopharmaceutical molecule of interest. The ligand is coupled to the matrix (cross-linked 
high flow agarose) by a long hydrophilic spacer (GE Healthcare, 2007a, GE Healthcare, 2007b). 

According to BAC and GE Healthcare the resin has the following benefits: 
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 Binds to all subclasses of human IgG 
 Rigid base matrix to allow high flow rates 
 Animal-free production, generally recognized by authorities as safe (GRAS status) 
 Mild elution conditions 
 Capacity: 17 mg/mL at 2.4 min residence time 

Low et al. (Low et al., 2007) emphasized in their review that CaptureSelect was the only 
ligand which showed a selectivity comparable to protein A and that it has the advantage of 
a higher elution pH than other resins that had been investigated such as protein-A-based 
resin (MabSelect®, GE Healthcare) and the synthetic ligands based on mimetic dye resin 
(Mabsorbent® A1P and A2P, Prometic Biosciences). Because of the advantages reported, we 
also selected this resin for capturing IgG from clarified dissolved Cohn fraction II+III paste. 

3. Description of the IgG purification process  
The Cohn separation methods result in five main precipitates. Fraction I, which mainly 
consists of fibrinogen, is obtained from either plasma or cryosupernatant after separation of 
cryoprecipitate or after additional adsorption of blood coagulation factors and inhibitors (as, 
for example, described for the Baxter product KIOVIG/Gammagard Liquid), adding 8% 
alcohol and adjusting the temperature to approximately –2°C. Fraction II, which mainly 
consists of IgG, is purified from fractionation II+III paste generated by separating raw 
immunoglobulin and raw albumin. Fraction III is a waste fraction containing, for example, 
lipid-bearing β-globulins and IgA. Fraction IV, which consists of α-globulins, can also be 
obtained in two steps: Fraction IV-1 enriched with α-1 antitrypsin, and fraction IV-4, which 
is used for further purification of transferrin or, most recently, butyrylcholinesterase (Weber 
et al., 2011). Fraction V is mainly composed of albumin. 
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Fig. 1. Cold ethanol fractionation scheme from cryo-supernatant to fraction II+III 

As the production of fraction III by the Cohn method leads to a considerable yield loss in the 
range of 20% (Buchacher & Iberer, 2006), most modern immunoglobulin purification 
methods that use plasma start with II+III paste and apply chromatographic purification 
methods after resuspending the paste and clarifying the suspension by filtration or 
centrifugation.  
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We selected the II+III paste for IgG purification with affinity resins to compare yield and 
purity with final containers manufactured with conventional ion exchange chromatography, 
and also to avoid influencing the albumin and -1 antitrypsin purification. This is of 
particular importance as regulatory authorities can require expensive and time-consuming 
clinical studies before they accept changes in manufacturing schemes. 

Prevention of virus transmission has been a key aspect in the development of intravenous 
products as a large number of blood donations are required to produce a single 
immunoglobulin lot out of human plasma. In addition to donor selection and plasma 
testing, virus removal or inactivation steps during the manufacturing process are critical for 
assuring the safety of the product. Solvent-detergent (S/D) treatment, which works by 
irreversible destruction of the lipid envelope of viruses and is otherwise very gentle on 
sensitive proteins, is the most reliable and acceptable method for inactivating lipid-
enveloped viruses. The concentrations of S/D reagents are low, typically 0.3% Tri-n-Butyl 
Phosphat (TnBP) and 1% detergent. Non-ionic detergents such as Tween 80 or Triton X-100 
are preferred as they are easier to remove in subsequent chromatography steps. Because of 
these advantages of the S/D treatment, we subjected dissolved and filtered II+III paste to 
this virus inactivation step before affinity chromatography. The conditions used for the 
affinity chromatography are summarized below. 

IgSelect affinity resin:  

 Equilibration and washing: 20 mM NaH2PO4 + 150 mM NaCl, pH 7.4 
 Loading: 17.4 mS/cm, ~ 10 g IgG/mL resin, pH 7.4 
 Elution: 250 mM glycine, pH 4.0 

Protein G Sepharose FF:  

 Equilibration and washing: 20 mM NaH2PO4, pH 7.0 
 Loading: 5.15 mS/cm, ~ 10 g IgG/mL resin, pH 7.0 
 Elution: 100 mM glycine, pH 3.5 
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 Binds to all subclasses of human IgG 
 Rigid base matrix to allow high flow rates 
 Animal-free production, generally recognized by authorities as safe (GRAS status) 
 Mild elution conditions 
 Capacity: 17 mg/mL at 2.4 min residence time 
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alcohol and adjusting the temperature to approximately –2°C. Fraction II, which mainly 
consists of IgG, is purified from fractionation II+III paste generated by separating raw 
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As the production of fraction III by the Cohn method leads to a considerable yield loss in the 
range of 20% (Buchacher & Iberer, 2006), most modern immunoglobulin purification 
methods that use plasma start with II+III paste and apply chromatographic purification 
methods after resuspending the paste and clarifying the suspension by filtration or 
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assuring the safety of the product. Solvent-detergent (S/D) treatment, which works by 
irreversible destruction of the lipid envelope of viruses and is otherwise very gentle on 
sensitive proteins, is the most reliable and acceptable method for inactivating lipid-
enveloped viruses. The concentrations of S/D reagents are low, typically 0.3% Tri-n-Butyl 
Phosphat (TnBP) and 1% detergent. Non-ionic detergents such as Tween 80 or Triton X-100 
are preferred as they are easier to remove in subsequent chromatography steps. Because of 
these advantages of the S/D treatment, we subjected dissolved and filtered II+III paste to 
this virus inactivation step before affinity chromatography. The conditions used for the 
affinity chromatography are summarized below. 
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 Loading: 17.4 mS/cm, ~ 10 g IgG/mL resin, pH 7.4 
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After affinity chromatography the eluate was concentrated and diafiltered against 250 mM 
glycine leading to a final bulk with 100 mg/mL protein at pH 4.4 to 4.9, similar to the 
commercially available IGIV product Gammagard Liquid/KIOVIG. An in-depth final 
container characterization was performed after sterile filtration and the results compared 
with Gammagard Liquid / KIOVIG specifications (see Table 1). 
 

Measure 
Method 

Unit 
IgSelect Protein G 

Specifications 
Gammagard 

Liquid 
IgG recovery 

in eluate 
% of Cohn pool 78 85 - 

CAE % -globulin 98.6 99 ≥ 98 
Molecular 

size 
distribution 

Aggregates 
(>450 kDa) [%] 

1.0 1.9 ≤ 2 

Monomer/Dimers 
(160 – 320 kDa) [%]

99.0 98.0 ≥ 95 

IgG subclass % IgG1/2/3/4 58.4/37.1/0.6/3.9 65.8/31.0/8.7/3.5 - 
Amidolytic 

Activity 
nmol/mL min < 10 < 10 < 10 

PKA IU/mL < 4 8.2 < 10 
ACA % 48.2 fixed all 

complement 
< 50 

IgA mg/mL 
(at 10% protein) 

0.7 1.0 ≤ 0.14 

Ligand µg/mL 
(at 10% protein) 

1.45 1.76 - 

Table 1. Final container comparison of IgSelect affinity resin and protein G affinity resin 
versus the Gammagard Liquid product specifications (red = unfavorable results) 

Both resins showed promising IgG recoveries of greater than 75% in the eluate. Purity (-
globulin content), as measured by cellulose acetate electrophoresis (CAE) which has for 
decades commonly been used to determine the protein composition in plasma fractions 
(Kawai, 1973, Putnam, 1975),met Gammagard Liquid specifications. The IgG subclass 
distribution of the final container produced with IgSelect resin had an unusually low IgG3 
content, notwithstanding GE Healthcare’s claim that IgSelect will bind all human IgG 
subclasses. Zandian & Jungbauer also used polyclonal IgG for their IgSelect evaluation but 
did not scrutinize the IgG subclass selectivity (Zandian & Jungbauer, 2009). In contrast to 
IgSelect, we found that final containers produced with Protein G Sepharose FF showed an 
IgG subclass distribution similar to the normal IgG subclass distribution in human blood 
plasma, as expected (Morell et al., 1972, Schauer et al., 2003). 

Amidolytic activity was below the detection limit for both final containers. Amidolytic 
activity is a sum criterion, where the consumption of the chromogenic substrate PL-1 (D-
norleucyl-L-lysin-p-nitroanilide-dihydochloride) is photometrically determined. 
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The Protein G Sepharose FF process resulted in a higher prekallikrein activator activity 
(PKA) than IgSelect (8.2 IU/mL compared with < 4 IU/mL), but it was still within the 
specifications for Gammagard Liquid (< 10 IU/mL) and the European Pharmacopoeia’s 
specifications for IGIV (< 35 IU/mL). The prekallikrein activator activity in the sample 
tested forms kallikrein out of purified prekallikrein. The kallikrein activity converts the 
chromogenic substrate Pk-1 (D-α-aminobutanoic acid-L-cyclohexyl alanyl-L-arginin-p-
nitroanilin-diacetate) into p-nitroanilin (pNA), which is measured photometrically.  

The IgSelect final container complied with the European Pharmacopoeia specifications for 
anticomplementary activity (ACA), which is a measure of the non-specific consumption of 
complement by the immunoglobulin preparation (< 50%). By contrast, the final container 
obtained with protein G consumed all complement. All 3 activities measured are criteria to 
assess the tolerability of these potential immunoglobulin products. 

Neither of the chromatography affinity methods were able to reach the high purity 
standards of Gammagard Liquid with respect to IgA content (≤ 0.14 mg/mL IgA). 
Additional chromatographic purification steps would be required to reach Gammagard 
Liquid specifications. 

One of the main disadvantages of both affinity resins was the ligand leaching. As much as 
1.45 µg/mL and 1.76 µg/mL ligand were detected in the final container concentrated to a 
10% protein solution for IgSelect and protein G, respectively. Considering a dose of the 
polyclonal plasma IgG of 1.0 g/kg (10 mL) body weight, a patient (75 kg) would receive 1.45 
µg/mL * 75 * 10 mL = 1087.5 µg. Compared with monoclonal antibodies which are given at 
a much lower dose, the high ligand content of the polyclonal preparation might lead to 
unpredictable long-term side effects. 

4. Reusability of IgSelect and protein G Sepharose FF 
We performed a reusability study to test the stability of the resins. A fresh IgSelect resin was 
packed into the column with a final bed height of 15 cm. The flow-through was collected in 
fractions after equilibration and loading with a protein solution to reach a final IgG load of 
approximately 25 mg IgG/mL resin. The resin was then washed with 30 column volumes of 
washing buffer, eluted with three column volumes of elution buffer and cleaned with three 
column volumes of phosphoric acid, acetic acid and butyl alcohol (PAB) (Millipore, 2011) 
solution. Finally, after a hold time of 24 min, another three column volumes of PAB solution 
and five column volumes of 1 M NaCl were applied. After the first break-through curve 
(BTC), consecutive serial runs and cleaning cycles were performed without any fractions 
being collected. S/D-treated loading material was used throughout this study (for break-
through and serial runs). Furthermore, a filter with a pore size of 15 µm was used as a 
column guard. 

Fig. 3 compares the break-through curves (BTC 1 to 3) performed with fresh resin and with 
resins after 90 and 180 runs and cleaning cycles. The dynamic binding capacity (DBC) at 1% 
IgG loss decreased after 90 runs and cleaning steps from 16.5 mg to 12.5 mg IgG/mL resin. 
During these cycles a pressure rise was observed even though only S/D treated loading 
solutions were used. The pressure rise indicated fouling of the chromatographic media and 
showed that the recommended PAB cleaning was an insufficient cleaning step for the 
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After affinity chromatography the eluate was concentrated and diafiltered against 250 mM 
glycine leading to a final bulk with 100 mg/mL protein at pH 4.4 to 4.9, similar to the 
commercially available IGIV product Gammagard Liquid/KIOVIG. An in-depth final 
container characterization was performed after sterile filtration and the results compared 
with Gammagard Liquid / KIOVIG specifications (see Table 1). 
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versus the Gammagard Liquid product specifications (red = unfavorable results) 
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decades commonly been used to determine the protein composition in plasma fractions 
(Kawai, 1973, Putnam, 1975),met Gammagard Liquid specifications. The IgG subclass 
distribution of the final container produced with IgSelect resin had an unusually low IgG3 
content, notwithstanding GE Healthcare’s claim that IgSelect will bind all human IgG 
subclasses. Zandian & Jungbauer also used polyclonal IgG for their IgSelect evaluation but 
did not scrutinize the IgG subclass selectivity (Zandian & Jungbauer, 2009). In contrast to 
IgSelect, we found that final containers produced with Protein G Sepharose FF showed an 
IgG subclass distribution similar to the normal IgG subclass distribution in human blood 
plasma, as expected (Morell et al., 1972, Schauer et al., 2003). 

Amidolytic activity was below the detection limit for both final containers. Amidolytic 
activity is a sum criterion, where the consumption of the chromogenic substrate PL-1 (D-
norleucyl-L-lysin-p-nitroanilide-dihydochloride) is photometrically determined. 
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The Protein G Sepharose FF process resulted in a higher prekallikrein activator activity 
(PKA) than IgSelect (8.2 IU/mL compared with < 4 IU/mL), but it was still within the 
specifications for Gammagard Liquid (< 10 IU/mL) and the European Pharmacopoeia’s 
specifications for IGIV (< 35 IU/mL). The prekallikrein activator activity in the sample 
tested forms kallikrein out of purified prekallikrein. The kallikrein activity converts the 
chromogenic substrate Pk-1 (D-α-aminobutanoic acid-L-cyclohexyl alanyl-L-arginin-p-
nitroanilin-diacetate) into p-nitroanilin (pNA), which is measured photometrically.  

The IgSelect final container complied with the European Pharmacopoeia specifications for 
anticomplementary activity (ACA), which is a measure of the non-specific consumption of 
complement by the immunoglobulin preparation (< 50%). By contrast, the final container 
obtained with protein G consumed all complement. All 3 activities measured are criteria to 
assess the tolerability of these potential immunoglobulin products. 

Neither of the chromatography affinity methods were able to reach the high purity 
standards of Gammagard Liquid with respect to IgA content (≤ 0.14 mg/mL IgA). 
Additional chromatographic purification steps would be required to reach Gammagard 
Liquid specifications. 

One of the main disadvantages of both affinity resins was the ligand leaching. As much as 
1.45 µg/mL and 1.76 µg/mL ligand were detected in the final container concentrated to a 
10% protein solution for IgSelect and protein G, respectively. Considering a dose of the 
polyclonal plasma IgG of 1.0 g/kg (10 mL) body weight, a patient (75 kg) would receive 1.45 
µg/mL * 75 * 10 mL = 1087.5 µg. Compared with monoclonal antibodies which are given at 
a much lower dose, the high ligand content of the polyclonal preparation might lead to 
unpredictable long-term side effects. 

4. Reusability of IgSelect and protein G Sepharose FF 
We performed a reusability study to test the stability of the resins. A fresh IgSelect resin was 
packed into the column with a final bed height of 15 cm. The flow-through was collected in 
fractions after equilibration and loading with a protein solution to reach a final IgG load of 
approximately 25 mg IgG/mL resin. The resin was then washed with 30 column volumes of 
washing buffer, eluted with three column volumes of elution buffer and cleaned with three 
column volumes of phosphoric acid, acetic acid and butyl alcohol (PAB) (Millipore, 2011) 
solution. Finally, after a hold time of 24 min, another three column volumes of PAB solution 
and five column volumes of 1 M NaCl were applied. After the first break-through curve 
(BTC), consecutive serial runs and cleaning cycles were performed without any fractions 
being collected. S/D-treated loading material was used throughout this study (for break-
through and serial runs). Furthermore, a filter with a pore size of 15 µm was used as a 
column guard. 

Fig. 3 compares the break-through curves (BTC 1 to 3) performed with fresh resin and with 
resins after 90 and 180 runs and cleaning cycles. The dynamic binding capacity (DBC) at 1% 
IgG loss decreased after 90 runs and cleaning steps from 16.5 mg to 12.5 mg IgG/mL resin. 
During these cycles a pressure rise was observed even though only S/D treated loading 
solutions were used. The pressure rise indicated fouling of the chromatographic media and 
showed that the recommended PAB cleaning was an insufficient cleaning step for the 



 
Affinity Chromatography 

 

114 

loading material used. A change of cleaning reagents or longer hold times may increase the 
cleaning efficiency. 

 
Fig. 3. IgSelect affinity media: break-through curves (BTC). BTC 1 = first run before PAB 
cleaning, BTC 2 = after 90 runs and PAB cleaning cycles, and BTC 3 = after 180 runs and 
PAB cleaning cycles 

The protein yields in the eluates decreased concomitantly with the decline in resin capacity, 
which can be explained by the considerable ligand leaching or fouling of the 
chromatographic media, as already mentioned. 3 µg IgSelect ligand/mL 10% protein 
solution were found in the eluate after the first run, diminishing to 2.3 µg IgSelect 
ligand/mL 10% protein solution after 90 cycles. After 180 cycles the eluate contained 5 µg 
IgSelect ligand/mL 10% protein solution. The details are given in Table 2. 
 

IgG yield IgSelect Ligand 

 [%] [g/L Plasma] [ng/mL] [µg/mL 10% protein 
solution] 

BTC 1 - Eluate 101.1 4.72 142 3.0 
BTC 2 - Eluate 88.7 3.93 134 2.3 
BTC 3 - Eluate 67.7 2.92 120 5.0 

Table 2. IgG yield and IgSelect ligand concentration in eluate fraction 

Our reusability study with Protein G Sepharose FF showed similar characteristics. The 
loading capacity decreased from a DBC at 1% of 28 mg per mL with fresh resin (see Fig. 4, 
BTC 1) to a DBC at 1% of approximately 20 mg per mL of resin after 57 runs and cleaning 
cycles (see Fig. 4, BTC 3). The pH of the loading material seemed to play only a minor, if 
any, role as shown by the results after 3 runs and cleaning cycles (see Fig. 4, BTC 2). 
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Fig. 4. Protein G Sepharose FF break-through curves (BTC): BTC 1 = without cleaning, BTC 2 
= after 3 runs and cleaning cycles, and BTC 3 = after 57 runs and cleaning cycles (different 
loading pH) 

5. Cost-effectiveness of affinity chromatography for the purification of 
polyclonal IgG from plasma 
Reusability and loading capacity are the main criteria for calculating the cost-effectiveness of 
chromatography steps for IgG purification from human plasma. In the following example 
cost-effectiveness is estimated based on the results gathered with IgSelect affinity resin and 
Protein G Sepharose FF. The example assumes a manufacturing through-put of one million 
liters of human plasma per year. This through-put is the same as initially planned for the 
new fractionation plant in Barcelona by the Spanish company Grifols, one of the world's 
leading producers of plasma products (reported by PRNewswire on February 18th, 2011). 

As shown in Section 4, with a loading capacity of 10 g IgG/L resin the IgSelect affinity resin 
can be used for a maximum of 120 runs (with 120 PAB cleaning cycles) without a major loss of 
IgG during the loading and washing procedure. Assuming an IgG yield of 5.2 g/L plasma (US 
source plasma) in the IgSelect starting material, 5.2 million grams IgG have to be bound to the 
resin. The calculation further assumes a maximum column size for large-scale manufacturing 
of 1,200 L resin, which can be delivered as a radial flow column by Proxcys (Proxcys BV, 
Bedrijvenweg 4, NL-7833 JH Nieuw-Amsterdam, The Netherlands). 12,000 g IgG can be bound 
in one purification run on such a column. 434 runs would be needed to process the equivalent 
of 1 million liters of plasma (5.2 million g IgG/12,000 g IgG per run = 434 runs). 

As the column can be used for a maximum of 120 times, repacking the column with fresh 
resin (4,800 L of resin) needs to be done four (3.62) times for 434 runs. The resin costs 
approximately 8,500 €/L. A total expenditure of approximately 36.9 million € would be 
required solely for the resin to process the equivalent of one million liters of plasma. 
Assuming a final container yield of 4.5 g/L plasma and a revenue of 50 €/g IgG, a total 
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loading material used. A change of cleaning reagents or longer hold times may increase the 
cleaning efficiency. 
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polyclonal IgG from plasma 
Reusability and loading capacity are the main criteria for calculating the cost-effectiveness of 
chromatography steps for IgG purification from human plasma. In the following example 
cost-effectiveness is estimated based on the results gathered with IgSelect affinity resin and 
Protein G Sepharose FF. The example assumes a manufacturing through-put of one million 
liters of human plasma per year. This through-put is the same as initially planned for the 
new fractionation plant in Barcelona by the Spanish company Grifols, one of the world's 
leading producers of plasma products (reported by PRNewswire on February 18th, 2011). 

As shown in Section 4, with a loading capacity of 10 g IgG/L resin the IgSelect affinity resin 
can be used for a maximum of 120 runs (with 120 PAB cleaning cycles) without a major loss of 
IgG during the loading and washing procedure. Assuming an IgG yield of 5.2 g/L plasma (US 
source plasma) in the IgSelect starting material, 5.2 million grams IgG have to be bound to the 
resin. The calculation further assumes a maximum column size for large-scale manufacturing 
of 1,200 L resin, which can be delivered as a radial flow column by Proxcys (Proxcys BV, 
Bedrijvenweg 4, NL-7833 JH Nieuw-Amsterdam, The Netherlands). 12,000 g IgG can be bound 
in one purification run on such a column. 434 runs would be needed to process the equivalent 
of 1 million liters of plasma (5.2 million g IgG/12,000 g IgG per run = 434 runs). 

As the column can be used for a maximum of 120 times, repacking the column with fresh 
resin (4,800 L of resin) needs to be done four (3.62) times for 434 runs. The resin costs 
approximately 8,500 €/L. A total expenditure of approximately 36.9 million € would be 
required solely for the resin to process the equivalent of one million liters of plasma. 
Assuming a final container yield of 4.5 g/L plasma and a revenue of 50 €/g IgG, a total 
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revenue of 225 million € would be expected. Therefore approximately 16.5% of the product 
revenue would be spent on the affinity media.  

On the other hand one 1,200 L column of a conventional ion exchange column as described 
for Gammagard Liquid purification (Teschner et al., 2007) with a loading capacity of the 
resin of 100 mg IgG/mL can bind 120,000 g IgG. Only 43 runs would be necessary to process 
the equivalent of 1 million liters of plasma. This one column can be used for 23 years 
assuming a more than 1,000 times reuse of the resin. This means less than 0.05 column 
changes per year. Assuming a resin price of 2,000 €/L, the resin price per year would be 
120,000 € or 300-fold less than the variant based on affinity chromatography. This 
calculation is summarized in Table 3.  
 

 IgSelect 
Protein G 
Sepharose 
FF 

Cation  
exchange 
media 

Unit 

Starting material 1,000,000 L plasma 
IgG concentration 5.2 g IgG / L plasma 
IgG amount 5,200,000 g IgG / 1 million L plasma 
Column size 1200 L resin 
Load 10 20 100 mg IgG / mL resin 
IgG load/run 12,000 24,000 120,000 g IgG / column 
Reusability of one 
column 120 60 >1000 runs / column and resin 

Total runs 434 217 43 runs / 1 million L plasma 
New resin 3.62 3.62 <0.05 refilled columns / year 
Resin costs 8500 8500 2000 € / L resin 
Resin costs per year 36.9 36.9 0.12 price (million €) / column 
Water needed for SD 
removal (30CV) 15.6 7.8 1.55 (million L) /year 

Water costs for SD 
removal (0.37€/L) 5.78 2.9 0.57 million € / year 

Table 3. Calculation of cost-effectiveness: Data for IgSelect affinity resin and Protein G 
Sepharose FF compared with cation exchange resin  

Additionally, the greater column resin and run requirements of the affinity column variant 
implies more buffer consumption, more labor and a higher environmental burden. This is 
illustrated in the following calculation. Usually 20 to 30 column volumes are needed to 
remove solvent and detergent reagents from the IgG bound to the column. In the above-
mentioned example for IgSelect affinity resin, 434 runs with a 1,200 L column require 15.6 
million L of water, alone for the washing process. The same removal process for S/D 
reagents will only consume 43 runs*1,200 L*30 = 1,548 million L of water in the ion exchange 
variant—10 times less. Assuming a water price of 0.37 € per L, just for S/D removal, 
additional water cost of 5 million € have to be added for the IgSelect process. Considering 
water is also used for cleaning, regeneration and equilibration, the additional water cost for 
the IgSelect process compared with ion exchange chromatography would be much higher 
than those estimated for S/D removal. 
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6. State of the art IgG preparations and their use 
Traditionally human plasma immunoglobulin is mainly used for primary 
immunodeficiency and severe combined immunodeficiency (Haeney, 1994, Toubi & Etzioni, 
2005, Weiler, 2004), but also patients with autoimmune diseases are treated with IgG (Kaveri 
et al., 1991, Schwartz, 1990). More recently, neurological disorders come into focus (Blaes et 
al., 1999, Elovaara et al., 2008, Wiles et al., 2002). Currently more than 20 million liters of 
plasma are fractionated worldwide per year and more than 50 million grams of IgG are 
manufactured thereof (Buchacher & Iberer, 2006, Burnouf, 2011). These numbers are only 
one reason to continuously improve productivity and keeping an eye on cost effectiveness.  

The safety of the final product is another key aspect which is monitored with increasing 
attention. During the last decades the control of the donors, the test of the plasma donations 
and the incorporation of dedicated virus reduction steps into the manufacturing schemes 
was regularly improved to a very high standard (Furuya et al., 2006, Kreil et al., 2004, 
Poelsler et al., 2008, Stucki et al., 2008, Trejo et al., 2003) in order to reduce the risk of virus 
transmission with blood products as often reported in the early days (Bresee et al., 1996, 
Farrugia & Poulis, 2001). 

Very recently, a growing number of reported adverse events for one IGIV product on the 
market led to the withdrawal of the product and prompted the manufacturer, the 
authorities and the competitors to investigate the root cause (Roemisch et al., 2011). The 
investigation resulted in a further requirement for normal human immunoglobulin to show 
that the manufacturing process has steps incorporated removing the thromboembolic 
potential from the IgG (as announced by EMEA).  

Another actual trend in the immunoglobulin market is the transition from the intravenous 
(IV) to the subcutaneous (SC) route of administration which allows more flexibility for the 
patient. This trend is reflected by new IGSC products on the market or in the clinical stage 
(Jolles et al., 2011, Teschner et al., 2009).  

Most of the immunoglobulin products from human plasma are manufactured 
conventionally combining precipitation and ion exchange chromatography (Ballow et al., 
2003, Stein et al., 2009, Teschner et al., 2007), but there are also attempts to introduce new 
techniques like expanded bed chromatography (Anspach et al., 1999, Barnfield Frej et al., 
1997, Hubbuch et al., 2001) or affinity chromatography in the manufacturing of plasma 
derived therapeutic proteins (Suomela, 1980). In view of the limitations of affinity 
chromatography the successful implementation is reported for low aboundant plasma 
proteins (Weber et al., 2011) and hyperimmune IgG preparations (Bryant et al., 2005) which 
are produced in lower amounts and given at lower doses intramuscularly. Some plasma 
derived hyperimmune products soon may even be replaced by recombinant products 
(Frandsen et al., 2011). 

Another more general trend is the replacement of IGIV by monoclonal antibodies tailored 
for specific autoimmune diseases or cancer (Waldmann, 2006) and more recent 
developments of chimeric molecules and biosimilars (Goldsmith et al., 2007, Kaneko & 
Niwa, 2011, Wozniak-Knopp et al., 2010). As the number of monoclonal antibodies on the 
market and their demand is continuously growing, the manufacturers already took the first 
hurdle and dramatically improved the cell culture yield. The next bottleneck is the 
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revenue of 225 million € would be expected. Therefore approximately 16.5% of the product 
revenue would be spent on the affinity media.  

On the other hand one 1,200 L column of a conventional ion exchange column as described 
for Gammagard Liquid purification (Teschner et al., 2007) with a loading capacity of the 
resin of 100 mg IgG/mL can bind 120,000 g IgG. Only 43 runs would be necessary to process 
the equivalent of 1 million liters of plasma. This one column can be used for 23 years 
assuming a more than 1,000 times reuse of the resin. This means less than 0.05 column 
changes per year. Assuming a resin price of 2,000 €/L, the resin price per year would be 
120,000 € or 300-fold less than the variant based on affinity chromatography. This 
calculation is summarized in Table 3.  
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New resin 3.62 3.62 <0.05 refilled columns / year 
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Resin costs per year 36.9 36.9 0.12 price (million €) / column 
Water needed for SD 
removal (30CV) 15.6 7.8 1.55 (million L) /year 

Water costs for SD 
removal (0.37€/L) 5.78 2.9 0.57 million € / year 

Table 3. Calculation of cost-effectiveness: Data for IgSelect affinity resin and Protein G 
Sepharose FF compared with cation exchange resin  

Additionally, the greater column resin and run requirements of the affinity column variant 
implies more buffer consumption, more labor and a higher environmental burden. This is 
illustrated in the following calculation. Usually 20 to 30 column volumes are needed to 
remove solvent and detergent reagents from the IgG bound to the column. In the above-
mentioned example for IgSelect affinity resin, 434 runs with a 1,200 L column require 15.6 
million L of water, alone for the washing process. The same removal process for S/D 
reagents will only consume 43 runs*1,200 L*30 = 1,548 million L of water in the ion exchange 
variant—10 times less. Assuming a water price of 0.37 € per L, just for S/D removal, 
additional water cost of 5 million € have to be added for the IgSelect process. Considering 
water is also used for cleaning, regeneration and equilibration, the additional water cost for 
the IgSelect process compared with ion exchange chromatography would be much higher 
than those estimated for S/D removal. 
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downstream processing of the cell culture supernatant and interestingly with higher 
volumes and IgG concentrations similar restrictions are encountered as for the plasma 
fractionation processes shown above (Birch & Racher, 2006). 

These developments are supported by efforts undertaken by the producers of 
chromatography resins to offer new resins with ligands depicting affinity properties 
combined with a higher stability (Baines et al., 2009, ProMetic Bioscience, 2005, Shi et al., 
2009). In a certain respect alkali stable mixed mode resins might be the answer to the 
challenge as there is a trend to more complex ligand structures resulting in the combination 
of ionic, hydrophobic hydrogen bounding and thiophilic interaction properties resembling 
at the end affinity like interactions. 

7. Conclusion 
Affinity chromatography is known to be a highly efficient purification step for trace proteins 
and monoclonal IgG. We did a detailed evaluation of the feasibility of this technique for 
purifying polyclonal human IgG using IgSelect affinity media and Protein G Sepharose FF.  

Starting with II+III paste and including solvent-detergent treatment, the main advantage of 
the two affinity chromatography media investigated was found to be the potential of a 
single step purification process to reach a high -globulin purity (almost 100%) as well as an 
excellent process efficiency of ≥ 75%. However, we encountered drawbacks with this 
purification technique during the optimization experiments. 

Reusability experiments showed considerable ligand leaching, which resulted in a 
deterioration of the binding capacity of the resin from run to run. This disadvantage was 
even more severe as the initial binding capacity was already low at 10 mg IgG/mL affinity 
resin for the use of IgSelect affinity resin and 20 mg IgG/mL affinity resin for the use of 
Protein G Sepharose FF. This is five to ten times lower than what is usually seen for ion 
exchange resins. Even with a 2-fold improvement in the binding capacity or reusability, the 
affinity chromatography option is more expensive and labor intensive than the classic ion 
exchange purification technique. 

Affinity resins cannot be cleaned with sodium hydroxide without a significant reduction in 
binding capacities. Cleaning steps with either 0.1%Triton X-100 or PAB were not sufficient 
to exclude fouling of the resin, as indicated by a pressure rise in our experiments. This 
emphasizes the importance of developing a potent cleaning step or a more resistant resin. 
Such a cleaning step is mandatory for resins used in the blood plasma fractionation industry 
to prevent cross contamination from batch to batch.  

Both affinity resins investigated were 300-fold more expensive in terms of resin cost, 
reusability, and binding capacity and at least 5- to 10-fold more expensive in terms of water 
consumption than common ion exchange resins, e.g. CM Sepharose FF. 

From a large scale perspective, intravenously administrable polyclonal IgG produced from 
human plasma by one-step affinity chromatography using IgSelect or Protein G Sepharose 
FF as a single purification step was not found to be feasible in terms of IVIG specifications, 
ligand leaching and because of the significantly higher cost. However, it is an option for the 
purification of considerable lower amounts of hyperimmunes from human plasma, suitable 
for subcutaneous or intramuscular administration. 
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The key step for the introduction of affinity chromatography into large scale plasma 
fractionation remains the development of a more stable affinity or pseudo-affinity resin 
without the loss of specificity. 
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1. Introduction 
Glutathione transferases (GSTs) are a widely distributed super-family of enzymes involved in 
detoxification, catalyzing the conjugation of a great range of electrophilic compounds with the 
tripeptide glutathione (Boyland and Chasseaud, 1969). Much of the interest in insect GSTs has, 
for many years, been focused on their role in the development of resistance to many 
insecticides (Enayati et al., 2005;  Motoyama and Dauterman, 1980). The enzymes are involved 
in resistance to most of the major classes of insecticide. These include organophosphates (e.g. 
Lewis & Sawicki, 1971; Oppenoorth et al., 1977); organochlorines, especially DDT (Clark & 
Shamaan, 1984, Tang & Tu, 1994), chitin synthesis inhibitors (Sonoda & Tsumuki, 2005), and 
pyrethroids by both direct (Yamamoto et al., 2009b) and indirect (Vontas et al., 2001) 
mechanisms. There are many instances in which detoxication of insecticides has been shown to 
be catalyzed by GSTs of the Delta or Epsilon classes (Lumjuan et al., 2005; Tang & Tu, 1994; 
Wei et al., 2001) but GSTs from Omega and Zeta classes (Yamamoto et al., 2009a; Yamamoto et 
al., 2009b) have also been reported as being involved in insecticide resistance. 

In addition to their well-established toxicological roles, it is becoming increasingly apparent 
that insect GSTs may be involved in a number of other important physiological processes. 
These include olfaction (Rogers et al., 1999), regulation of apoptosis (Adler et al., 1999; 
Udomsinprasert et al., 2004), eye pigment synthesis (Kim et al., 2006), haeme binding 
(Lumjuan et al., 2007) and wound healing (Li et al., 2002). In order to disentangle these 
multiple roles, it is desirable to develop methods to characterize as fully as possible the 
expression under differing conditions of the many insect glutathione transferases. 

In a previous study (Alias & Clark, 2007) the glutathione conjugate of bromosulfophthalein 
(BSP), a strong inhibitor of several and a substrate of some GSTs (Prapanthadara et al., 2000) 
was employed as a ligand. The use of this matrix resulted in the purification of GSTs from 
Sigma, Delta and Epsilon families but many members from these families were not detected 
and no members of the Zeta and Omega families were detected at all. In the present work 
                                                 
* Corresponding Author 
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the use of different ligands is examined, to determine to what extent ligand choice 
influences the part of the GST proteome thus isolated.  

Although the catalytic repertoires of GSTs tend to overlap, different families of GST are likely 
to have catalytic activity with substrate(s) characteristic principally of that family (Jakoby, 
1978; Yu, 2002). Many, but not all, GSTs use 2,4-dinitrochlorobenzene (CDNB) as a substrate 
and the use of the product conjugate (S-2,4-(dinitrophenyl) GSH (DNP-SG)) as a ligand might 
be expected to isolate a wide range of isoforms. On the other hand, in Drosophila, the substrate 
3,4-dichloronitrobenzene (DCNB) is used by a more restricted range of isoforms (Alias & 
Clark, 2007), so that a matrix employing its glutathione conjugate, S-(2-chloro-4-nitrophenyl) 
glutathione (CNP), might be expected to bind a narrower range of GSTs. Similarly, in using S-
(4-nitrobenzyl) glutathione (NB-SG) as ligand, by analogy with mammalian results (Jakoby, 
1978), it was anticipated that a different range of GSTs again would be selected. In the present 
work, we explore the potential of this approach to define the GST proteome.  

2. Material and methods 
2.1 Materials 

Sepharose 6B, epichlorhydrin, L-glutathione (reduced), CDNB, DCNB, lactate dehydrogenase, 
“modified” sequencing-grade trypsin, Coomassie Brilliant Blue G-250, and Protease Inhibitor 
Cocktail (general use) were purchased from Sigma-Aldrich. ImmobilineTM Drystrips, 
DestreakTM reagent, VivaspinTM centrifugal concentrators and HiTrapTM desalting columns (5 
ml) were obtained from GE Healthcare (NZ). Bradford Protein Assay reagent and SDS 2D 
PAGE protein standards were from BioRad Laboratories NZ. Aluminium-backed Silica Gel 60 
plates were from Merck Ltd. (NZ). BenchmarkTM protein ladder was obtained from Invitrogen 
(NZ) Ltd. 

All other materials and chemicals used were of the highest purity available commercially. 
Chromatography was carried out using an Amersham Bioscience AKTA FPLCTM.  

Drosophila melanogaster, wild-type adult, 5-day post-emergence, flies were supplied by the 
School of Biological Science, Victoria University of Wellington. They were collected and stored 
at -20 ºC until required.  

2.2 Synthesis of glutathione conjugates 

These conjugates were prepared by incubating CDNB and DCNB or p-nitrobenzyl chloride 
in ethanol with GSH in deionised water at pH 9.6, adapting the method of Vince et al (1971). 
The mixtures were kept at room temperature for 5-48 hr depending on the reactivity of the 
compound. After incubation, ethanol was removed from the mixture by rotary evaporation. 
The conjugates DNP-SG, CNP-SG or NB-SG were precipitated by decreasing the pH 9.6 
from to 3.0. The precipitate was filtered, redissolved and reprecipitated twice and dried in 
vacuo. The final product was chromatographically homogeneous when examined on 0.25 
mm layers of silica gel 60 in butanol: acetic acid: water (4:1:5 – upper phase) using ninhydin: 
collidine in ethanol (0.3: 5 : 95 (w:v:v)) as a location reagent (Lato et al., 1974). The conjugates 
were immobilised on epichlorhydrin-activated Sepharose 6B as described by for the BSP-SG 
conjugate (Clark et al., 1990).  
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The extent of substitution was estimated by dissolving aliquots of the gels by heating to 
100ºC in 6M HCl for 30 sec. The hydrolysates were neutralized with 1M-NaOH. The extent 
of substitution was calculated using extinction coefficients for DNP-SG and CNP-SG of 9600, 
8400 l.mol-1cm-1 at 340 and 344 nm respectively (Habig et al., 1974b) and for NB-SG of 4210 
l.mol-1cm-1at 280nm. The extent of substitution was 9.55 µmol/ ml of gel for DNP-SG, 9.65 
µmol/ ml of gel for CNP-SG and 11.5 µmol/ ml of gel for NB-SG. 

2.3 Enzyme assays 

Enzyme activity was assayed by measuring the conjugation of CDNB, DCNB and ethacrynic 
acid (EA) with glutathione (Habig et al., 1974b). Assays with p-nitrophenol acetate (p-NPA) 
(Keen et al., 1976), trans-2-nonenal (TNE) (Brophy et al., 1989) and dehydroascorbic acid 
(DHA) (Kim et al., 2006) were also carried out to study the specificity of the partially 
purified GST preparations.  

2.4 Protein determination 

During the affinity chromatographic procedures, protein was monitored by measuring the 
extinction of the collected fractions at 280 nm. For specific activity determination, samples of 
known enzymatic activity were pooled and concentrated using VivaSpin centrifugal 
concentrators (10kD) and protein was assayed by using the Bio-Rad protein assay kit, with 
bovine serum albumin (BSA) as the standard protein (Bradford, 1976). 

2.5 Enzyme preparation 

Adult fruit flies (1 – 3 g) were homogenised in five volumes of cold 0.05 M phosphate buffer, 
pH 7.4 containing 0.1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM dithiothreitol (DTT), 
1 mM EDTA and 0.1 mM phenylthiourea (PTU) by using a Polytron TM homogeniser. Protease 
inhibitor cocktail was added to the concentration specified by the manufacturer and cysteine 
(2mg/ml) was added to prevent the oxidative darkening of the homogenate. The homogenate 
was centrifuged at 100,000 x g for 1h at 4ºC in a Beckman XL-80 ultracentrifuge. The 
supernatant was filtered through glass wool and passed over a 5 ml HiTrap Desalting column 
which had been equilibrated with 0.05 M sodium phosphate buffer, pH 7.4, at a flow rate of 30 
ml/h. This column bound potentially inhibitory pigments with sufficient affinity to separate 
them from the excluded proteins. In some experiments the supernatant was chromatographed 
on a column of Sephadex G-25 (5x 25 cm) to remove pigments. Fractions containing activity 
towards CDNB were pooled. Losses in activity were negligible during this procedure, but up 
to 20% of the activity was lost if the enzyme was allowed to stand for 24h at 4ºC. For this 
reason, affinity chromatography followed immediately after this procedure. 

2.6 Affinity chromatography  

The initial stage of the analysis involved chromatography of the pooled fractions from the 
depigmentation stage on a GSH-Sepharose column (1.0 x 5 cm) at a flow rate of 1 ml/min. 
The enzyme sample was followed by 0.05 M sodium phosphate buffer (Buffer A) until the 
absorbance at 280 nm had fallen to a value close to zero. Five volumes of 1.0 M NaCl 
buffered as above at pH 7.4 were then applied and followed again by five volumes of buffer 
A. The bound GSTs were eluted with 20 mM glutathione in 0.05 M sodium phosphate 
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the use of different ligands is examined, to determine to what extent ligand choice 
influences the part of the GST proteome thus isolated.  
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buffer, pH 9.6. Fractions of 3 ml were collected. See Fig. 1. This column employed as its 
ligand glutathione, attached via its sulfhydryl group to epichlorohydrin-activated Sepharose 
(Clark et al., 1990). This matrix removes specifically, and almost quantitatively, glutathione 
transferases S1, D1 and D3 which enables a subsequent clearer separation of GSTs from 
other classes (Alias and Clark, 2007). The extent of substitution of this column routinely 
used was 10 µmol/ml gel but substitution levels of up to 30 µmol/ml gel were tested. 

The aryl-substituted GSH matrices were packed under gravity in disposable plastic syringes 
to form columns of bed volume 5 ml. Void fractions from the GSH affinity matrix having 
significant activity with CDNB were pooled and applied to the columns. The bound GSTs 
were eluted with 20 mM GSH at pH 9.6 as described above. Aliquots from each stage of the 
purification were reserved for testing for activity with the test substrates. Experiments were 
performed in triplicate. The ligands for these matrices, having aryl substituents on the 
sulfydryl group of the glutathione and therefore acting as product inhibitors competing 
with glutathione, are linked to the epichlorohydrin-activated Sepharose via the glutamyl 
amino group, as has been described for the glutathione conjugate of bromosulfophthalein 
(Clark et al., 1990).  

2.7 Gel electrophoresis 

Proteins in the material eluted from the affinity column were examined by SDS PAGE using 
standard conditions (Laemmli, 1970) in a 12% polyacrylamide gel and by 2D electrophoresis 
using the standard methods described below. In the first dimension isoelectric focusing was 
carried out in a MultiphorTM II Electrophoresis Unit (Pharmacia Biotech) apparatus. The 
precipitated proteins were mixed with rehydration buffer (8 M Urea, 2 % (w/v) CHAPS, 15 
mM DTT, 30 mM thiourea) containing 2% pH 3-10 Ampholyte solution and DestreakTM 
reagent. ImmobilineTM Drystrips (pI 4-7 and 3-10 for all samples) were rehydrated overnight 
and were focused in a three phase voltage programme. The first phase was at 200V for 1 
min; second, 200-3500V ascending for 1.5h and the third phase was 3500V for 1.5h. Proteins 
in the gel were reduced with DTT and alkylated with iodoacetamide using standard 
methods. In the second dimension, the focused strips were run on SDS PAGE to separate 
proteins based on molecular mass. Proteins were located by staining with colloidal 
Coomassie Blue G-250 (Neuhoff et al., 1988). 2D gels were calibrated with respect to 
molecular mass using the BenchMark™ Protein Ladder and with respect to isoelectric point 
with BioRad SDS 2D PAGE protein standards. 

2.8 Protein identification by MALDI-TOF 

Protein spots were excised from gels and destained with 50 mM ammonium bicarbonate: 
acetonitrile (MeCN) (1:1). When destained, gel pieces were dehydrated and completely 
dried by vacuum centrifugation. The gel pieces were then rehydrated with 2 µl of 50 mM 
ammonium bicarbonate solution containing 0.125 µg of sequencing grade trypsin at room 
temperature. After 2-3 h, 30 µl of 50 mM ammonium bicarbonate solution was added to 
assist diffusion of peptides at room temperature overnight. Peptides were later extracted by 
removing the ammonium bicarbonate solution, followed by two washes of 30 µl for 1 h each 
with a solution containing 0.2% TFA and then with 0.2% TFA:MeCN (1:1). The extracts were 
then dried in a Speed-Vac for 2 h. The samples were stored at 40C until required for analysis. 

A Study of the Glutathione Transferase Proteome  
of Drosophila melanogaster: Use of S- Substituted Glutathiones as Affinity Ligands 

 

131 

The MALDI-TOF analysis was performed using a PerSeptive Biosystem Voyager DETM PRO 
BiospectrometryTM Workstation equipped with a delayed extraction unit. The mass spectra 
were obtained by using a Voyager Instrument Control Panel V 5.0 programme. The laser 
intensity was in the range of 1800-2100, and the accelerating voltage was 20 kV. Peptide 
spectra were obtained in positive reflectron mode in the range of 750 to 3500 m/z. The 
peptide solution was loaded onto the MALDI target plate by mixing with 2 µl of a matrix 
solution, prepared by dissolving 15 mg/ml alpha-cyano-4-hydroxycinnamic acid solution in 
50% MeCN-0.1% trifluoroacetic acid (v/v), and allowed to dry. External calibration used 
Calibration Mixture 2 from Applied Biosystems. Each mass spectrum was generated by 
accumulating data from 150 to 200 laser shots. Database searches were carried out with the 
peptide masses against the non redundant NCBI database using the search programmes 
ProFound (http://prowl.rockefeller.edu/) (Zhang & Chait, 2000) and results were 
confirmed using MASCOT (www.matrixscience.com).  

2.9 Assignment of GST family 

GSTs identified by MALDI-TOF, which had not been explicitly assigned to particular 
families were matched against the D. melanogaster database in SwissProt Knowledgebase 
using the Basic Local Alignment Search Tool, BLAST (http://web.expasy.org/blast/). 
Family assignment was made on the basis of those known GSTs with which the test 
sequences had the greatest identity. 

3. Results 
Preliminary experiments showed that all three matrices bound GSTs from the Sigma, Delta, 
Epsilon and Omega classes. In order to reduce the complexity of the 2D gels obtained, an 
initial affinity purification of D. melanogaster extracts on GSH-agarose affinity was employed to 
remove the greater part of the Sigma and Delta sub-groups of GSTs. The GSTs removed had 
high specific activity for CDNB and 2D electrophoresis (not shown) confirmed earlier results 
that they consisted almost exclusively of GSTs S1, D1 and D3 (Alias and Clark, 2007). The use 
of matrix substituted with glutathione at up to 30 µmol/ml gel did not change the qualitative 
nature of the GSTs bound. As shown in Figure 1A and Table 1, a significant proportion of the 
material with CDNB activity (~40%) was not retained by the GSH affinity column.  

The ability of the S-substituted matrices to adsorb the unbound activity was then tested. All 
of them did adsorb such activity but adsorption was not complete: between 25 and 50% of 
the applied activity (i.e. 10-25% of the original starting activity) was recovered in the void 
fractions. Material adsorbed and then eluted from these columns contained significant GST 
activity with CDNB. A typical elution profile is shown in Fig 1B in which the DNP-SG 
matrix was used. Material eluted from DNP-SG and CNP-SG columns contained significant 
activity with DCNB (Table 2) but the eluate from the NB-SG column did not show 
significant activity with this substrate. 

Several model substrates were tested on the preparations and the results are shown in Table 
2 below. All preparations showed activity with most of the substrates. The specific activities 
of the preparations from the DNP-SG and CNP-SG matrices with the different substrates 
were almost identical. That from the NB-SG matrix differed in that it showed no detectable 
activity with DCNB. 
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Fig. 1. Typical chromatography elution profiles from substituted glutathione affinity matrices. 
(A) shows chromatography on immobilised glutathione; (B) shows chromatography on the 
DNP-SG matrix. Open symbols, enzyme activity with CDNB. Closed symbols, extinction at 
280 nm. Experiments were carried out in triplicate, as described in Section 2.6.  
 

Procedure 
Total activity
(μmol/min) 
CDNB

Specific activity
(μmol/min /mg) 
CDNB 

Yield 
(%) 

Purification  
(fold) 

GSH matrix 
Applied 12.7 ± 1.4 0.132 ± 0.023 100 0.95 
Unbound 6.00 ± 3.7 0.093 ± 0.04 43 0.67 
Bound 7.00 ± 1.2 10.76 ± 4.67 51 77.9 
DNP-GSH matrix 
Applied 3.00 ± 1.9 0.093 ± 0.04 100 1
Unbound 1.40 ± 0.5 0.051 ± 0.02 46 0.54 
Bound 1.20 ± 0.6 3.529 ± 0.09 40 38 
CNP-GSH matrix
Applied 3.00 ± 1.9 0.093 ± 0.04 100 1
Unbound 1.70 ± 0.7 0.054 ± 0.02 56 0.58 
Bound 1.30 ± 0.3 2.954 ± 0.77 43 32 
NB-SG matrix 
Applied 0.86 ± 0.07 0.38 ± 0.03 100 1
Unbound 0.22 ± 0.03 0.24 ± 0.03 25 0.63 
Bound 0.23 ± 0.01 7.9 ± 0.30 26 21 

Table 1. Affinity chromatography of glutathione transferase activity from D. melanogaster. 
Chromatographic separations were carried out as described in Section 2.5 and 2.6. The 
results above are mean +/- S.D. from triplicate experiments.  
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Otherwise, the spectrum of activities was similar to that of the other two types of 
preparation. Of note were the high dehydroascorbate reductase activities that all 
preparations showed. The material eluted from the GSH column had the highest specific 
activity with CDNB. 

The affinity-purified fractions obtained by using the DNP-SG and CNP-SG gels were 
concentrated, precipitated and subjected to 2D electrophoresis. The results from typical gels 
(pI = 4-7) after chromatography on these media are shown in Fig 2. Isoelectrofocusing over a 
3-10 range of pI resulted in poorly resolved protein zones in the range 5-6 and these gels are 
not shown. 

 
Fig. 2. Two dimensional gel electrophoresis on DNP-SG- (A) or CNP-SG- (B) affinity-
purified D. melanogaster GSTs. Affinity-purified D. melanogaster GSTs were separated in the 
first dimension on a 7 cm pH 4-7 linear IPG strip and then in the second dimension on a 12% 
SDS-PAGE gel. The gel was stained with Coomassie Blue G250. The identification of the 
numbered spots can be found in Table 3 below. 
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Fig. 1. Typical chromatography elution profiles from substituted glutathione affinity matrices. 
(A) shows chromatography on immobilised glutathione; (B) shows chromatography on the 
DNP-SG matrix. Open symbols, enzyme activity with CDNB. Closed symbols, extinction at 
280 nm. Experiments were carried out in triplicate, as described in Section 2.6.  
 

Procedure 
Total activity
(μmol/min) 
CDNB

Specific activity
(μmol/min /mg) 
CDNB 

Yield 
(%) 

Purification  
(fold) 

GSH matrix 
Applied 12.7 ± 1.4 0.132 ± 0.023 100 0.95 
Unbound 6.00 ± 3.7 0.093 ± 0.04 43 0.67 
Bound 7.00 ± 1.2 10.76 ± 4.67 51 77.9 
DNP-GSH matrix 
Applied 3.00 ± 1.9 0.093 ± 0.04 100 1
Unbound 1.40 ± 0.5 0.051 ± 0.02 46 0.54 
Bound 1.20 ± 0.6 3.529 ± 0.09 40 38 
CNP-GSH matrix
Applied 3.00 ± 1.9 0.093 ± 0.04 100 1
Unbound 1.70 ± 0.7 0.054 ± 0.02 56 0.58 
Bound 1.30 ± 0.3 2.954 ± 0.77 43 32 
NB-SG matrix 
Applied 0.86 ± 0.07 0.38 ± 0.03 100 1
Unbound 0.22 ± 0.03 0.24 ± 0.03 25 0.63 
Bound 0.23 ± 0.01 7.9 ± 0.30 26 21 

Table 1. Affinity chromatography of glutathione transferase activity from D. melanogaster. 
Chromatographic separations were carried out as described in Section 2.5 and 2.6. The 
results above are mean +/- S.D. from triplicate experiments.  
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Otherwise, the spectrum of activities was similar to that of the other two types of 
preparation. Of note were the high dehydroascorbate reductase activities that all 
preparations showed. The material eluted from the GSH column had the highest specific 
activity with CDNB. 

The affinity-purified fractions obtained by using the DNP-SG and CNP-SG gels were 
concentrated, precipitated and subjected to 2D electrophoresis. The results from typical gels 
(pI = 4-7) after chromatography on these media are shown in Fig 2. Isoelectrofocusing over a 
3-10 range of pI resulted in poorly resolved protein zones in the range 5-6 and these gels are 
not shown. 

 
Fig. 2. Two dimensional gel electrophoresis on DNP-SG- (A) or CNP-SG- (B) affinity-
purified D. melanogaster GSTs. Affinity-purified D. melanogaster GSTs were separated in the 
first dimension on a 7 cm pH 4-7 linear IPG strip and then in the second dimension on a 12% 
SDS-PAGE gel. The gel was stained with Coomassie Blue G250. The identification of the 
numbered spots can be found in Table 3 below. 
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Substrate Specific activity (μmol/min/mg protein) 

 Eluted from 
GSH 

Eluted from 
DNP-SG 

Eluted from CNP-
SG 

Eluted from NB-
SG 

CDNB 13.60± 3.4 4.30 ± 0.90 3.10 ± 0.06  7.34 ± 1.13 
DCNB n.s. 0.18 ± 0.01 0.09 ± 0.06  n.s. 
NPA 1.00 ± 0.40 1.30 ± 0.46  1.50 ± 0.52 1.99± 0.75 
TNE 0.84 ± 0.48  0.35 ± 0.16  0.16 ± 0.04 0.41 ± 0.12 
DHA 3.30 ± 0.70  11.1 ± 6.4 12.65 ± 0.43 27.4 ± 6.3 
EA 7.10 ± 1.20  14.2 ± 0.05 17.22 ± 0.01 21.77± 2.88 

Table 2. Substrate specificity of glutathione transferases preparations from D. melanogaster. 
Activities were determined from triplicate experiments as described in Section 2.3 

Proteins were identified by MALDI-TOF and are listed below in Table 3. Most marked are 
zones corresponding to DmGSTS1, not all of which had been trapped by the GSH column, and 
GST CG16936 (spots 2-5). The latter appears at four loci of the same apparent molecular mass 
and of differing pI. At higher isoelectric points (pI 6.7 and 8.0, not visible in gels covering the 
pH range 4-7) two Epsilon class GSTs, E3 and E9, were identified in DNP-SG preparations.  
 

Spot
No. 

Flybase  
Annotation

Protein Mr/pI  
(Theor.) 

Mr./pI
 (Exp.)

P/C Z 
score 

1 CG8938 GST S1 27.6/4.6 33/4.6 8/47 2.43
2 CG16936 Epsilon GST 25.4/5.9 24/5.0 6/33 2.43
3 CG16936 Epsilon GST 25.4/5.9 24/5.1 9/49 2.35
4 CG16936 Epsilon GST 25.4/5.9 24/5.2 8/47 2.35
5 CG16936 Epsilon GST 25.4/5.9 24/5.3 7/38 2.35
6 CG6673 Omega GST 28.7/6.5 28/5.4 13/48 2.43
7 CG6673 Omega GST 28.7/6.5 28/5.5 15/46 2.43
8 CG6776 Omega GST 27.7/6.5 26/5.4 5/24 1.90
9 CG6776 Omega GST 27.7/6.5 26/5.5 6/22 2.09
10 CG10045 GST D1 23.9/6.9 23/5.2 4/26 2.43
11 CG3269 Drab2  23.7/5.8 20/4.8 7/37 2.43
12 CG32671 Rab9Fa  23.1/6.0 20/4.9 4/21 2.43
13 CG1707 Glyoxallase 20.14/6.1 19/5.2 11/60 2.37
14 C CG1707 Glyoxallase 20.14/6.1 19/5.3 13/72 2.39
15 CG8725 CSN4  46.7/5.9 46/5.1 11/33 1.40
16 CG8725 CSN4  46.7/5.9 46/5.2 9/29 2.43
17 CG9042 GPDH 44.7/6.4 46/5.2 13/38 2.00

Table 3. Identification of Drosophila GSTs after chromatography on DNP-SG or CNP-SG 
matrices. Protein zones are numbered as in Fig. 2. The proteins were identified using 
MALDI TOF MS peptide mass fingerprinting as described in section 2.7. The P/C column 
shows the number of peptides identified (P) and the percent coverage of the identified 
protein (C). Also shown are the theoretical and experimental values for Mr and pI of the 
identified proteins. A Z-score of greater than 2.34 indicates a probability of less than 1% that 
the result could have been attained by chance.  
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These had previously been detected on the gels analysing the product of BSP-SG 
chromatography (Alias and Clark, 2007). Spots 6 and 7 were identified as Omega GST 
CG6673 (isoform B). Fainter protein zones (8 and 9) were identified, with lower confidence, 
as the Omega GST CG6776. 

Non-GST proteins eluted from the DNP-SG matrix were also identified. Spots 13 and 14 
were identified as CG1707, lactoyl glutathione lysase (Glyoxlase I). Also eluted from the 
matrix were Rab small GTP-binding proteins (spots 11, 12; CG3269 and CG32671) and 
higher molecular weight contaminants including glycerol 3-phosphate dehydrogenase (spot 
17; CG9042) and the COP9 complex homolog subunit 4 (CSN4, spots 15,16 ).  

The same experiments carried out using CNP-GSH as ligand produced very similar results: 
2D gels were almost indistinguishable and specific activities of the enzyme preparations 
obtained from the two different procedures were almost identical (See Table 2).  

Identities of corresponding protein zones in gels resulting from the two types of affinity 
chromatography were determined independently. These are shown in Table 3 below. 

 
Fig. 3. Two dimensional gel electrophoresis of NB-SG affinity-purified D. melanogaster GSTs. 
Affinity-purified D. melanogaster GSTs were analysed as described in Section 2.7. The 
identification of the numbered spots can be found in Table 4 below. 

When NB-SG was the affinity ligand, a rather different picture was seen (Fig. 3). As in the 
previous experiments Sigma GST had not been completely removed and there was 
detectable presence of GSTs D1 and D3. In addition to the Omega GSTs revealed by the 
other two matrices, the use of NB-SG showed the presence of CG6781, the Omega GST 
involved in synthesis of eye pigments (Kim et al. 2006).  
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Substrate Specific activity (μmol/min/mg protein) 

 Eluted from 
GSH 

Eluted from 
DNP-SG 

Eluted from CNP-
SG 

Eluted from NB-
SG 

CDNB 13.60± 3.4 4.30 ± 0.90 3.10 ± 0.06  7.34 ± 1.13 
DCNB n.s. 0.18 ± 0.01 0.09 ± 0.06  n.s. 
NPA 1.00 ± 0.40 1.30 ± 0.46  1.50 ± 0.52 1.99± 0.75 
TNE 0.84 ± 0.48  0.35 ± 0.16  0.16 ± 0.04 0.41 ± 0.12 
DHA 3.30 ± 0.70  11.1 ± 6.4 12.65 ± 0.43 27.4 ± 6.3 
EA 7.10 ± 1.20  14.2 ± 0.05 17.22 ± 0.01 21.77± 2.88 

Table 2. Substrate specificity of glutathione transferases preparations from D. melanogaster. 
Activities were determined from triplicate experiments as described in Section 2.3 

Proteins were identified by MALDI-TOF and are listed below in Table 3. Most marked are 
zones corresponding to DmGSTS1, not all of which had been trapped by the GSH column, and 
GST CG16936 (spots 2-5). The latter appears at four loci of the same apparent molecular mass 
and of differing pI. At higher isoelectric points (pI 6.7 and 8.0, not visible in gels covering the 
pH range 4-7) two Epsilon class GSTs, E3 and E9, were identified in DNP-SG preparations.  
 

Spot
No. 

Flybase  
Annotation

Protein Mr/pI  
(Theor.) 

Mr./pI
 (Exp.)

P/C Z 
score 

1 CG8938 GST S1 27.6/4.6 33/4.6 8/47 2.43
2 CG16936 Epsilon GST 25.4/5.9 24/5.0 6/33 2.43
3 CG16936 Epsilon GST 25.4/5.9 24/5.1 9/49 2.35
4 CG16936 Epsilon GST 25.4/5.9 24/5.2 8/47 2.35
5 CG16936 Epsilon GST 25.4/5.9 24/5.3 7/38 2.35
6 CG6673 Omega GST 28.7/6.5 28/5.4 13/48 2.43
7 CG6673 Omega GST 28.7/6.5 28/5.5 15/46 2.43
8 CG6776 Omega GST 27.7/6.5 26/5.4 5/24 1.90
9 CG6776 Omega GST 27.7/6.5 26/5.5 6/22 2.09
10 CG10045 GST D1 23.9/6.9 23/5.2 4/26 2.43
11 CG3269 Drab2  23.7/5.8 20/4.8 7/37 2.43
12 CG32671 Rab9Fa  23.1/6.0 20/4.9 4/21 2.43
13 CG1707 Glyoxallase 20.14/6.1 19/5.2 11/60 2.37
14 C CG1707 Glyoxallase 20.14/6.1 19/5.3 13/72 2.39
15 CG8725 CSN4  46.7/5.9 46/5.1 11/33 1.40
16 CG8725 CSN4  46.7/5.9 46/5.2 9/29 2.43
17 CG9042 GPDH 44.7/6.4 46/5.2 13/38 2.00

Table 3. Identification of Drosophila GSTs after chromatography on DNP-SG or CNP-SG 
matrices. Protein zones are numbered as in Fig. 2. The proteins were identified using 
MALDI TOF MS peptide mass fingerprinting as described in section 2.7. The P/C column 
shows the number of peptides identified (P) and the percent coverage of the identified 
protein (C). Also shown are the theoretical and experimental values for Mr and pI of the 
identified proteins. A Z-score of greater than 2.34 indicates a probability of less than 1% that 
the result could have been attained by chance.  
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These had previously been detected on the gels analysing the product of BSP-SG 
chromatography (Alias and Clark, 2007). Spots 6 and 7 were identified as Omega GST 
CG6673 (isoform B). Fainter protein zones (8 and 9) were identified, with lower confidence, 
as the Omega GST CG6776. 

Non-GST proteins eluted from the DNP-SG matrix were also identified. Spots 13 and 14 
were identified as CG1707, lactoyl glutathione lysase (Glyoxlase I). Also eluted from the 
matrix were Rab small GTP-binding proteins (spots 11, 12; CG3269 and CG32671) and 
higher molecular weight contaminants including glycerol 3-phosphate dehydrogenase (spot 
17; CG9042) and the COP9 complex homolog subunit 4 (CSN4, spots 15,16 ).  

The same experiments carried out using CNP-GSH as ligand produced very similar results: 
2D gels were almost indistinguishable and specific activities of the enzyme preparations 
obtained from the two different procedures were almost identical (See Table 2).  

Identities of corresponding protein zones in gels resulting from the two types of affinity 
chromatography were determined independently. These are shown in Table 3 below. 

 
Fig. 3. Two dimensional gel electrophoresis of NB-SG affinity-purified D. melanogaster GSTs. 
Affinity-purified D. melanogaster GSTs were analysed as described in Section 2.7. The 
identification of the numbered spots can be found in Table 4 below. 

When NB-SG was the affinity ligand, a rather different picture was seen (Fig. 3). As in the 
previous experiments Sigma GST had not been completely removed and there was 
detectable presence of GSTs D1 and D3. In addition to the Omega GSTs revealed by the 
other two matrices, the use of NB-SG showed the presence of CG6781, the Omega GST 
involved in synthesis of eye pigments (Kim et al. 2006).  
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Spot Flybase 
Annotation 

Protein  
 

pI/Mr 
(Theor.)  
 

pI/Mr 
(Exp.) 
 

P/C Z 
 score 

1 CG8938 GST S1 4.6/27.65 4.5/32.4 27/67 2.43 
2 CG6673-PB Omega GST 6.5/28.76 6.75/29.5 19/65 2.43 
3 CG6673-PB Omega GST 6.5/28.76 7.1/29.5 17/55 2.43 
4 CG6673-PB Omega GST 6.5/28.76 7.1/29.5 13/51 2.43 
6 CG6673-PA  Omega GST 7.1/29.17 8.1/29.5 11/62 2.27 
7 CG6781 Omega GST 5.5/24.87 5.9/286 5/22 2.43 
8 CG6781 Omega GST 5.5/24.88 6.1/28.6 15/21 2.43 
9 CG6776 Omega GST 6.5/27.76 6.75/27.4 7/18 1.35 
10 CG6776 Omega GST 6.5/27.77 7.1/27.4 10/47 2.43 
11 CG5224 Epsilon  5.6/25.36 6.25/26.0 9/30 1.71 
12 CG11784 Epsilon  6.1/25.98 6.5/26.0 6/35 2.43 
13 CG11784 Epsilon  6.1/25.99 6.75/26.0 9/48 2.43 
14 CG11784 Epsilon  6.1/25.10 7.0/26.0 6/38 2.22 
15 CG4381 GST D3 5.3/22.89 5.8/24.2 9/38 2.43 
16 CG10045 GST D1 6.9/23.89 6.1/24.2 3/24 1.03 
17 CG10045 GST D1 6.8/24.02 6.45/24.2 8/33 2.43 
18 CG10045 GST D1 6.8/24.03 6.85/23.7 11/45 2.43 
19 CG10045 GST D1 6.8/24.04 7.5/23.4 12/45 2.43 
20 CG10045 GST D1 6.9/23.89 8.25/23.4 10/40 2.43 
21 CG17524 GST E3 7.0/24.93 8.6/24.2 9/55 2.3 
22 CG1707 Glyoxallase 6.1/20.14 6.5/21.7 8/44 2.43 
23 CG1707 Glyoxallase  6.1/20.15 7.0/21.5 9/59 2.43 

Table 4. Identification of Drosophila melanogaster GSTs after chromatography on the NB-SG 
matrix. Proteins identified from the NP-SG affinity-purified fractions of D. melanogaster 
separated over a pH range 3-10. Protein zones are numbered as in Fig. 3. The proteins were 
identified using MALDI TOF MS peptide mass fingerprinting as described in Methods. The 
P/C column shows the number of peptides identified (P) and the percent coverage of the 
identified protein (C). Also shown are the theoretical and experimental values for Mr and pI 
of the identified proteins. A Z-score of greater than 2.34 indicates a probability of less than 
1% that the result could have been attained by chance.  

Particularly noticeable was the absence of the putative GST CG16936 a protein which was 
prominent in gels of preparations isolated with the other two matrices. Multiple forms of the 
closely related protein, CG11784 were seen in these gels. These two proteins as well as CG5224 
are closely related to the Epsilon class. Sequence analysis using the programme BLAST shows 
CG16936 to be closely aligned with GSTs E4 and E9, having 45 % identity with both: CG5224 
was most similar to E9 and E10 (scores of 42% with both) and GCG11784 was most similar to 
E7 and E5 (scores of 37 and 36% respectively). As with the other matrices, the NB-SG matrix 
also bound higher molecular weight contaminants including glycerol 3-phosphate 
dehydrogenase (GPDH).  
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4. Discussion 
The multiplicity and overlapping substrate specificities of the GSTs (Habig et al., 1974a; Jakoby 
1978) renders them an extremely effective defence against many toxic compounds but this, 
along with overlapping cellular roles, may render it difficult to attribute particular functions to 
any individual or group of GSTs and in many contexts, it may in fact be more appropriate to 
regard them as acting as a complex, rather than as individual enzymes. The current work 
investigates the potential of the use of S-substituted glutathiones as affinity ligands to isolate 
and characterise the expression of the members of this super-family, selectively. 

Several affinity chromatography systems have been used to isolate GSTs from many sources. 
Ligands tested have included glutathione immobilised through its sulphur group (Clark et al., 
1990; Fournier et al., 1992) and glutathione (Yu, 1989) and S-substituted glutathione 
immobilised through the γ-glutamyl amino group. Ligands in the latter category have 
included the glutathione conjugate of the dye bromosulfophthalein (BSP-SG) (Alias & Clark, 
2007; Clark et al., 1977), S-hexyl glutathione (Grant & Matsumura, 1989; Guthenberg et al., 
1979). S-(2,4-dinitrophenyl) glutathione appears to have been employed as an affinity ligand 
only in the isolation of the ATP-dependent glutathione transporter (Awasthi et al., 1998).  

In few studies on the affinity chromatography of insect GSTs has a detailed examination of 
the GST proteome thus isolated been made: the focus has usually been on the isolation of 
particular types of GST. Studies on Musca domestica (Clark et al., 1990; Fournier et al., 1992) 
and D. melanogaster (Alias & Clark, 2007) GSTs showed that the use of GSH immobilised 
through its thiol group led to the isolation and identification of a limited number of GSTs 
from only the Sigma and Delta families. These were, in the case of D. melanogaster S1, D1 and 
D3. The use of BSP-SG as ligand isolated more GSTs from the Delta and Epsilon families 
(Alias & Clark, 2007). These included D2 (elevated after treatment of the insects with 
phenobarbital), D1, D3, E3, E6, E7, E9 and an additional, putative Epsilon class GST, 
CG16936. A small fraction of the Sigma GST was also bound by this matrix. Several non-
GST proteins were also bound. Of these, CG1707 (Glyoxallase I) was unsurprising since its 
substrate is lactoyl glutathione and it binds, presumably, via its affinity for the glutathione 
moiety. However, this matrix also bound a number of dehydrogenases including CG12262 
(acyl CoA dehydrogenase), CG32954 (alcohol dehydrogenase), CG4665 (dihydropteridine 
reductase). The reason for binding of these proteins is not clear: they resist elution by high 
concentrations of salt and whether they bind through specific interactions with the matrix or 
by non-specific hydrophobic interaction or whether it may be through specific protein-
protein interaction with bound GST proteins is not currently known. 

Results from the present experiments show similarities to those obtained with the BSP 
matrix (Alias & Clark, 2007) but there are differences. There is, following use of the DNP-SG 
or CNP-SG materials a substantial zone of Sigma GST, larger than seen with use of the BSP 
matrix. This suggests that these materials have a stronger affinity for the Sigma GST than 
did the BSP matrix. The matrices currently under consideration appeared to have a differing 
selectivity for Epsilon class GSTs compared with the BSP-GSH matrix. Of this family, only 
E3, E9 and CG16936 are seen in common in preparations made with these matrices, the last-
named protein being the most abundant.  

A major difference from studies with the BSP-SG matrix is the appearance of four zones 
containing proteins from the Omega GST family, two identified as CG6673, isoform B (spots 
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Spot Flybase 
Annotation 

Protein  
 

pI/Mr 
(Theor.)  
 

pI/Mr 
(Exp.) 
 

P/C Z 
 score 

1 CG8938 GST S1 4.6/27.65 4.5/32.4 27/67 2.43 
2 CG6673-PB Omega GST 6.5/28.76 6.75/29.5 19/65 2.43 
3 CG6673-PB Omega GST 6.5/28.76 7.1/29.5 17/55 2.43 
4 CG6673-PB Omega GST 6.5/28.76 7.1/29.5 13/51 2.43 
6 CG6673-PA  Omega GST 7.1/29.17 8.1/29.5 11/62 2.27 
7 CG6781 Omega GST 5.5/24.87 5.9/286 5/22 2.43 
8 CG6781 Omega GST 5.5/24.88 6.1/28.6 15/21 2.43 
9 CG6776 Omega GST 6.5/27.76 6.75/27.4 7/18 1.35 
10 CG6776 Omega GST 6.5/27.77 7.1/27.4 10/47 2.43 
11 CG5224 Epsilon  5.6/25.36 6.25/26.0 9/30 1.71 
12 CG11784 Epsilon  6.1/25.98 6.5/26.0 6/35 2.43 
13 CG11784 Epsilon  6.1/25.99 6.75/26.0 9/48 2.43 
14 CG11784 Epsilon  6.1/25.10 7.0/26.0 6/38 2.22 
15 CG4381 GST D3 5.3/22.89 5.8/24.2 9/38 2.43 
16 CG10045 GST D1 6.9/23.89 6.1/24.2 3/24 1.03 
17 CG10045 GST D1 6.8/24.02 6.45/24.2 8/33 2.43 
18 CG10045 GST D1 6.8/24.03 6.85/23.7 11/45 2.43 
19 CG10045 GST D1 6.8/24.04 7.5/23.4 12/45 2.43 
20 CG10045 GST D1 6.9/23.89 8.25/23.4 10/40 2.43 
21 CG17524 GST E3 7.0/24.93 8.6/24.2 9/55 2.3 
22 CG1707 Glyoxallase 6.1/20.14 6.5/21.7 8/44 2.43 
23 CG1707 Glyoxallase  6.1/20.15 7.0/21.5 9/59 2.43 

Table 4. Identification of Drosophila melanogaster GSTs after chromatography on the NB-SG 
matrix. Proteins identified from the NP-SG affinity-purified fractions of D. melanogaster 
separated over a pH range 3-10. Protein zones are numbered as in Fig. 3. The proteins were 
identified using MALDI TOF MS peptide mass fingerprinting as described in Methods. The 
P/C column shows the number of peptides identified (P) and the percent coverage of the 
identified protein (C). Also shown are the theoretical and experimental values for Mr and pI 
of the identified proteins. A Z-score of greater than 2.34 indicates a probability of less than 
1% that the result could have been attained by chance.  

Particularly noticeable was the absence of the putative GST CG16936 a protein which was 
prominent in gels of preparations isolated with the other two matrices. Multiple forms of the 
closely related protein, CG11784 were seen in these gels. These two proteins as well as CG5224 
are closely related to the Epsilon class. Sequence analysis using the programme BLAST shows 
CG16936 to be closely aligned with GSTs E4 and E9, having 45 % identity with both: CG5224 
was most similar to E9 and E10 (scores of 42% with both) and GCG11784 was most similar to 
E7 and E5 (scores of 37 and 36% respectively). As with the other matrices, the NB-SG matrix 
also bound higher molecular weight contaminants including glycerol 3-phosphate 
dehydrogenase (GPDH).  
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4. Discussion 
The multiplicity and overlapping substrate specificities of the GSTs (Habig et al., 1974a; Jakoby 
1978) renders them an extremely effective defence against many toxic compounds but this, 
along with overlapping cellular roles, may render it difficult to attribute particular functions to 
any individual or group of GSTs and in many contexts, it may in fact be more appropriate to 
regard them as acting as a complex, rather than as individual enzymes. The current work 
investigates the potential of the use of S-substituted glutathiones as affinity ligands to isolate 
and characterise the expression of the members of this super-family, selectively. 

Several affinity chromatography systems have been used to isolate GSTs from many sources. 
Ligands tested have included glutathione immobilised through its sulphur group (Clark et al., 
1990; Fournier et al., 1992) and glutathione (Yu, 1989) and S-substituted glutathione 
immobilised through the γ-glutamyl amino group. Ligands in the latter category have 
included the glutathione conjugate of the dye bromosulfophthalein (BSP-SG) (Alias & Clark, 
2007; Clark et al., 1977), S-hexyl glutathione (Grant & Matsumura, 1989; Guthenberg et al., 
1979). S-(2,4-dinitrophenyl) glutathione appears to have been employed as an affinity ligand 
only in the isolation of the ATP-dependent glutathione transporter (Awasthi et al., 1998).  

In few studies on the affinity chromatography of insect GSTs has a detailed examination of 
the GST proteome thus isolated been made: the focus has usually been on the isolation of 
particular types of GST. Studies on Musca domestica (Clark et al., 1990; Fournier et al., 1992) 
and D. melanogaster (Alias & Clark, 2007) GSTs showed that the use of GSH immobilised 
through its thiol group led to the isolation and identification of a limited number of GSTs 
from only the Sigma and Delta families. These were, in the case of D. melanogaster S1, D1 and 
D3. The use of BSP-SG as ligand isolated more GSTs from the Delta and Epsilon families 
(Alias & Clark, 2007). These included D2 (elevated after treatment of the insects with 
phenobarbital), D1, D3, E3, E6, E7, E9 and an additional, putative Epsilon class GST, 
CG16936. A small fraction of the Sigma GST was also bound by this matrix. Several non-
GST proteins were also bound. Of these, CG1707 (Glyoxallase I) was unsurprising since its 
substrate is lactoyl glutathione and it binds, presumably, via its affinity for the glutathione 
moiety. However, this matrix also bound a number of dehydrogenases including CG12262 
(acyl CoA dehydrogenase), CG32954 (alcohol dehydrogenase), CG4665 (dihydropteridine 
reductase). The reason for binding of these proteins is not clear: they resist elution by high 
concentrations of salt and whether they bind through specific interactions with the matrix or 
by non-specific hydrophobic interaction or whether it may be through specific protein-
protein interaction with bound GST proteins is not currently known. 

Results from the present experiments show similarities to those obtained with the BSP 
matrix (Alias & Clark, 2007) but there are differences. There is, following use of the DNP-SG 
or CNP-SG materials a substantial zone of Sigma GST, larger than seen with use of the BSP 
matrix. This suggests that these materials have a stronger affinity for the Sigma GST than 
did the BSP matrix. The matrices currently under consideration appeared to have a differing 
selectivity for Epsilon class GSTs compared with the BSP-GSH matrix. Of this family, only 
E3, E9 and CG16936 are seen in common in preparations made with these matrices, the last-
named protein being the most abundant.  

A major difference from studies with the BSP-SG matrix is the appearance of four zones 
containing proteins from the Omega GST family, two identified as CG6673, isoform B (spots 



 
Affinity Chromatography 

 

138 

6 and 7) and two (spots 8, 9) as CG6776. The Omega isoform CG6673B has a high 
dehydroascorbate reductase activity (Kim et al., 2006) and accounts for the high reductase 
activity in the material eluted from these columns. These isoforms also have minimal 
catalytic activity with CDNB (Kim et al., 2006) suggesting that GSTs may bind to GSH 
conjugates of a substrate with which they have little or no catalytic activity. This is 
supported by the observation that the matrices carrying conjugates of CDNB and DCNB, 
substrates that discriminate strongly between differing GSTs, appear to bind almost 
identical groups of proteins, both GSTs and non-GSTs. From this it may be concluded that 
differences in catalytic performance may be generated by relatively subtle changes in the 
active site that have little impact on the binding of product analogues. With regard to the 
Omega GSTs, this view is supported by the work of Whitbread et al. (2005) who 
demonstrated that the change of Cysteine 32 to Alanine resulted in an increase of activity 
with CDNB of over an order of magnitude. 

A striking feature of the studies of the affinity chromatographic analysis of D. melanogaster 
GSTs is in the small number so far identified. In the works cited here, the number of GSTs 
positively identified is fourteen, only one third of the number possible (Tu & Agkul, 2005). 
This may reflect the modest expression of some isoforms. Heavy loading of gels indicates 
the presence of as yet unidentified proteins in the appropriate Mr range on 2D gels. It may 
also be that some isoforms have low affinity for the media so far studied. That might explain 
the absence of any members of Zeta or Theta families from our list of identified proteins. 

5 Conclusions 
5.1 The present work 

The primary aim of this work was to determine whether affinity chromatography systems 
could be designed to characterise the proteome of the superfamily of glutathione S-
transferases, with their multiple toxicological and metabolic roles, in a target organism. This 
aim has been partially successful. These experiments, in combination with the results from 
Alias & Clark, 2007 show that the use of different S-substituted glutathiones as affinity 
ligands results in the isolation of differing, but overlapping groups of GSTs from the Delta, 
Epsilon, Sigma and Omega families. It has not been possible to predict which will bind to a 
given matrix. The use of these media demonstrates the expression in vivo of a number of 
GSTs, particularly those related to the Epsilon class, the production of which has not 
previously been shown. Their use also establishes the presence of multiple forms of several 
GSTs. In the case of the Sigma and D1 isoforms it seems probable that these result from 
post-translational modifications (Alias & Clark, 2007; Pal & Clark, unpublished).  

The proteins identified account for only about 50% of the Sigma, Delta, Epsilon and Omega 
families. This may be due to low levels of expression or to low affinity for the matrices of 
some isoforms. A further disappointing aspect of the work has been the failure to identify 
members of the Zeta or Theta families. 

5.2 Future work 

The overlap in specificities of the media discussed here suggests that their use in 
combination should lead to a greater coverage of the GST proteome than the use of any 
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single medium. Alternatively, their use in sequence should lead to the preferential isolation 
of particular types of GST (CG16936 would be a possible target for such a study) and 
sequential use might also be employed to enrich preparations in isoforms expressed at too 
low a level to be identified in the current experiments. 

It is possible that Theta and Zeta families have not been detected because of a low affinity 
for the S-aryl glutathiones. Different types of ligand need to be investigated for the isolation 
of members of these families. 

This work has involved the study of D. melanogaster as a model insect but the techniques 
described have been developed with a view to applying them to insect pests that are of 
economic or health significance. This proteomic approach generates information that does 
not depend on knowledge of the genome of the organism in question. Arthropod genomic 
databases are sufficiently extensive so that cross-database matching of proteomic data may 
be sufficient to obtain a provisional characterisation of GSTs isolated in this fashion from a 
pest species. The approach may thus serve as a tool for preliminary studies in organisms for 
which there is no genomic database. It enables preliminary characterisation of GSTs that are 
produced to a significant extent and are thus, perhaps, most immediately worthy of 
individual study. 
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activity in the material eluted from these columns. These isoforms also have minimal 
catalytic activity with CDNB (Kim et al., 2006) suggesting that GSTs may bind to GSH 
conjugates of a substrate with which they have little or no catalytic activity. This is 
supported by the observation that the matrices carrying conjugates of CDNB and DCNB, 
substrates that discriminate strongly between differing GSTs, appear to bind almost 
identical groups of proteins, both GSTs and non-GSTs. From this it may be concluded that 
differences in catalytic performance may be generated by relatively subtle changes in the 
active site that have little impact on the binding of product analogues. With regard to the 
Omega GSTs, this view is supported by the work of Whitbread et al. (2005) who 
demonstrated that the change of Cysteine 32 to Alanine resulted in an increase of activity 
with CDNB of over an order of magnitude. 

A striking feature of the studies of the affinity chromatographic analysis of D. melanogaster 
GSTs is in the small number so far identified. In the works cited here, the number of GSTs 
positively identified is fourteen, only one third of the number possible (Tu & Agkul, 2005). 
This may reflect the modest expression of some isoforms. Heavy loading of gels indicates 
the presence of as yet unidentified proteins in the appropriate Mr range on 2D gels. It may 
also be that some isoforms have low affinity for the media so far studied. That might explain 
the absence of any members of Zeta or Theta families from our list of identified proteins. 
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could be designed to characterise the proteome of the superfamily of glutathione S-
transferases, with their multiple toxicological and metabolic roles, in a target organism. This 
aim has been partially successful. These experiments, in combination with the results from 
Alias & Clark, 2007 show that the use of different S-substituted glutathiones as affinity 
ligands results in the isolation of differing, but overlapping groups of GSTs from the Delta, 
Epsilon, Sigma and Omega families. It has not been possible to predict which will bind to a 
given matrix. The use of these media demonstrates the expression in vivo of a number of 
GSTs, particularly those related to the Epsilon class, the production of which has not 
previously been shown. Their use also establishes the presence of multiple forms of several 
GSTs. In the case of the Sigma and D1 isoforms it seems probable that these result from 
post-translational modifications (Alias & Clark, 2007; Pal & Clark, unpublished).  

The proteins identified account for only about 50% of the Sigma, Delta, Epsilon and Omega 
families. This may be due to low levels of expression or to low affinity for the matrices of 
some isoforms. A further disappointing aspect of the work has been the failure to identify 
members of the Zeta or Theta families. 
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The overlap in specificities of the media discussed here suggests that their use in 
combination should lead to a greater coverage of the GST proteome than the use of any 
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single medium. Alternatively, their use in sequence should lead to the preferential isolation 
of particular types of GST (CG16936 would be a possible target for such a study) and 
sequential use might also be employed to enrich preparations in isoforms expressed at too 
low a level to be identified in the current experiments. 

It is possible that Theta and Zeta families have not been detected because of a low affinity 
for the S-aryl glutathiones. Different types of ligand need to be investigated for the isolation 
of members of these families. 

This work has involved the study of D. melanogaster as a model insect but the techniques 
described have been developed with a view to applying them to insect pests that are of 
economic or health significance. This proteomic approach generates information that does 
not depend on knowledge of the genome of the organism in question. Arthropod genomic 
databases are sufficiently extensive so that cross-database matching of proteomic data may 
be sufficient to obtain a provisional characterisation of GSTs isolated in this fashion from a 
pest species. The approach may thus serve as a tool for preliminary studies in organisms for 
which there is no genomic database. It enables preliminary characterisation of GSTs that are 
produced to a significant extent and are thus, perhaps, most immediately worthy of 
individual study. 
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1. Introduction 
Translation of eukaryotic mRNAs to proteins is the final step of gene expression which 
involves three steps; initiation, elongation and termination. Translation initiation is a rate 
limiting and highly regulated process, likely because it is more effective to control the very 
first step of protein translation instead of dealing with the consequences of aberrant protein 
translation. Most eukaryotic mRNAs harbor 5’ m7G cap structure and 3’ poly (A) tail. 
Typically, translation of eukaryotic mRNA starts with the association of eukaryotic intiation 
factor (eIF) 4F complex (eIF4E, eIF4G, eIF4A) with the 5’ m7G cap structure via eIF4E. 43S 
initiation complex, comprising 40S ribosomal subunit, ternary complex (eIF2-GTP-
tRNAiMet) and the multi-subunit initiation factor eIF3, is then recruited to mRNA via 
interaction of eIF3 with the scaffolding protein eIF4G. Subsequently, this pre-initiation 
complex is believed to scan the mRNA in the 5’ to 3’ direction until an initiation start 
codon is recognized. eIF2 delivers initiator tRNA into the peptidyl (P) site of the ribosome 
where initiation codon is situated. Following recruitment of initiator tRNA, eIF5 binds to 
the resulting 48S initiation complex and induces GTPase activity of eIF2α. Initiation 
protein factors are released from the 48S initiation complex upon GTP hydrolysis by 
eIF2α, and the 60S ribosome subunit joins the 40S ribosome subunit to form 80S initiation 
complex in a process that is aided by eIF5B. Elongation of polypeptide chain synthesis 
commences following 80S initiation complex formation at AUG (for detail reviews see 
Gebauer & Hentze, 2004; Holcik & Sonenberg, 2005; Graber & Holcik, 2007; King et al., 
2010) (Figure 1). 

During physiological or pathophysiological stress conditions the cap-dependent translation 
initiation is compromised either due to the proteolytic cleavage of initiation factors or 
changes in the phosphorylation status of the initiation factors and their binding partners 
(reviewed in King et al., 2010). A class of mRNAs harbouring Internal Ribosome Entry Site 
(IRES) can bypass the global attenuation of protein translation. IRESes are believed to 
directly recruit ribosome to the vicinity of start codon thus bypassing the need for cap-
binding and ribosome scanning. We and others have shown that the IRES mechanism is 
utilized preferentially during conditions when normal, cap-dependent translation initiation 
is attenuated and in fact represents a critical survival switch during oncogenesis (e.g. Holcik 
et al., 2000; Silvera & Schneider, 2009). Translational control by internal initiation thus 
represents a novel and unique regulatory mechanism that is critical for cell survival. 
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Only key initiation factors (eIFs) involved in the stepwise assembly of the 80S initiation complex are 
shown. Binding of the eIF4 factors on the mRNA is thought to melt the secondary structure in the 5’ 
untranslated region and the unfolded mRNA is then capable of interacting with the 43S preinitiation 
complex. The 40S ribosomal subunit, with associated initiation factors, is then thought to scan in the 3’ 
direction until an AUG initiation codon in a favorable context is found and the 48S initiation complex is 
formed. The recruitment of the 60S ribosomal subunit to form the 80S initiation complex completes the 
initiation step and protein synthesis continues with polypeptide elongation and termination steps 
(Adapted from Holcik & Sonenberg, 2005). 

Fig. 1. Schematic diagram of cap dependent translation initiation 

A sizeable proportion of cellular mRNAs, perhaps as much as 10%, has been shown to be 
translated by a cap-independent mechanism (Johannes & Sarnow, 1998; Blais et al., 2004). It 
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validated cap-independent translational mechanism described to date. IRES elements were 
initially discovered in picornaviruses, where they initiate translation of naturally uncapped 
viral RNAs (Pelletier & Sonenberg, 1988). Cellular IRESes have been described in a small, 
but growing, number of mRNAs and often encode proteins that play key roles in cell 
growth and proliferation, differentiation and the regulation of apoptosis. Thus, we and 
others have proposed that the selective regulation of IRES-mediated translation is important 
for the regulation of cell death and survival. Indeed, the experimental data from many 
laboratories have now validated this hypothesis in a number of models (reviewed in Holcik 
& Sonenberg, 2005; Braunstein et al., 2007; Silvera et al., 2010; Spriggs et al., 2010; Blagden & 
Willis, 2011; Komar & Hatzoglou, 2011). In contrast to cap-dependent translation, the 
translation of IRES-containing cellular mRNA is poorly understood and requires the activity 
of auxiliary RNA-binding proteins that function as IRES trans-acting factors (ITAFs). Exactly 
how ITAFs modulate IRES activity is not clear; ITAFs were suggested to act as adapter 
proteins which act as a bridge between the ribosome and mRNA (Mitchell et al., 2005), or as 
RNA chaperones which remodel mRNA into a conformation that permits ribosome 
recruitment (Yaman et al., 2003). We have been studying IRES-mediated translation of 
cellular mRNAs during stress using two anti-apoptotic proteins, X chromosome-linked 
inhibitor of apoptosis (XIAP) and cellular inhibitor of apoptosis protein 1 (cIAP1), as model 
systems (Holcik et al., 1999; Graber et al., 2010; Riley et al., 2010; Thakor & Holcik, 2011). To 
gain full understanding of the regulation and function of XIAP and cIAP1 IRESes, it was 
necessary to isolate and identify ITAFs which modulate IRES activity. To this end we have 
used several complementary approaches that are described in detail below. 

2. RNA-affinity chromatography 
RNA-affinity chromatography is relatively simple technique which facilitates isolation and 
characterization of various RNA binding proteins. Numerous strategies have been 
employed for RNA affinity chromatography using variety of affinity matrices which 
immobilize RNA to the solid support either covalently or non-covalently, and are briefly 
described below. While all strategies can be used to successfully isolate RNA-binding 
proteins, they all present distinct challenges that need to be considered when designing the 
experiments. Cyanogen bromide activated sepharose and adipic acid dihyrazide agarose are 
widely used to covalently immobilize RNA (Kaminski et al., 1995; Caputi et al., 1999; 
Copeland & Driscoll, 1999; Sela-Brown et al., 2000; Hovhannisyan & Carstens, 2009). In the 
first approach, random sites of RNA attach to the matrix and therefore not all RNA 
molecules may maintain a homogeneous conformation which limits the number of 
accessible protein binding sites. Furthermore, cyanogen bromide activated sepharose can 
non-specifically capture RNA from the cell lysates used for the affinity chromatography 
which results in isolation of unspecific proteins. The second approach requires oxidation of 
RNA at 3’ end using sodium periodate which makes the process inconvenient. 

The poly-A tailed RNA bound proteins can be isolated using poly-U sepharose which non-
covalently immobilizes poly-A tailed RNA (Neupert et al., 1990; Siebel et al., 1994). This 
approach requires extensive processing of the cytoplasmic lysate, which is used for affinity 
chromatography, in order to remove endogenous poly-A tailed mRNAs which would 
otherwise compete for binding on poly-U sepharose. 
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The RNA which contains recognition sequences for MS2 (bacteriophage coat protein) can be 
non-covalently attached to amylose beads via a recombinant chimeric protein MS2-MBP 
(maltose binding protein) (Zhou et al., 2002). In this approach, RNA attachment on the solid 
matrix depends on the affinity of MS2-MBP protein for the RNA and for the amylose beads. 
This approach is relatively expensive and inconvenient because it requires purification of 
recombinant MS2-MBP protein. 

Aptamers are functional oligonucleotide sequences which bind non-covalently with high 
affinity and specificity to proteins, peptides and other small molecules (Tombelli et al., 2005; 
Ravelet et al., 2006; Hutanu & Remcho, 2007; Peyrin, 2009). Non-covalent RNA attachment 
can be achieved by inserting aptamer sequences which specifically bind with streptomycin, 
so called StreptoTag, (Bachler et al., 1999) or streptavidin (Srisawat & Engelke, 2001) 
immobilized on the solid matrix. If this approach is used, the aptamer specific for 
streptomycin or streptavidin needs to be inserted at the site where it is exposed to the 
solvent. If the aptamer insertion site falls along the length of RNA, then it limits protein 
binding sites. 

The high affinity binding of biotin by avidin (Kd ~ 10-15 M) has made the biotin-avidin 
association an extremely powerful tool for affinity chromatography and a method of choice 
for many researchers (e.g. Rouault et al., 1989; Bayer & Wilchek, 1990; Ruby et al., 1990; 
Gerbasi & Link, 2007; Sharma, 2008). RNA can be biotinylated either at 5’ end by enzymatic 
reaction or internally by using biotinylated nucleotides during in vitro transcription. The 5’ 
end biotinylated RNA is preferred over RNA carrying biotin substitutions along its length 
because internally tagged RNA can bind to the matrix using random sites which limits the 
protein binding sites. Therefore, we have used biotin-avidin RNA-affinity chromatography 
approach followed by mass-peptide fingerprinting to isolate and indentify ITAFs which 
modulate XIAP and cIAP1 IRES activities (Baird et al., 2007; Lewis et al., 2007; Graber et al., 
2010; Durie et al., 2011). A general scheme for avidin-biotin RNA affinity chromatography is 
illustrated in Figure 2. First, in vitro transcribed IRES RNA is biotinylated at 5’ end and 
conjugated to the avidin-agarose beads which are then incubated with pre-cleared 
cytoplasmic lysate. After stringent washing, captured proteins are separated on SDS-PAGE 
and stained with SYPRO Ruby or Silver stains. Specific bands can then be excised and 
analyzed by MALDI-TOF mass spectrometry and peptide mass fingerprinting. Identity of 
the proteins can be further confirmed by Western blot analysis. 

 
Fig. 2. Schematic diagram of avidin-biotin RNA affinity chromatography procedure 
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3. Avidin-biotin RNA affinity chromatography procedure 
3.1 RNA biotinylation 

In vitro transcribe the RNA of interest using Megashortscript kit (Ambion, Austin, TX, USA) 
and biotinylate at 5’ end by enzymatic reaction using EndTag™ Nucleic Acid Labeling 
System (Vector Laboratories, Burlingame, CA) as illustrated in Figure 3. Carry out 
dephosphorylation of RNA by combining 1 μl universal reaction buffer, 0.6 nmol RNA and 
1 μl alkaline phosphatase. Bring the final reaction volume to 10 μl and incubate at 37°C for 
30 min. Subsequently, add 2 μl universal reaction buffer, 1 μl ATPγS and 2 μl T4 
polynucleotide kinase into the reaction. After bringing up the reaction volume to 20 μl, 
incubate the reaction further at 37°C for 30 min. Mix biotin maleimide (10 μl) with the 
reaction and incubate at 65°C for 45 min. Mix water (70 μl) and buffered phenol (100 μl) 
(Sigma-Aldrich, Oakville, ON, Canada) with the reaction and vortex briefly. Centrifuge the 
tube at 13,000 RPM for 1 min at 4°C and collect the upper aqueous layer. To this aqueous 
fraction add 5 μl precipitant and 263 μl of 95% ethanol and precipitate RNA overnight at -
20°C. Next day centrifuge the tube at 13,000 RPM for 30 minutes at 4°C to obtain RNA 
pellet. Wash the pellet with 70% ethanol and dry it under vacuum. Resuspend the pellet in 
20 μl RNAse free water and store at -80°C if necessary. 

 
(Adapted from product manual, Vector Laboratories) 

Fig. 3. Schematic outline of RNA biotinylation at 5’ end 

3.2 Preparation of the cytoplasmic lysate 

The following procedure was used to isolate RNA binding proteins from HEK293 cells, but 
it can be applied to any other cell line. Grow cells to ~80% confluency in five 10 cm plates 
and collect them in 15 ml Falcon tube in phosphate buffered saline (PBS). Chill the cells on 
ice and centrifuge at 800 g for 5 min and collect the cell pellet. Wash the cell pellet two times 
with cold PBS and centrifuge at 800 g at 4°C for 5 min. Resuspend the cells in 750 μl of 
homogenization buffer (10 mM Tris-HCl (pH 7.4), 1.5 mM MgCl2, 10 mM KCl) containing 
0.1 mM phenylmethylsulfonyl fluoride (PMSF), 0.5 mM dithiothretol (DTT) and 10 μg/ml 
leupeptin and lyse the cells by dounce-homogenizer (30 strokes, pestle ‘B’). Centrifuge the 
lysate at 2,000g at 4°C for 10 min to pellet nuclei. Centrifuge the lysate further at 10,000 g 
at 4°C for 15 min and collect the supernatant. Determine protein concentration of the 
lysate by Bradford’s or other suitable protein assay. Bring the final concentrations of 
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pellet. Wash the pellet with 70% ethanol and dry it under vacuum. Resuspend the pellet in 
20 μl RNAse free water and store at -80°C if necessary. 

 
(Adapted from product manual, Vector Laboratories) 

Fig. 3. Schematic outline of RNA biotinylation at 5’ end 

3.2 Preparation of the cytoplasmic lysate 

The following procedure was used to isolate RNA binding proteins from HEK293 cells, but 
it can be applied to any other cell line. Grow cells to ~80% confluency in five 10 cm plates 
and collect them in 15 ml Falcon tube in phosphate buffered saline (PBS). Chill the cells on 
ice and centrifuge at 800 g for 5 min and collect the cell pellet. Wash the cell pellet two times 
with cold PBS and centrifuge at 800 g at 4°C for 5 min. Resuspend the cells in 750 μl of 
homogenization buffer (10 mM Tris-HCl (pH 7.4), 1.5 mM MgCl2, 10 mM KCl) containing 
0.1 mM phenylmethylsulfonyl fluoride (PMSF), 0.5 mM dithiothretol (DTT) and 10 μg/ml 
leupeptin and lyse the cells by dounce-homogenizer (30 strokes, pestle ‘B’). Centrifuge the 
lysate at 2,000g at 4°C for 10 min to pellet nuclei. Centrifuge the lysate further at 10,000 g 
at 4°C for 15 min and collect the supernatant. Determine protein concentration of the 
lysate by Bradford’s or other suitable protein assay. Bring the final concentrations of 
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glycerol and KCl in the lysate to 5 % (vol/vol) and 150 mM respectively, if necessary store 
the lysate at -80°C. 

3.3 Pre-clearing of the cytoplasmic lysate 

Mix the cytoplasmic lysate (2 mg) with 20 µl RNAsin (Promega, Madison, WI, USA) and 12 
µg yeast tRNA (Sigma-Aldrich). Bring the final volume of the lysate to 825 µl by binding 
buffer (10 mM Tris-HCl (pH 7.4), 1.5 mM MgCl2, 150 mM KCl, 0.1 mM PMSF, 0.5 mM 
dithiothretol (DTT), 10 μg/ml leupeptin and 0.05% NP-40). Mix the buffer-washed avidin 
agarose beads (225 µl) (Sigma-Aldrich) with the cytoplasmic lysate and incubate at 4°C for 2 
h on a rotator. Centrifuge the tube at 6,500 rpm for 1 min to pellet the beads and collect the 
supernatant.  

3.4 Capturing RNA bound proteins on avidin agarose matrix 

Wash avidin agarose beads (225 µl) with the binding buffer and combine them with 120 µg 
(0.24 nmol) of biotinylated RNA and incubate at 4°C for 2 h on a rotator. Centrifuge the 
beads at 6,500 rpm for 1 min and wash two times with 500 µl binding buffer. Mix the RNA-
bound beads with 2 mg of pre-cleared cytoplasmic lysate and incubate at room temperature 
(RT) on a rotator for 30 min. Incubate the tube at 4°C for further 2 h on a rotator. Wash 
beads 5 times with binding buffer and finally boil with 1X SDS-PAGE loading buffer. 
Separate captured proteins on SDS-PAGE and stain with SYPRO Ruby stain (Genomic 
Solutions, Ann Arbor, MI). Excise specific bands from the gel and subject them to mass 
peptide fingerprinting. Alternatively, confirm the protein identity by Western blot analysis 
with suitable antibodies.  

3.5 Avidin-biotin RNA-affinity chromatography isolation of XIAP and cIAP1 IRES 
binding proteins 

To illustrate the utility of the above-described approach we have previously used the 
minimal functional XIAP IRES (-162 to +1 nt of 5’ UTR of XIAP) (Lewis et al., 2007) and 
cIAP1 IRES (-150 to +1 nt of 5’ UTR of cIAP1) (Graber et al., 2010) elements to isolate and 
identify XIAP and cIAP1 ITAFs, respectively. When XIAP IRES RNA conjugated beads were 
used in an affinity pulldown, at least six distinct proteins were isolated (Figure 4A Lane # 2) 
(Lewis et al., 2007). A control reaction using avidin-agarose beads alone did not yield any 
proteins (Figure 4A Lane # 1) indicating that the proteins isolated with XIAP IRES RNA 
were specific. The mass peptide fingerprinting of p37 protein species captured on XIAP 
IRES RNA revealed that in fact p37 protein species is a mixture of hnRNPA1 and HuR 
(Figure 4B) (Lewis et al., 2007; Durie et al., 2011). The specificity of HuR and hnRNPA1 
interaction with the XIAP IRES RNA was confirmed by Western blot analysis (Figure 4C) 
(Lewis et al., 2007; Durie et al., 2011). The protein species p52 and p44 were also subjected to 
mass peptide fingerprinting and were identified as La autoantigen (p52) and hnRNP C1/C2 
(p44); both proteins were previously shown to interact with XIAP IRES RNA (Holcik & 
Korneluk, 2000; Holcik et al., 2003). In addition, Western blot analysis of the RNA 
chromatography eluate using antibodies against candidate proteins Baird et. al. confirmed 
the presence of La autoantigen, hnRNP C1/C2 and PTB in the XIAP IRES RNA-protein 
complex (Baird et al., 2007) (Figure 4C).  
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(A) Precleared HEK293T cytoplasmic lysate was incubated with avidin agarose coated with XIAP IRES 
RNA or avidin agarose only. Captured proteins were separated by SDS-PAGE and stained with SYPRO 
Ruby stain and indicated protein species were excised from the gel and subjected to mass spectrometry. 
(B) p37 was identified as a mixture of hnRNPA1 and HuR; underlined peptides were identified by mass 
spectroscopy. (C) Westernblot analysis of proteins captured on XIAP IRES RNA by avidin-biotin RNA 
affinity chromatography confirmed the specificity of the protein-XIAP RNA interaction. (Adapted from 
Baird et al., 2007; Lewis et al., 2007; Durie et al., 2011). 

Fig. 4. Avidin-biotin RNA-affinity chromatography isolation of XIAP IRES binding proteins 

In a similar approach, Graber et. al. used IRES containing portion of cIAP1 5’ UTR (Probe I), 
and non-IRES portion of cIAP1 5’ UTR as a control (Probe II) (Figure 5A), to isolate and 
identify proteins which specifically interact with the cIAP1 IRES. Four distinct proteins were 
isolated (Figure 5B)(Graber et al., 2010). The MALDI-TOF mass spectrometry analysis of 
cIAP1 IRES captured proteins identified them as RNA Helicase A (RHA), insulin-like 
growth factor 2 mRNA binding protein 1 (IGF2BP1), NF90 and NF45 (Figure 5C). 
Furthermore, Western blot analysis using antibodies against RHA, IGF2BP1, NF90 and 
NF45 confirmed that these proteins specifically interact with the cIAP1 IRES but not with 
the non-IRES portion of the cIAP1 5’ UTR (Figure 5D) (Graber et al., 2010).  
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(c) (d) 
(A) Probe I: IRES containing portion of cIAP1 5’ UTR; Probe II: non-IRES portion of cIAP1 5’ UTR. (B) 
Pre-cleared HEK293T cytoplasmic lysate was incubated with avidin agarose beads coated with cIAP1 
IRES RNA or avidin agarose beads only. Captured proteins were separated by SDS-PAGE and stained 
by SYPRO Ruby stain (C) Indicated protein species were excised from the gel and subjected to mass 
spectrometry. (D) Western blot analysis of proteins captured on cIAP1 IRES RNA by avidin-biotin RNA 
affinity chromatography confirmed the specificity of the interaction with the IRES portion of the cIAP1 
5’ UTR. (Adapted from Graber et al., 2010) 

Fig. 5. Avidin-biotin RNA-affinity chromatography isolation of cIAP1 IRES binding proteins 

4. RNA-protein complex immunoprecipitation 
While the RNA affinity chromatography will provide information about the in vitro 
interaction between the protein and given RNA, the biological relevance of this interaction 
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needs to be further probed in a cellular setting. The first step in this process is to validate if 
the RNA-protein interaction occurs in cells, and this can be done by RNA 
immunoprecipitation (RIP) technique. We have used the in vivo crosslinking combined with 
co-precipitation of RNA-protein complexes as described (Niranjanakumari et al., 2002) to 
demonstrate in vivo interaction between the endogenous HuR and hnRNP A1 and the 
endogenous XIAP mRNA. Briefly, HEK293T cells were treated with formaldehyde to cross 
link RNA-protein complexes. Crosslinking reaction was then stopped by adding glycine and 
cells were lysed by sonication. Crosslinked RNA-protein complexes were 
immunoprecipitated using anti-hnRNPA1 (Santa Cruz Biotechnology, Santa Cruz, CA, 
USA), anti-La (Chan & Tan, 1987), anti-GAPDH (Advanced ImmunoChemicals, Long Beach, 
CA), anti-HuR (Santa Cruz Biotechnology) or anti-TIA-1/TIAR (clone 3E6; a gift from Dr. P. 
Anderson) antibodies. Following immunoprecipitation and crosslinking reversal the 
immunoprecipitated RNA was isolated using Trizol reagent (Invitrogen, Carlsbad, CA, 
USA). The isolated RNA was then reverse transcribed using an oligo dT18 primer and 
Superscript II (Invitrogen) to obtain cDNA. The resulting cDNA was analyzed by PCR 
amplification using gene specific primers and the PCR products were visualized on an 
ethidium bromide stained 1.5 % (wt/vol) agarose gel (Lewis et al., 2007; Durie et al., 2011).  

 

 
(a) (b) 

RNA-protein complexes were crosslinked using formaldehyde, isolated from cells and 
immunoprecipitated using antibodies against hnRNAP A1, GAPDH, La (A), HuR and TIA-1 (B). After 
immunoprecipation and crosslinking reversal the RNA was isolated and reverse transcribed. Gene-
specific primers were used for PCR amplification of the resultant cDNA, and PCR products were 
visualized by gel electrophoresis. (Adapted from Lewis et al., 2007; Durie et al., 2011) 

Fig. 6. hnRNPA1 and HuR interact with XIAP mRNA in vivo 

XIAP mRNA was isolated by immunoprecipitation with La antibody which was previously 
shown to interact with XIAP mRNA (Holcik & Korneluk, 2000). Immunoprecipitation with 
hnRNAP A1 and HuR isolated XIAP mRNA confirmed their association with XIAP mRNA 
in vivo (Figure 6A; lane 2 and Figure 6B; lane 2). However, immunoprecipitation with 
GAPDH, TIA-1 (a known RNA binding protein) or IgG did not yield XIAP mRNA (Figure 
6A; lane 3, Figure 6B; lanes 3 and 4) confirming that isolation of XIAP mRNA by 
immunoprecipitation with hnRNAPA1, HuR and La is specific. Importantly, β-actin mRNA 
(a non-specific and abundant mRNA) was not isolated by immunoprecipitation with La, 
hnRNP A1, GAPDH, HuR, IgG or TIA-1 antibodies. 
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affinity chromatography confirmed the specificity of the interaction with the IRES portion of the cIAP1 
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5. UV crosslinking of RNA-protein complexes 
Once candidate ITAFs are isolated by the RNA affinity chromatography, their association 
with the IRES of interest can be further studied using UV crosslinking of RNA-protein 
complexes. Unlike RNA chromatography, the UV crosslinking tests the direct interaction 
between the purified protein and RNA. To determine if hnRNP A1 and HuR bind directly to 
the XIAP IRES, UV crosslinking experiment was performed using 32P labelled XIAP IRES 
RNA probe and purified recombinant GST-hnRNP A1 and GST-HuR. GST or increasing 
amounts of GST-hnRNP A1 and GST-HuR were mixed with the radiolabeled RNA in a 96 
well plate and UV-irradiated on ice with a 254-nm UV light source at 400,000 μJ/cm2. UV-
irradiated RNA-protein complexes were then treated with RNAase T1, resolved on a SDS-
PAGE gel and visualised by autoradiography.  

 
 

(a) (b) 

(c) 
GST or increasing amounts of GST-hnRNP A1 (A) or GST-HuR (B) was mixed with radiolabeled XIAP 
IRES RNA probe and UV-crosslinked. It was then resolved on a SDS-PAGE gel and visualised by 
autoradiography. (C) GST-NF45 was mixed with radiolabeled cIAP1 IRES RNA probe and UV-
crosslinked. It was then resolved on a SDS-PAGE gel and visualised by autoradiography (Adapted from 
Lewis et al., 2007; Graber et al., 2010; Durie et al., 2011). 

Fig. 7. UV crosslinking of RNA-protein complexes 

We found that GST-hnRNP A1 (Figure 7A) and GST-HuR (Figure 7B) was crosslinked to 
XIAP IRES RNA in a dose dependent manner which confirmed the irdirect interaction with 
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XIAP IRES RNA. Similarly, GST-NF45 directly interacts with IRES portion of cIAP1 5’ UTR 
(Figure 7C). GST did not crosslink with XIAP IRES RNA or cIAP1 IRES RNA indicating 
specific interactions of purified ITAFs with their respective IRES RNA. 

Once the direct interaction of protein and RNA is established, it is important to define 
binding site(s) of the protein on the given RNA in order to understand how proteins, 
isolated by RNA affinity chromatography, modulate function of the given RNA. The protein 
binding site on the RNA can be delineated by oligonucleotide competition assay. In this 
approach, unlabeled oligonucleotides (competitors) are incubated with the protein of 
interest for 15 min before the addition of 32P labelled target RNA. Subsequently, UV 
crosslinking is performed as described above and RNA-protein complexes are resolved on 
SDS-PAGE and visualized by autoradiography. We used oligonucleotide competition assay 
to map the hnRNP A1 and HuR binding sites on the XIAP IRES, and NF45 binding sites on 
the cIAP1 IRES. The direct interaction of XIAP IRES RNA with GST-hnRNP A1 was 
outcompeted by RNA oligonucleotides spanning -50 to -25 nt and -25 to 0 nt of XIAP IRES 
RNA (Figure 8A, top panel). This suggested that hnRNP A1 bound between -50 to 0 nt on 
XIAP IRES RNA, highlighted with grey box (Figure 8B). Similarly, GST-HuR binding sites 
were found to be between -68 to -88 nt and -115 to -135 nt of XIAP IRES RNA sequence 
which are located near the central core of domain I (Figure 8A, lower panel). Based on the 
previously defined consensus sequence (5’-NNUUNNUUU-3’) (Meisner et al., 2004) we 
proposed that GST-HuR binds domain Ib (-126 to -137 nt) of the XIAP IRES (Figure 8C) 
(Durie et al., 2011). 

The protein binding sites on the target RNA can also be determined using slightly different 
approach; first the unlabelled DNA oligonucleotide competitors are hybridized to heat 
denatured 32P labelled RNA and then it is UV crosslinked with the candidate protein, 
separated on SDS-PAGE and visualized by autoradiography. Using this approach we 
determined that AU-rich base of stem loop I (SL I) is essential for NF45 binding on cIAP1 
IRES RNA (Graber et al., 2010). The NF45 binding site was further confirmed by mutating 
SL I of cIAP1 IRES and performing UV crosslinking experiment as described above (Graber 
et al., 2010). 

Once the in vitro and in vivo interactions of ITAFs with the specific IRES RNA are 
established and the binding sites of ITAFs on specific IRES are delineated, the ability of 
ITAFs to modulate specific IRES mediated protein production can be studied using various 
cell culture techniques. These include overexpression or siRNA-mediated downregulation 
of candidate ITAFs followed by the determination of IRES activity using reporter constructs, 
and evaluation of the effect on the translation of endogenous protein by Western blot and 
polysome analyses. Using these techniques we have shown that cytoplasmic overexpression 
of FLAG-hnRNP A1 reduces endogenous XIAP expression and XIAP IRES activity (Lewis et 
al., 2007). Conversely, when expression of hnRNP A1 is reduced by targeting hnRNP A1 
mRNA using specific siRNA, endogenous XIAP protein levels and IRES activity were 
significantly increased (Lewis et al., 2007). In contrast, GFP-HuR overexpression resulted in 
an increase of endogenous XIAP expression, whereas reduction in HuR expression by 
siRNA resulted in a decrease of endogenous XIAP expression and IRES activity (Durie et al., 
2011). These findings suggest that hnRNP A1 negatively modulates XIAP IRES while HuR 
positively modulates XIAP IRES activity (Lewis et al., 2007; Durie et al., 2011).  
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XIAP IRES RNA. Similarly, GST-NF45 directly interacts with IRES portion of cIAP1 5’ UTR 
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isolated by RNA affinity chromatography, modulate function of the given RNA. The protein 
binding site on the RNA can be delineated by oligonucleotide competition assay. In this 
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interest for 15 min before the addition of 32P labelled target RNA. Subsequently, UV 
crosslinking is performed as described above and RNA-protein complexes are resolved on 
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the cIAP1 IRES. The direct interaction of XIAP IRES RNA with GST-hnRNP A1 was 
outcompeted by RNA oligonucleotides spanning -50 to -25 nt and -25 to 0 nt of XIAP IRES 
RNA (Figure 8A, top panel). This suggested that hnRNP A1 bound between -50 to 0 nt on 
XIAP IRES RNA, highlighted with grey box (Figure 8B). Similarly, GST-HuR binding sites 
were found to be between -68 to -88 nt and -115 to -135 nt of XIAP IRES RNA sequence 
which are located near the central core of domain I (Figure 8A, lower panel). Based on the 
previously defined consensus sequence (5’-NNUUNNUUU-3’) (Meisner et al., 2004) we 
proposed that GST-HuR binds domain Ib (-126 to -137 nt) of the XIAP IRES (Figure 8C) 
(Durie et al., 2011). 

The protein binding sites on the target RNA can also be determined using slightly different 
approach; first the unlabelled DNA oligonucleotide competitors are hybridized to heat 
denatured 32P labelled RNA and then it is UV crosslinked with the candidate protein, 
separated on SDS-PAGE and visualized by autoradiography. Using this approach we 
determined that AU-rich base of stem loop I (SL I) is essential for NF45 binding on cIAP1 
IRES RNA (Graber et al., 2010). The NF45 binding site was further confirmed by mutating 
SL I of cIAP1 IRES and performing UV crosslinking experiment as described above (Graber 
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established and the binding sites of ITAFs on specific IRES are delineated, the ability of 
ITAFs to modulate specific IRES mediated protein production can be studied using various 
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and evaluation of the effect on the translation of endogenous protein by Western blot and 
polysome analyses. Using these techniques we have shown that cytoplasmic overexpression 
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al., 2007). Conversely, when expression of hnRNP A1 is reduced by targeting hnRNP A1 
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(A) 32P labelled XIAP IRES RNA was UV crosslinked with hnRNAP A1 (top) or HuR (bottom) in the 
absence or the presence of 100-fold excess competitor RNA oligonucleotides, separated by SDS-PAGE 
and visualized by autoradiography. (B) Design of RNA oligonucleotide competitors and GST-hnRNP 
A1 binding site, indicated by grey box. (C) XIAP IRES secondary structure (Baird et al., 2007); black 
lines indicate competitor oligonucleotide which outcompete GST-HuR binding. Grey circle denotes the 
proposed HuR binding site in domain Ib. (Adapted from Lewis et al., 2007; Durie et al., 2011) 

Fig. 8. Determination of GST-hnRNP A1 and GST-HuR binding sites on XIAP IRES RNA 

7. Affinity purification of the XIAP IRES initiation complex 
Avidin-biotin RNA affinity chromatography is a powerful tool to isolate proteins associated 
with RNA due to tight interaction between avidin and biotin. One limitation of this approach 
is that 5’ end of the RNA is attached to the avidin matrix prior to biological complex formation. 
In a specific example of translation initiation, this will not allow for cap dependent ribosome 
recruitment. Because, the 5’ end of the biotinylated RNA remains in a close proximity of the 
solid matrix, ribosome recruitment on short IRES RNA could also be hindered. MS2-MBP 
based RNA affinity chromatography approach was used for the isolation of 48S initiation 
complex formed on hepatitis C virus (HCV) IRES RNA (Ji et al., 2004). In this approach MS2 
recognition hairpins were inserted near 5’ end of RNA which would limit cap-dependent 
ribosome recruitment and initiation complex formation on RNAs which require ribosome 
scanning. Locker et al has described StreptoTag-based RNA affinity chromatography to isolate 
48S initiation complex formed on HCV IRES RNA (Locker et al., 2006). In this approach 3’ end-
inserted StreptoTag sequence binds to sepharose coupled streptomycin with high affinity (Kd, 
1 μM) which overcomes the above mentioned limitations. 
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(A) Schematic diagram of DNA construct from which StreptoTagged XIAP IRES RNA was transcribed. 
The RNA was used for toeprinting analysis and affinity chromatography. (Adapted from Thakor & 
Holcik, 2011) (B) A general scheme of isolation of initiation complex formed on StreptoTagged XIAP 
IRES RNA by streptomycin affinity chromatography. 

Fig. 9. Streptomycin affinity chromatography  



 
Affinity Chromatography 156 

 

 

(a) (b) 

 
(c) (d) 

(A) 32P labelled XIAP IRES RNA was UV crosslinked with hnRNAP A1 (top) or HuR (bottom) in the 
absence or the presence of 100-fold excess competitor RNA oligonucleotides, separated by SDS-PAGE 
and visualized by autoradiography. (B) Design of RNA oligonucleotide competitors and GST-hnRNP 
A1 binding site, indicated by grey box. (C) XIAP IRES secondary structure (Baird et al., 2007); black 
lines indicate competitor oligonucleotide which outcompete GST-HuR binding. Grey circle denotes the 
proposed HuR binding site in domain Ib. (Adapted from Lewis et al., 2007; Durie et al., 2011) 

Fig. 8. Determination of GST-hnRNP A1 and GST-HuR binding sites on XIAP IRES RNA 

7. Affinity purification of the XIAP IRES initiation complex 
Avidin-biotin RNA affinity chromatography is a powerful tool to isolate proteins associated 
with RNA due to tight interaction between avidin and biotin. One limitation of this approach 
is that 5’ end of the RNA is attached to the avidin matrix prior to biological complex formation. 
In a specific example of translation initiation, this will not allow for cap dependent ribosome 
recruitment. Because, the 5’ end of the biotinylated RNA remains in a close proximity of the 
solid matrix, ribosome recruitment on short IRES RNA could also be hindered. MS2-MBP 
based RNA affinity chromatography approach was used for the isolation of 48S initiation 
complex formed on hepatitis C virus (HCV) IRES RNA (Ji et al., 2004). In this approach MS2 
recognition hairpins were inserted near 5’ end of RNA which would limit cap-dependent 
ribosome recruitment and initiation complex formation on RNAs which require ribosome 
scanning. Locker et al has described StreptoTag-based RNA affinity chromatography to isolate 
48S initiation complex formed on HCV IRES RNA (Locker et al., 2006). In this approach 3’ end-
inserted StreptoTag sequence binds to sepharose coupled streptomycin with high affinity (Kd, 
1 μM) which overcomes the above mentioned limitations. 

 
RNA Affinity Chromatography 157 

  
(a) (b) 

(A) Schematic diagram of DNA construct from which StreptoTagged XIAP IRES RNA was transcribed. 
The RNA was used for toeprinting analysis and affinity chromatography. (Adapted from Thakor & 
Holcik, 2011) (B) A general scheme of isolation of initiation complex formed on StreptoTagged XIAP 
IRES RNA by streptomycin affinity chromatography. 

Fig. 9. Streptomycin affinity chromatography  



 
Affinity Chromatography 158 

The interaction of StreptoTagged RNA and dihydrostreptomycin is reversible and 
StreptoTagged RNA can be dissociated from the solid support by competition with free 
streptomycin. This makes streptomycin-RNA affinity chromatography a powerful and a 
versatile tool to isolate various functional biological complexes including initiation 
complexes formed on cellular mRNAs. Although we have used this approach to isolate and 
characterize initiation complex formed on XIAP IRES RNA, this approach can also be used to 
isolate other RNA associated proteins or other complexes. We transcribed StreptoTagged XIAP 
IRES RNA from the construct showed in Figure 9A as described (Thakor & Holcik, 2011). 
Initiation complex was formed on StreptoTagged XIAP IRES RNA in RRL and applied on the 
dihydrostreptomycin sepharose column. After stringent washing the initiation complex 
formed on StreptoTagged XIAP IRES RNA was eluted using streptomycin solution (Figure 9B) 
and further analysed by agarose gel and toeprinting assay. 

7.1 Coupling of dihydrostreptomycin on epoxy-activated sepharose 6B 

Rehydrate epoxy-activated sepharose 6B (3g) (GE Healthcare, Glattbrugg, Switzerland) in 50 
ml water for 30 min at room temperature (RT) and wash with 600 ml water using a sintered 
glass funnel. Suspend epoxy-activated sepharose 6B beads in 40 ml coupling solution (3 mM 
dihydrostreptomycin in 10 mM NaOH) and incubate on a rotator for 2 h at RT. Rotate the 
tube at 37°C overnight on a rotator. Decant the beads in a sintered glass funnel and wash 
with 200 ml of 10 mM NaOH solution. Subsequently, suspend the beads in 6% (wt/vol) 
ethanolamine solution prepared in water. Rotate the tube for 10 min at RT on a rotator. 
Rotate the tube further at 42°C overnight in the dark. Decant the beads in the sintered glass 
funnel and apply three rounds of washes with 50 ml alternating acidic buffer (0.1 M NaOAc 
and 0.5 M NaCl, pH 4) and basic buffer (0.1 M Tris-HCl and 0.5 M NaCl, pH 7.4). Finally, 
suspend the beads in 40 ml storage buffer (10 mMTris-HCl and 10 mM NaN3, pH 7.4) and 
store at 4°C in the dark up to 3 weeks. Using a low pressure peristaltic pump pack the 
dihydrostreptomycin coupled beads in Poly-Prep® chromatography columns (Bio-Rad, 
Hercules, CA, USA). 

7.2 Dihydrostreptomycin-RNA affinity chromatography 

Incubate 4 ml of untreated RRL with 150 ng/ml poly I:C, 1 mM ATP, 10 μl ribonuclease 
inhibitor (Promega) and 0.1 mg/ml CHX (freezes 80S on the RNA) at 37°C for 20 min. Mix 
12 ml binding buffer [20 mMTris (pH 7.6), 10 mM MgCl2, 120 mM KCl, 8% sucrose, 2 mM 
dithiothreitol] containing EDTA-free protease inhibitor cocktail (Roche, Mississauga, ON, 
Canada) and 1 mM puromycin with RRL and incubate the reaction at 37°C for 10 min. Add an 
in vitro transcribed, uncapped strepto-tagged XIAP IRES RNA and 1 mM GTP into the reaction 
mixture. In order to achieve higher yield of XIAP IRES initiation complex, supplement the 
reaction with purified 40S and 60S from HeLa cells. Incubate the reaction further for 10 min at 
37°C to form the 80S initiation complex. Perform the following steps at 4°C. While monitoring 
on UV recorder load 80S assembly reaction onto the dihydrosteptomycin coupled beads 
column (1 ml/min). Wash the column with the binding buffer (1 ml/min) until the base line is 
reached. Finally, elute XIAP IRES RNA initiation complex using 10 μM streptomycin solution 
prepared in the binding buffer (Figure 10A, top panel).  
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7.3 Toeprinting analysis of XIAP IRES initiation complex isolated by 
dihydrostreptomycin-RNA affinity chromatography 

Dilute 5 μl of the eluate in 500 μl toeprinting buffer [20 mMTris-HCl (pH 7.6), 100 mM KOAc, 
2.5 mM MG(OAc)2, 5% (wt/vol) sucrose, 2 mM DTT and 0.5 mM spermidine] and concentrate 
back to 40 μl volume using microcon (Millipore, Billerica, MA, USA) and incubate at 30°C for 3 
min. Subsequently, add 5 pmol of toeprinting primer (5-CTCGATATGTGCATCTGTA-3) (5’ 
end labeled with IRDye™800) and incubate reaction on ice for 10 min. Add 1.82 mM ATP, 1 
mM dNTPs, 5 mM Mg(OAc)2 and 1 μl of avian myeloblastosis virus reverse transcriptase 
(Promega) to the reaction and bring the final volume to 50 μl by toeprinting buffer. Allow 
primer extension to occur for 45 min at 30°C. Purify the cDNA products by phenol:chloroform 
extraction and analyze on a standard 6% sequencing gel using a model 4200 IR2 sequence 
analyzer (LI-COR, Lincoln, Nebraska, USA). 

 

  

(c) 
(A) RRL was supplemented with 40S and 60S ribosomal subunit and subsequently treated with poly I:C 
to induce eIF phosphorylation. XIAP IRES RNA initiation complex was purified by streptomycin-
RNA affinity chromatography (top panel). Agarose gel analysis of the eluate was performed (lower 
panel). (B) Ribosome does not bind nonspecifically on dihydrostreptomycin coupled beads. 1 ml RRL 
was mixed with 3 ml binding buffer and loaded onto the dihydrostreptomycin column and washed 
with binding buffer, finally elution was carried out using streptomycin solution (top panel). Agarose gel 
analysis of the eluate was carried out (lower panel). (C) Eluate was further analysed by toeprinting 
assay. (Adapted from Thakor & Holcik, 2011). 

Fig. 10. XIAP IRES RNA forms 80S initiation complex 
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Incubate 4 ml of untreated RRL with 150 ng/ml poly I:C, 1 mM ATP, 10 μl ribonuclease 
inhibitor (Promega) and 0.1 mg/ml CHX (freezes 80S on the RNA) at 37°C for 20 min. Mix 
12 ml binding buffer [20 mMTris (pH 7.6), 10 mM MgCl2, 120 mM KCl, 8% sucrose, 2 mM 
dithiothreitol] containing EDTA-free protease inhibitor cocktail (Roche, Mississauga, ON, 
Canada) and 1 mM puromycin with RRL and incubate the reaction at 37°C for 10 min. Add an 
in vitro transcribed, uncapped strepto-tagged XIAP IRES RNA and 1 mM GTP into the reaction 
mixture. In order to achieve higher yield of XIAP IRES initiation complex, supplement the 
reaction with purified 40S and 60S from HeLa cells. Incubate the reaction further for 10 min at 
37°C to form the 80S initiation complex. Perform the following steps at 4°C. While monitoring 
on UV recorder load 80S assembly reaction onto the dihydrosteptomycin coupled beads 
column (1 ml/min). Wash the column with the binding buffer (1 ml/min) until the base line is 
reached. Finally, elute XIAP IRES RNA initiation complex using 10 μM streptomycin solution 
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7.3 Toeprinting analysis of XIAP IRES initiation complex isolated by 
dihydrostreptomycin-RNA affinity chromatography 

Dilute 5 μl of the eluate in 500 μl toeprinting buffer [20 mMTris-HCl (pH 7.6), 100 mM KOAc, 
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back to 40 μl volume using microcon (Millipore, Billerica, MA, USA) and incubate at 30°C for 3 
min. Subsequently, add 5 pmol of toeprinting primer (5-CTCGATATGTGCATCTGTA-3) (5’ 
end labeled with IRDye™800) and incubate reaction on ice for 10 min. Add 1.82 mM ATP, 1 
mM dNTPs, 5 mM Mg(OAc)2 and 1 μl of avian myeloblastosis virus reverse transcriptase 
(Promega) to the reaction and bring the final volume to 50 μl by toeprinting buffer. Allow 
primer extension to occur for 45 min at 30°C. Purify the cDNA products by phenol:chloroform 
extraction and analyze on a standard 6% sequencing gel using a model 4200 IR2 sequence 
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(A) RRL was supplemented with 40S and 60S ribosomal subunit and subsequently treated with poly I:C 
to induce eIF phosphorylation. XIAP IRES RNA initiation complex was purified by streptomycin-
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Fig. 10. XIAP IRES RNA forms 80S initiation complex 
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7.4 Formation and isolation of XIAP IRES initiation complex by RNA-Streptomycin 
affinity chromatography 

Physiological and pathophysiological stresses induce eIF2α phosphorylation which 
attenuates global protein translation (Holcik & Sonenberg, 2005). Several reports suggested 
that IRES mediated translation of XIAP is sustained during eIF2α phosphorylation 
conditions (Holcik et al., 2000; Warnakulasuriyarachchi et al., 2004; Gu et al., 2009; Muaddi 
et al., 2010; Riley et al., 2010). We induced eIF2α phosphorylation in RRL using poly I:C (a 
mimic of dsRNA virus). Using primer extension inhibition assay, the so-called toeprinting 
assay, we have showed that XIAP IRES RNA is able to form initiation complex in eIF2α 
phosphorylation condition (Thakor & Holcik, 2011). We wished to confirm the nature of 
XIAP IRES initiation complex formed in eIF2α phosphorylation condition. To this end, we 
performed RNA-Streptomycin affinity chromatography in eIF2α phosphorylation condition 
using the Locker method (Locker et al., 2006) modified as described above.  

We performed agarose gel analysis of the eluate using standard TBE gel (Figure 10A, lower 
panel). 40S and 60S ribosomal subunits and XIAP IRES RNA were detected by ethidium 
bromide staining. A mock streptomycin-RNA affinitychromatography experiment, in which 
XIAP IRES RNA was omitted, did not yield 80S initiation complex (Figure 10B). These 
findings indicate that indeed 80S initiation complex was isolated using streptomycin-RNA 
affinity chromatography in eIF2α phosphorylation condition. The eluate was further 
subjected to toeprinting analysis as described (Thakor & Holcik, 2011). We observed 
toeprints +17 to +19 nt downstream of AUG (Figure 10C) which is a hallmark of ribosome 
recruitment to the AUG and stable ribosome-RNA complex formation. Depending on the 
distribution of fluorescence intensity (+17< +18 > +19) (Shirokikh et al., 2010) we further 
confirmed that indeed 80S initiation complex was isolated which was formed on XIAP IRES 
RNA in eIF2α phosphorylation condition (Figure 10C). The initiation complex can be further 
purified by sucrose density gradient separation. Purified initiation complex can be subjected 
to Western blot analysis and peptide mass finger printing to confirm the presence of 
canonical eukaryotic initiation factors and ITAFs.  

8. Conclusion 
We have presented several alternative strategies for the isolation, purification and 
characterization of RNA binding proteins and complexes using RNA affinity 
chromatography. The avidin-biotin RNA affinity chromatography is a versatile and 
commonly used approach which can be used to isolate RNP complexes formed on variety of 
RNAs. For example, this approach can be used to isolate spliceozome complexes, RNA 
stabilizing or destabilizing proteins or IRES Trans Acting Factors (ITAFs). In order to 
illustrate its usability, we have isolated and identified XIAP and cIAP1 IRES associated 
proteins. Additional biochemical, molecular biology and cell culture methods were then 
used to demonstrate that the isolated ITAFs regulate XIAP and cIAP1 expression through 
IRES. Alternately, dihydrostreptomycin-RNA affinity chromatography can be employed to 
isolate various RNP complexes and other biologically functional complexes formed on RNA. 
In this approach, unlike avidin-biotin RNA affinity chromatography, RNA anchors the 
matrix through the 3’ end. Furthermore, biological complex is formed on StreptoTagged 
RNA prior to its attachment to the dihydrostreptomycin matrix. Therefore, StreptoTag-ed 
RNA containing either 5’ m7G structure or an IRES element is used in the first step to form 
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initiation complex. In the subsequent step, initiation complex is isolated by 
dihydrostreptomycin-RNA affinity chromatography. For example, we have isolated 
functional XIAP IRES initiation complex formed inpoly I:C treated RRL which has been 
further characterized. 
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1. Introduction 

The history of the scientific development of the Chromatography as a chemical separation 
tool cannot be considered ancient, as the proper establishment of Chemistry as a science is 
considered modern when compared to the other sciences developed before it. The first 
literary description of the Chromatography separation technique development is attributed 
to the works or Mikhail Tswet in 1890 by some authors, where the chemical separation of 
plant extracts was conducted inside laboratory and first established, permitting the chemical 
separation of plant chemical substances according to their chemical characteristics of 
polarity and chemical affinity to the stationary phase. At that time, due to the color 
attributed to the plant extracts separated experimentally, the technique was named as 
“chromatography”, where chromato means color and graphy means registering or writing. 
Although the many chemical substances and bio molecules that can be separated by this 
technique have no color, the name was kept and the technique recognized as one of the most 
efficient and applicable for laboratory purification and analytical processes. 

The same way Chemistry is a modern and new science, the chromatography techniques also 
are, as over the years chromatography has proven to be an important tool for chemical 
substances separation. During this processes of development of the many techniques of 
chemical separations promoted by chromatography, one of them was structured as an affinity 
chromatography technique of immobilized ions, also known as Immobilized Metallic Ion 
Affinity Chromatography (IMAC), which is the main focus of this book and chapter. 

The first description of this technique apply was related by the methods discovered and 
developed Cuatrecasas et al. (1968), by which Pedro Cuatrecasas and Mier Wilchek were 
awarded the wolf prize in medicine in 1987, who demonstrated that affinity 
chromatography is a really recent technique, where the immobilization of metallic ions was 
first established, permitting the chemical separation of chemical substances presenting 
affinity to this stationary phase. 

In fact, this affinity technique works on separating proteins presenting amino acids like 
cysteine and histidine, which have chemical affinity to metallic ions. In general manner, 
there are many areas where IMAC can be applied and the practice has shown it to be a very 
useful tool when applied to proteins presenting such amino acids expressed on their 
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surfaces. One good example of this is the purification of the Human Immunodeficiency 
Virus (HIV) reverse transcriptase by the use of IMAC. 

The development on bacteria toxins purification and their characterization is one of the 
focus and goals of our developed works and IMAC has proven to be an excellent tool in 
separating toxins presenting this characteristic of ion metallic affinity, mainly by nickel 
(Ni++) and cooper (Cu++). Basically, as will be described afterwards, IMAC separates 
proteins by specific amino acids affinity, being selective to proteins presenting such amino 
acids on the surfaces of their tertiary or quaternary structures. 

2. Applicability of the IMAC technique to molecular biology  

Nowadays, there are many examples of the applicability of the IMAC associated to 
Molecular Biology on trying to purify bacteria proteins. 

The Molecular Biology plays its important role in selecting the genes of the bacteria coding 
portions of interest proteins and toxins, where these portions are frequently selected and 
extracted by the action of restriction enzymes like Eco R1, among others. 

After obtaining the desired restriction fragments, these ones are incorporated by 
complementary binding into commercial disposable bacteria plasmids, treated with the 
same restriction enzymes, in order to promote the correct complementary junctions. 

More than the correct complementarities, these Molecular Biology tools give the assurance 
of a protein being synthesized with a poly histidine tag, generally introduced into the amino 
terminal of the protein structure to be transcribed and translated, which can be determined 
by the plasmids structure and the specific site of action of the restriction enzyme, promoting 
the target DNA (fragments obtained form bacteria) incorporation by nucleotide 
complementation of restricted DNA fragments. 

It seems to be an easy process to be explained, but in practice, this has proven to be one of 
the most difficult parts of the work to be defined and conducted inside the laboratory, side 
by side to the problems of protein expression and purification, considering the many 
problems and fails that may occur in these steps. After a well succeed incorporation, it is 
necessary to insert these transformed plasmids into competent bacteria and verify the 
presence of the desired proteins expression, without forgetting that many fails during the 
steps of the plasmids insertion may also occur in a kind of work that may take a generous 
amount of time to be established in the case of unknown or not described proteins. 

As a general manner, these plasmids carry a coding of an antibiotic resistance product. The 
target transformed bacteria can be checked by the exposition and growth in the presence of 
the specific antibiotic, showing the insertion step was well succeed when compared to the 
target bacteria not submitted to the transformation, which must be necessarily and naturally 
not resistant to the applied antibiotic, what gives the certainty, in the end of this step, that 
the bacteria submitted to the transformation process received or not the genetically 
inserted plasmids. Actually, nowadays these target plasmids, the restriction enzymes and 
the competent bacteria can be purchased in specific kits, which have the purpose of 
conducting and making possible this kind of work, in a manner and trying of making the 
process a little easier. 

The fact of having the target protein or toxin being synthesized with a poly histidine tag 
improves the IMAC processes by the affinity of these matrixes to this amino acid.  
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There are also many examples of well succeed separations by this combination of Molecular 
Biology tools and IMAC (Catani et al., 2004), what gives the many possibilities of studying 
these proteins structures due to the many quantities of target protein produced by the 
bacteria, as the plasmids are structured and designed with a synthesis promoter portion, in 
a open reading frame (ORF) generally associated to the presence of a determined 
carbohydrate like lactose, galactose or mannose for instance. 

After the protein purification steps, the products are submitted to a final specific enzymes 
action, which promote the poly histidine tag cleavage. Overall a final purification step is 
associated to this process, such as a gel filtration (molecular exclusion) chromatography, for 
example, to separate the target protein and the poly histidine tag fragments, or any other 
technique like a second dimensional electrophoresis (2D Gel Electrophoresis). 

These techniques have permitted, in practice, many researches to reveal the third dimensional 
structures of many structural proteins, toxins and enzymes, associating the IMAC tool to other 
kind of analyses like Mass Spectrometry, Crystallography, Nuclear Magnetic Resonance, 
Nuclear Magnetic Resonance Spectroscopy, among the examples of possibilities of analytical 
processes offered by the recent Chemistry analysis developed technologies. 

3. Why does IMAC Chromatography works on toxin purification of bacteria not 
genetically modified? 

The concept of IMAC chromatography has been attributed nowadays as a chromatography 
technique applied to the areas where Molecular Biology have been also applied, where 
proteins are designed to be synthesised with poly histidine tags, making ion metallic affinity 
possible by its interaction. In fact this first explanation of applicability to this kind 
chromatography is the one which is the mostly used and scattered in the scientific world, 
but what has to be reminded is that these molecular tools are applied and adjusted to the 
proteins that do not present these characteristics of natural ion metallic affinity. Though, 
reminding also the history of the development of the technique, it must not be forgotten that 
there are many proteins, from the most different possible origins, presenting natural ion 
metallic affinity, attributed to the presence of histidine and cysteine in their structures, 
which can be purified by the applying of this technique as well. 

By having this general overview, its easier to understand why sometimes it is naturally 
possible to have contaminants and interferences when conducting IMAC purification 
processes of products of genetically transformed microorganisms. Our practice in purifying 
bacteria toxins has proven that there are naturally microorganisms products that present also 
affinity to metallic ions, which may not only interfere in the purification processes, but must be 
separated from the target protein in order not to prejudice the following analyses steps, when 
the focus of studying a determined protein has or presents sample standards for structure 
determinations, for three dimensional shape determination, Crystallography and others. 

The purification process is so important in these cases that its success must be followed in 
each step made, in order to verify the purity of the target protein before it is submitted to the 
following characterization sequential steps. 

These verification stages generally are followed by gel electrophoresis specific for protein 
analyses like first and bi dimensional (2D) PAGE or SDS-PAGE, including also other 
verification assays when the target protein has an specific biological activity, for instance, if 
the target protein is an enzyme, its biological activity can be detected by assays offering its 
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substrate and measuring the formation of the enzymatic product. When the focus is a toxin, 
it must be applied to a target of its toxicity, for example, haemolysins can be applied to 
haemolytic assays, enterotoxins can be applied to enterotoxicity assays, cytotoxins can be 
applied to cytotoxic in vitro assays, or proteases can be applied to target protein extracts. 
This step of verification not only defines if the target protein is pure enough and prepared to 
the next steps of chemical characterizations, but also defines and shows how drastic the 
purification processes have been to its integrity and maintenance of the biological activity, 
as chromatographic processes are always associated to minor or greater losses. This way, the 
verification processes are very useful for the losses data calculation and comparison of the 
best choice of chromatographic technique to be applied. 

In general, IMAC is an excellent technique for protein purification due to its characteristics 
of not abolishing drastically the protein biological activities or promoting denature. That is 
why this technique was associated to the modern tools of Molecular Biology, where, with 
the help and knowledge of Microbiology in manipulating and transforming 
microorganisms, the applicability of this chromatography is such a respected success. 

So, considering the many possibilities in the applicability of IMAC and the fact it is a kind of 
chromatography which is able to promote a good performance to the separation of raw and 
crude extracts, it is perfectly applicable to the purification of untransformed bacteria 
product proteins or peptides that present histidine and cysteine able to interact with the 
IMAC stationary phase. 

4. Needs of association to other chromatography techniques 

Nowadays it is known that the progress of proteomics depends on the development of 
protein separation techniques advances and technologies, being the IMAC a really robust 
method to be used for proteins and peptides or bacterium origin or not. 

The immobilized metal affinity chromatography can be widely applied as a pre 
fractionation method as so as to the analytical separations, where it increases the resolution 
in protein separation. 

Although being a robust technique, sometimes practice shows that it is necessary to combine 
IMAC to other protein analytical technologies. In fact this occurs also to genetically 
modified and expressed proteins the same way to the native proteins presenting natural ion 
affinity because of the presence of specific amino acids like histidine on their surfaces. So the 
natural occurrence of other proteins considered undesired or contaminants may easily occur 
and it is necessary to keep in mind the possible needs of applying a next step to the bacteria 
toxins purification processes to promote a high quality chemical separation. These 
chromatographic and chemical separation technologies can eliminate the undesired 
contaminants from the target protein or peptide and our observations have proven that the 
use of IMAC as a fractionation and analytical technique can be followed by any other 
separation step. Actually it depends most on the chemical characteristic of the target protein 
being purified and attention must be given to its chemical nature.  

In our routine, many techniques have been applied after IMAC step, most of them proving 
to be really well succeed, like ion exchange, gel filtration, reverse phase, hydrophobic 
interaction, among other simple methods, like salting out or molecular weight ultra 
filtration separation techniques, which can be easily used and applied. The only thing to be 
considered while choosing the next step is which are the important conditions for keeping 
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the protein or peptide structures because, depending on the separation technique chosen, 
denature may occur and depending also on the objective of the separation and purification 
work, it is not interesting to have a denatured product in the final of the processes, even if 
this final product is extremely pure in the end, because of the necessity of keeping the 
biological activity. That is why the needs of knowing the denaturizing agents and processes 
aligned to the knowledge of the chemical structure is important while making choose of the 
next purification steps and mainly choosing the right next step to be applied after IMAC 
fractionation. 

Its also important to remember that IMAC is a common place technique in the modern 
protein purification and many other technologies are being developed worldwide in order 
to associate this technique to other chromatographic principles, and one good example of 
this is the effective function of IMAC supported on cationic exchangers, where the 
chromatographic separation permits two modes of purification in a single column. This 
proves that many efforts are being done in this area and that new technologies can be 
expected in the nearly future, making these needs of associating IMAC to a second 
chromatography technique easier to native or genetically cloned and expressed proteins. 

5. Examples of IMAC applied in our work 

In our laboratory (Bacterium Virulence Factors Laboratory of the Biology Institute of the 
State University of Campinas, São Paulo, Brazil), we work focused on the studies of human 
enteropathogenicity mechanisms of bacterium origin. Having this focus, with no doubt, 
purifying these enterotoxins is substantial to characterize biologically and chemically these 
toxins. Actually, during our trajectory, some bacterial toxins were purified experimentally in 
our laboratory, like some virulence factors of human pathogens like Escherichia coli, 
Plesiomonas shigelloides, Aeromonas hydrophila, Aeromonas sobria, Aeromonas veronii biovar sobria 
and others. 

Among these purified toxins there are some examples of purification successes obtained by 
the use of IMAC when purifying native or genetically cloned bacterium toxins. Some of 
these examples include the works on the cloning, expression, and purification of the 
virulence-associated protein D from Xylella fastidiosa (Catani et al., 2004), a very important 
citric fruit pathogen associated to orange plantation production and financial harm in Brazil, 
where the cloning technology was applied while characterizing the virulence factors 
associated to the orange trees and fruit diseases and also the purification of the Vacuolating 
Cytotoxic Factor (VCF) of Aeromonas veronii biovar sobria (Martins et al., 2007), an enterotoxic 
cytotoxin associated to cases of human enteric diseases. IMAC showed to be extremely 
important to the development of these scientific works as in the first case we described 
proteins structured to present poly histidine tags and in the second case we presented a 
toxin having natural ion metallic affinity to cooper. In the Figure 1 there is an example of the 
typical chromatogram obtained by the IMAC process of purification of the VCF of 
Aeromonas veronii biovar sobria. It is important to notice that the chromatographic process to 
this specific bacterium culture crude extracts reveals that IMAC is able to remove most of 
the undesired contaminant materials from the target sample, being only necessary to make a 
second chromatographic step in a molecular weight exclusion column to finally obtain a 
toxin product of highly pure degree, what was confirmed by bi dimensional (2D) SDS-
PAGE analysis which revealed the presence of a single spot protein of 50KDa. 
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Fig. 1. Chromatographic profile observed while conducting the purification process of 
Aeromonas veronii biovar sobria VCF from crude extracts by IMAC charged with cooper 
(Cu++). Assays were conducted by applying of linear Imidazole gradient elution (0 – 50mM) 
in Tris-HCl pH 8,0. The represented red line (   ) under the chromatogram is attributed to the 
portion which was adsorbed and eluted from the IMAC stationary phase and presented 
positive vacuolating cytotoxic activity over VERO (green kidney monkey) cells and positive 
enterotoxic activity over mice and rabbits.  

 
Fig. 2. Aspects of the cytotoxic effects of A. caviae thermo stable enterotoxic toxin (Ent-Ac) 
purified by IMAC charged with cooper ions over cultured Vero (green monkey kidney) 
cells. Fig A- Cells treated with the chromatographic eluted portion, presenting rounding, 
cell to cell leakage showing the loss of cellular membrane junctions and nuclear 
condensation. Fig. B- Cellular control. Magnifications 430X. 

A B 

 
Ion Metallic Affinity Chromatography and Purification of Bacterial Toxin 

 

173 

It is interesting to notice that among the studies that are being conducted in the moment in our 
laboratory, there are two low molecular weight bacterium toxins produced respectively by 
Escherichia coli and by Aeromonas caviae, both with enterotoxic and cytotoxic activities 
presenting strong cooper affinity. These toxins are under publication process and the aspects 
of ion metallic desorption is so strong that cooper is extracted from the stationary phase and 
carried out with the toxins, that, during the linkage to cooper, loose their biological activities.  

Our findings reveal that only an effective treatment of these toxins with EDTA 
(Ethylenediamine tetraacetic acid) solutions after the chromatographic process is able to 
recover their biological activities by the chelating activity of this agent, unmaking this ions 
chemical linking, probably permitting the toxins to recover their active third dimensional 
structures configuration. As the stationary phase of IMAC support structure looses the 
immobilized ions, it is necessary to recover its structures with cooper solutions, preparing 
the stationary phases to subsequent chromatographic processes. 

Our observations show that the immobilized metal affinity chromatography can be widely 
applied to experimental analyses of bacterium toxins, both for the pre fractionation or 
analytical separations, where it has shown a great resolution in protein separation. 

6. Disadvantages or technical inconveniences 

The selectivity or the adsorption capability of IMAC stationary phases depend not only on 
the chelating immobilized in the chromatographic matrixes, but also on the composition of 
the mobile phase. As mentioned, the retention of the adsorbed proteins into the IMAC 
stationary phase occurs due to the contribution of many physic-chemical interactions that 
can be intensified or minimized depending on the constitution of the mobile prepared 
phase. That is why it is of extreme importance to choose the right composition of mobile 
phases before starting IMAC separations to the best recovers of the target proteins and 
consequent obtaining of good results.  

Basically, most of the traditional buffers applied to liquid chromatography of bio molecules 
may be applied as mobile phases to IMAC separations, where the ones possessing highly 
affinity to metallic ions, such as the ones presenting tricine and citrate in their composition, 
must be avoided. When applied, these kinds of buffers generally remove the metallic ions 
from the support of the stationary phase, prejudicing the chromatographic processes. The 
most applied mobile phases to IMAC processes are sodium phosphates, sodium acetates 
and the zwiterionics (considered as good buffers) as the examples of MOPS or 3-(N 
morfoline) propane sulfonic acid, MES 2-(N-moroline etanossulfonic acid and HEPES N-(2 
hidrozietil) piperazine-N (2-etane sulfonic acid) ( Winzerling et al., 1992).  

The elution conditions to adsorbed bio molecules into the chromatographic matrixes of IMAC 
can be conducted by the use of different conditions, among them the use of pH gradual 
changes, the use of imidazole gradients and the most drastic of them, the apply EDTA 
(Ethylenediamine tetraacetic acid) solutions, when it is not possible to recover the target 
protein of the adsorption effect form the stationary phase. This last described method carries 
out all of the immobilized ions form the stationary phase support, what makes necessary the 
charging of the matrix with new ion metallic solutions, to the reconstitution of the stationary 
phases and extra work with the target protein. This process can be also used when a kind of 
metallic ion from the stationary phase is supposed to be substituted by another inside the 
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laboratory ambient, for instance, when a stationary phase containing nickel (Ni++) needs to be 
substituted by cooper (Cu++), accordingly to the methodologies needs. 

7. Conclusion 

The ion metallic affinity chromatography is a trustable, reproducible and robust technique 
for fractionation and analysis, not only to genetically modified cloned and expressed 
proteins but also to natural proteins presenting ion metallic affinity. 

Hopes on the development of this chromatographic tool technology in the future are 
integrated with the proteomic methods where it will greatly continue on contributing to the 
revolution of expression, cell mapping and structural proteomics.  
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1. Introduction 

More than 10 years ago, proteins had to be purified to homogeneity by a combination of 
multiple chromatography steps, and their amino-terminus sequences were determined 
before their genes could be cloned. Nowadays, purification of native proteins is still an 
important step, but the utilization of recombinant proteins, which are produced by 
microbes, fungi, plants and animals by means of introducing an expression vector harboring 
a coding DNA sequence, provides a time-saving and useful way for analyses of protein 
characteristics and crystal structure, and for industrial applications. For detailed 
biochemical characterization, purified proteins (single molecular preparations) are 
preferentially used in order to avoid the effects of contaminant proteins.  

A significant technique for quickly obtaining purified proteins is affinity chromatography 
using epitope-tags and antibodies. Epitope-tags, such as polyhistidine, hemagglutinin 
(HA) and FLAG among others, are easily fused to recombinant proteins by preparing a 
DNA structure containing the nucleotide sequence of the epitope-tag at the 5' and/or 3' 
end of the cDNA of the protein of interest. Following expression, the epitope-tagged 
recombinant protein can be specifically separated by affinity chromatography using 
epitope-tag binding and/or antibody-linked resins. Antibodies against epitope-tags are 
also used for immunoblot analysis and immune-precipitation. Although polyclonal or 
monoclonal antibodies against recombinant proteins are also precious tools for immune-
precipitation and cellular localization, they may not be suitable for use with many kinds 
of recombinant proteins due to the requirement for antibodies corresponding to the 
individual protein. 

The recent development of molecular biological techniques has contributed to elucidation of 
the genome DNA sequence of many species. The resultant sequence databases are being 
used in various fields, including gene expression analyses and protein engineering. To 
identify the function of proteins encoded by genome DNA sequences, the production and 
purification of recombinant proteins has become an essential strategy, in which the addition 
of an epitope-tag sequence enhances both the preparation of purified recombinant proteins 
and the following characterization.  
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An example for this epitope-tagged technique can be applied on the preparation of purified 
recombinant cell wall-degrading enzymes and the functional analyses. Microbial cell wall-
degrading enzymes play a significant role in the degradation of both their own cell walls 
and plant cell walls during infection (Reese, et al., 1950; Henrissat, et al., 1985; Wood, 1992). 
In addition, plant cell wall-degrading enzymes are also involved in wall loosening during 
cell expansion, cell wall biosynthesis, and countermeasures against infectious pathogens 
(Walton, 1994; Nicol, et al., 1998; Takeda, et al., 2002). These enzymes, especially those from 
microbes, are one of the most important industrial products with applications in, for example, 
beer and wine, animal feed, paper, textile, laundry detergent, and food ingredient industries 
(Bhat, 2000). Hence, reducing cellulase manufacturing costs by increasing the productivity of 
cellulases with high specific activities through biotechnological modification is a desired 
research goal. To identify cell wall-degrading enzymes that are needed for various industrial 
applications, it is necessary to carry out a series of steps encompassing the production, 
purification, characterization and molecular modification of cell wall-degrading enzymes. 
Here, the production, purification and characterization of recombinant epitope-tagged 
proteins are described, with a particular focus on fungal cell wall-degrading enzymes. 

2. Production of epitope-tagged recombinant proteins 

2.1 Addition of an epitope-tag to a recombinant protein 

To identify recombinant proteins produced by host cells, visualization by Coomassie 
brilliant blue 250-R (CBB) staining and immunoblotting after sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) are routinely carried out. Furthermore, 
purifying recombinant proteins is an important procedure for determining biochemical 
properties, such as substrate specificity, optimum reaction temperature and pH, and 
stability. Epitope-tags, which consist of the amino acids shown in Table 1, are useful and 
convenient tool both for purifying proteins using epitope-tag affinity chromatography and 
for immunoblot analysis using antibody. 

 
Table 1. Amino acid sequences of epitope-taggs 
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2.2 Expression of polyhistidine-tagged protein 

For the detailed analysis of cell wall degradation, Trichoderma reesei endo-1,4--glucanase 
(TrCel12A) was produced in Brevibacillus choshinensis (Takara-Bio) and purified using a 
polyhistidine-binding resin (Clontech). The TrCel12A gene was cloned by PCR using GXL 
DNA polymerase (Takara-Bio) and specific DNA primers, which were designed on the basis 
of the T. reesei genome DNA sequence. A DNA sequence encoding seven contiguous 
histidines was added to the 3' end of the TrCel12A gene by PCR as shown in Fig. 1. 

 
Fig. 1. Scheme of production of recombinant His7-tagged TrCel12A in B. choshinensis. Nmr; 
neomycin resistance gene, Ampr; ampicillin resistance gene, ColE1 ori; E. coli replication origin. 
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The synthesized DNA was cloned into an expression vector (pNCMO2) for protein 
expression in B. choshinensis. The construct was transformed into B. choshinensis cells by 
electroporation. The transformants were screened on MT [1% (w/v) glucose, 1% (w/v) 
Tryptone, 2% (w/v) Beef extract, 2% Yeast Extract, FeSO4 (65 mol/L), MnSO4 (41 mol/L), 
ZnSO4 (6 mol/L) and MgCl2 (43 mol/L), pH7.0] agar plates supplemented with neomycin 
(10 g/mL), and the transformants obtained were cultured for producing recombinant 
heptahistidine-tagged (His7-tagged) TrCel12A as previously described (Takeda, et al., 2010). 
B. choshinensis, which is a Gram-positive bacteria, secretes synthesized proteins into the 
culture medium when a secretion signal peptide is fused to the recombinant protein. In 
contrast, Escherichia coli, which is widely used as a host cell, accumulates synthesized 
recombinant proteins in the cytosol. Because the amount of proteins secreted into the culture 
medium is very small as compared with that of cytosolic proteins, secretion of the 
recombinant protein will make any subsequent purification procedure easier. 

2.3 Purification of His7-tagged TrCel12A 

The culture filtrate of B. choshinensis expressing His7-tagged TrCel12A was subjected to 
ammonium sulfate (60%, w/v) precipitation, and the precipitate obtained by centrifugation 
was dissolved in Equilibration buffer (10 mM sodium phosphate, pH 7.0, 50 mM NaCl) for 
polyhistidine affinity chromatography. The solution was applied to a polyhistidine-binding 
resin charged with cobalt ion: on this column, His7-tagged TrCel12A is captured by cobalt 
ion and released by buffer exchange with imidazol. After washing the column with 
Equilibration buffer, the proteins that bound to the resin were sequentially eluted with 0.1 X 
Elution buffer (10 mM sodium phosphate, pH 7.0, 50 mM NaCl, 20 mM imidazol), Elution 
buffer (50 mM sodium phosphate, pH 7.0, 50 mM NaCl, 200 mM imidazol) and Elution 
buffer containing 40 mM EDTA. The fractions were subjected to SDS-PAGE followed by 
CBB staining to verify the purity of the eluates (Fig. 2A).  

Expressed His7-tagged TrCel12A was detected at around 24 kDa (Fig. 2A). The eluate in 0.1 
X Elution buffer (Fig. 2A, lane 1) contained His7-tagged TrCel12A and several other 
proteins. The eluate in Elution buffer (Fig. 2A, lane 2) consisted of mostly His7-tagged 
TrCel12A and a small quantity of other proteins. In contrast, the eluate in Elution buffer 
containing 40 mM EDTA (Fig. 2A, lane 3) contained His7-tagged TrCel12A without other 
visible proteins. Thus, His7-tagged TrCel12A and non-specific binding proteins are 
gradually eluted from the resin with increasing imidazol concentration. These results imply 
that most His7-tagged TrCel12A remained bound to the resin after application of the Elution 
buffer recommended by the manufacturer, and that His7-tagged TrCel12A was best eluted 
with Elution buffer containing EDTA. EDTA chelates cobalt ion from the resin, resulting in 
the release of TrCel12A that bound tightly to the resin. Subsequently, EDTA and cobalt ion 
were removed from the protein preparation by ultrafiltration. 

2.4 Immunoblot analysis using antibody against polyhistidine-tag  

Recombinant proteins with an epitope-tag are recognized by an antibody against the 
corresponding epitope-tag. For example, His7-tagged TrCel12A expressed in B. brevibacillus 
was subjected to SDS-PAGE, followed by immunoblotting using an antibody against 
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polyhistidine (Qiagen) (Fig. 2B). Immunoblot analysis showed that the molecular weight of 
the proteins that reacted with antibody was identical to that of the major proteins observed 
in the eluate from polyhistidine-binding resin by CBB staining (Fig. 2A). Purified protein in 
the eluate with Elution buffer containing EDTA was recognized by the antibody. 

 
Fig. 2. Visualization of His7-tagged TrCel12A with CBB (A) and immunoblotting using antibody 
against polyhistidine-tag (B) after separation by SDS-PAGE. Lane 1, eluate from polyhistidine-
binding resin eluted with 0.1 X Elution buffer; lane 2, eluate with Elution buffer; lane 3, eluate 
with Elution buffer containing 40 mM EDTA. Arrows indicate His7-tagged TrCel12A.  

3. Biochemical analysis of His7-tagged protein 

3.1 Effect of EDTA on purified His7-tagged TrCel12A 

Native TrCel12A catalyzes the hydrolysis of 1,4--glucans such as carboxymethyl 
cellulose (CMC), crystalline cellulose, phosphoric acid-swollen cellulose (PSC), xyloglucan 
and 1,3-1,4--glucan (Sprey and Uelker, 1992). For determination of its biochemical 
properties, recombinant His7-tagged TrCel12A must retain hydrolytic activity after 
elution with Elution buffer containing EDTA. To test the effect of EDTA treatment on 
hydrolytic activity, His7-tagged TrCel12A was incubated with 1,3-1,4--glucan and 
sodium acetate (100 mM, pH 5.5) in the presence of different concentration of EDTA. 
Hydrolysis of 1,3-1,4--glucan by TrCel12A results in the increase in the number of the 
molecule with a reducing terminus. The reaction mixture was mixed with p-
hydroxybenzoic acid hydrazide and incubated in a boiling water. Hydrolytic activity was 
determined by measuring the absorbance at 410 nm in a spectorphotometer as described 



 
Affinity Chromatography 

 

180 

The synthesized DNA was cloned into an expression vector (pNCMO2) for protein 
expression in B. choshinensis. The construct was transformed into B. choshinensis cells by 
electroporation. The transformants were screened on MT [1% (w/v) glucose, 1% (w/v) 
Tryptone, 2% (w/v) Beef extract, 2% Yeast Extract, FeSO4 (65 mol/L), MnSO4 (41 mol/L), 
ZnSO4 (6 mol/L) and MgCl2 (43 mol/L), pH7.0] agar plates supplemented with neomycin 
(10 g/mL), and the transformants obtained were cultured for producing recombinant 
heptahistidine-tagged (His7-tagged) TrCel12A as previously described (Takeda, et al., 2010). 
B. choshinensis, which is a Gram-positive bacteria, secretes synthesized proteins into the 
culture medium when a secretion signal peptide is fused to the recombinant protein. In 
contrast, Escherichia coli, which is widely used as a host cell, accumulates synthesized 
recombinant proteins in the cytosol. Because the amount of proteins secreted into the culture 
medium is very small as compared with that of cytosolic proteins, secretion of the 
recombinant protein will make any subsequent purification procedure easier. 

2.3 Purification of His7-tagged TrCel12A 

The culture filtrate of B. choshinensis expressing His7-tagged TrCel12A was subjected to 
ammonium sulfate (60%, w/v) precipitation, and the precipitate obtained by centrifugation 
was dissolved in Equilibration buffer (10 mM sodium phosphate, pH 7.0, 50 mM NaCl) for 
polyhistidine affinity chromatography. The solution was applied to a polyhistidine-binding 
resin charged with cobalt ion: on this column, His7-tagged TrCel12A is captured by cobalt 
ion and released by buffer exchange with imidazol. After washing the column with 
Equilibration buffer, the proteins that bound to the resin were sequentially eluted with 0.1 X 
Elution buffer (10 mM sodium phosphate, pH 7.0, 50 mM NaCl, 20 mM imidazol), Elution 
buffer (50 mM sodium phosphate, pH 7.0, 50 mM NaCl, 200 mM imidazol) and Elution 
buffer containing 40 mM EDTA. The fractions were subjected to SDS-PAGE followed by 
CBB staining to verify the purity of the eluates (Fig. 2A).  

Expressed His7-tagged TrCel12A was detected at around 24 kDa (Fig. 2A). The eluate in 0.1 
X Elution buffer (Fig. 2A, lane 1) contained His7-tagged TrCel12A and several other 
proteins. The eluate in Elution buffer (Fig. 2A, lane 2) consisted of mostly His7-tagged 
TrCel12A and a small quantity of other proteins. In contrast, the eluate in Elution buffer 
containing 40 mM EDTA (Fig. 2A, lane 3) contained His7-tagged TrCel12A without other 
visible proteins. Thus, His7-tagged TrCel12A and non-specific binding proteins are 
gradually eluted from the resin with increasing imidazol concentration. These results imply 
that most His7-tagged TrCel12A remained bound to the resin after application of the Elution 
buffer recommended by the manufacturer, and that His7-tagged TrCel12A was best eluted 
with Elution buffer containing EDTA. EDTA chelates cobalt ion from the resin, resulting in 
the release of TrCel12A that bound tightly to the resin. Subsequently, EDTA and cobalt ion 
were removed from the protein preparation by ultrafiltration. 

2.4 Immunoblot analysis using antibody against polyhistidine-tag  

Recombinant proteins with an epitope-tag are recognized by an antibody against the 
corresponding epitope-tag. For example, His7-tagged TrCel12A expressed in B. brevibacillus 
was subjected to SDS-PAGE, followed by immunoblotting using an antibody against 

Polyhistidine Affinity Chromatography 
for Purification and Biochemical Analysis of Fungal Cell Wall-Degrading Enzymes 

 

181 

polyhistidine (Qiagen) (Fig. 2B). Immunoblot analysis showed that the molecular weight of 
the proteins that reacted with antibody was identical to that of the major proteins observed 
in the eluate from polyhistidine-binding resin by CBB staining (Fig. 2A). Purified protein in 
the eluate with Elution buffer containing EDTA was recognized by the antibody. 

 
Fig. 2. Visualization of His7-tagged TrCel12A with CBB (A) and immunoblotting using antibody 
against polyhistidine-tag (B) after separation by SDS-PAGE. Lane 1, eluate from polyhistidine-
binding resin eluted with 0.1 X Elution buffer; lane 2, eluate with Elution buffer; lane 3, eluate 
with Elution buffer containing 40 mM EDTA. Arrows indicate His7-tagged TrCel12A.  

3. Biochemical analysis of His7-tagged protein 

3.1 Effect of EDTA on purified His7-tagged TrCel12A 

Native TrCel12A catalyzes the hydrolysis of 1,4--glucans such as carboxymethyl 
cellulose (CMC), crystalline cellulose, phosphoric acid-swollen cellulose (PSC), xyloglucan 
and 1,3-1,4--glucan (Sprey and Uelker, 1992). For determination of its biochemical 
properties, recombinant His7-tagged TrCel12A must retain hydrolytic activity after 
elution with Elution buffer containing EDTA. To test the effect of EDTA treatment on 
hydrolytic activity, His7-tagged TrCel12A was incubated with 1,3-1,4--glucan and 
sodium acetate (100 mM, pH 5.5) in the presence of different concentration of EDTA. 
Hydrolysis of 1,3-1,4--glucan by TrCel12A results in the increase in the number of the 
molecule with a reducing terminus. The reaction mixture was mixed with p-
hydroxybenzoic acid hydrazide and incubated in a boiling water. Hydrolytic activity was 
determined by measuring the absorbance at 410 nm in a spectorphotometer as described 



 
Affinity Chromatography 

 

182 

previously (Miller, 1972) (Fig 3). The hydrolytic activity of His7-tagged TrCel12A was not 
negatively influenced by EDTA. Similarly, the hydrolytic activities of recombinant 
proteins that we produced previously a xyloglucan-specific endoglucanase (XEG) in B. 
choshinensis, -glucosidases in Aspergillus oryzae and cellobiohydrolase in Magnaporthe 
oryzae were not negatively affected by EDTA. However, not all His7-tagged recombinant 
proteins are applicable to EDTA elution because some enzymes, such as peroxidases, 
require metal ions for their catalytic reaction, and these metal ions are removed by the 
chelater EDTA (Cohen, et al., 2002; Lundell, et al., 2010). 

 
 

Fig. 3. Effect of EDTA on the hydrolytic activity of purified His7-tagged TrCel12A. The 
hydrolytic activity of His7-tagged TrCel12A toward 1,3-1,4--glucan was assayed in the 
presence of EDTA.  

3.2 Substrate specificity and product analysis 

To characterize recombinant His7-tagged TrCel12A expressed by B. choshinensis, its 
hydrolytic activity was assayed as described above. His7-tagged TrCel12A preferentially 
hydrolyzed water-soluble -1,4-glucans such as xyloglucan and 1,3-1,4--glucan, and 
slightly cleaved crystalline cellulose, PSC and CMC, of which the greatest hydrolysis was 
observed toward 1,3-1,4--glucan (Fig. 4). HPLC (ICS-3000, Dionex) analysis of the 
hydrolyzed products showed that His7-tagged TrCel12A produced mainly cellobiose, 
cellotriose and cellotetraose from PSC after a long incubation (Fig. 5). Thus, His7-tagged 
TrCel12A purified by polyhistidine affinity chromatography was accurately characterized 
without effects from other contaminant proteins. Native TrCel12A in T. reesei culture filtrate 
has previously been purified to homogeneity by a combination of chromatography steps; in 
contrast, recombinant His7-tagged TrCel12A with hydrolytic activity was purified by one-
step polyhistidine affinity chromatography. 
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Fig. 4. Substrate specificity of His7-tagged TrCel12A. Hydrolytic activity of His7-tagged 
TrCel12A was determined using diverse polymers as indicated on the y axis. Data are the 
means  SE of three determinations. 

 
Fig. 5. Product analyses of hydrolysates from PSC. After incubation of PSC with His7-tagged 
TrCel12A in sodium phosphate buffer (100 mM, pH 5.5), a portion of the reaction mixture 
was subjected to HPLC. Arrows indicate the position of glucose (Glc), cellobiose (C2), 
cellotriose (C3) and cellotetraose (C4) eluted during the separation. 

4. Other cell wall-degrading enzymes with His7-tag 

Magnaporthe oryzae is the pathogen that causes rice blast, the most devastating fungal disease 
of rice, and it secretes a variety of cell wall-degrading enzymes during its invasion of rice. 
The complete genome DNA sequences of Magnaporthe genera have been elucidated (Dean et 
al., 2004; Yoshida et al., 2007). Therefore, genetic analysis and protein engineering can be 
facilitated by utilizing these DNA databases. Indeed, recombinant proteins with hydrolytic 
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activities toward cell wall polymers and oligosaccharides have been produced after cloning 
the corresponding DNA by PCR from complementary DNA pools. For example, 
cellobiohydrolase (MoCel6A), which preferentially hydrolyzes PSC, cellulose and 1,3-1,4--
glucan, has been produced from M. oryzae and Aspergillus oryzae (Takahashi, et al., 2010). -
Glucosidases (MoCel3A and MoCel3B), which produce glucose from -1,3- and -1,4-
glucans, have been produced from M. oryzae (Takahashi, et al., 2011). A specific 1,3-1,4--
glucanase has been produced from both B. choshinensis and M. oryzae (Takeda, et al., 2010). 
The purified proteins were obtained by using polyhistidine affinity chromatography 
coupled with an EDTA-containing elution buffer. In contrast, for the preparation of -
glucosidase (UeBgl3A) from Ustilago esculenta, whose genome DNA sequence has not been 
elucidated, the partially purified -glucosidase was first obtained in low quantity after two 
steps of ion affinity chromatography and then subjected to trypsin-digestion followed by 
MS/LC/LC analysis to identify the partial amino acid sequence. On the basis of the 
deduced peptide sequence, the cDNA was then cloned by using degenerate DNA primers. 
Lastly, His7-tagged UeBgl3A was expressed by A. oryzae and purified by polyhistidine 
affinity chromatography (Nakajima, et al., 2011). 

5. Conclusion 

Purifying native and recombinant proteins is an important procedure for the detailed 
analysis of properties such as mode of action and substrate specificity, and for determining 
optimal reaction conditions. From this viewpoint, the addition of epitope-tags to a protein 
facilitates easy purification by epitope-tag affinity chromatography; however, this method is 
applicable only to recombinant proteins. Especially, the polyhistidine-tag has the ability to 
bind metals attached to a resin and is liberated by exchange with imidazol, as demonstrated 
in this chapter. Furthermore, tightly bound proteins can be eluted by using EDTA, which 
chelates metals from the resin. In addition, antibodies against epitope-tags are a useful tool 
to detect epitope-tagged proteins. Because antibodies bind tightly to the corresponding 
antigen, however, it is necessary to use strong acid or SDS to release the antigens from the 
antibodies in which active enzymes would become inactivated. Thus, we have to proceed 
with caution when using affinity resins and antibodies for the purification and detection of 
epitope-tagged proteins. 

So far, the large-scale production of recombinant proteins that catalyze the hydrolysis of 
cell walls has been carried out in B. choshinensis, M. oryzae and A. oryzae as a host cell in 
our lab because the heptahistidine-tag works well for purification, and non-specific 
binding of intact proteins are removed by increasing concentration of imidazol. On the 
other hand, His7-tagged and HA-tagged TrCel12A have been produced in Nicotiana 
benthamiana by transient expression as described previously (Takken et al., 2000), and 
verified by immunoblotting using antibody against polyhistidine and HA, respectively 
(data not shown). However, purification of His7-tagged TrCel12A expressed by N. 
benthamiana did not work well because it was difficult to separate His7-tagged TrCel12A 
from many proteins that bound non-specifically to the polyhistidine-binding resin. 
Selecting the best epitope-tag to use in terms of not only purification but also 
immunoblotting should be done before the protein production procedure is established. 
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1. Introduction 
Plant proteinaceous amylase and proteinase inhibitors play many important roles in planta 
as endogenous enzyme regulators and as protective factors against harmful organisms. They 
are also of interest as antinutrients in human and animal feed, and as anticancer and antiviral 
agents in medicine. They may also be used as genetic markers in the study of plant diversity 
and evolution (Dunaevsky et al., 2005; Franco et al., 2002; Gatehouse, 2011; Habib & Fazili, 
2007; Konarev, 1996; Konarev et al., 2002b; Mosolov and Valueva, 2005; Shewry & Lucas, 
1997). Affinity chromatography is an effective method for the fast purification of various 
hydrolytic enzymes and their inhibitors. Its use in conjunction with detection methods that can 
quickly and easily identify components of proteins mixtures with the sought-after activity can 
appreciably simplify the search and purification of novel enzymes or enzyme inhibitors, 
especially those with low or non-typical substrate specificities. Advances have been made in 
fractionation and detection methods by many laboratories but we describe below approaches 
used by us including the use of affinity chromatography in combination with novel detection 
methods to identify and purify novel forms of insect and fungal proteinases and also 
proteinase inhibitors from plants (Conners et al., 2007; Konarev, 1985, 1986, 1990a, 1996; 
Konarev & Fomicheva, 1991a; Konarev et al., 1999a, 1999b, 2000, 2002a, 2004, 2008; 2011; 
Luckett et al., 1999). In some cases these have been used for the analysis of the diversity of 
amylase and proteinase inhibitors in various plant taxa (Konarev 1982a, 1986b, 1987b, 1996, 
Konarev et al., 1999c, 2000, 2002a, 2002b, 2004). The aim of the present chapter is to bring to a 
larger audience and summarize published works that are hard to access to non-Russian 
readers or described in scattered publications and to provide some examples using the 
approaches described. These data have been obtained in the All-Russian Institute for Plant 
Protection (VIZR) from 1981 and, after 1996, in collaborative work of VIZR with Rothamsted 
Research, University of Bristol (UK), National Institute of Agrobiological Sciences (Japan) and 
Hacettepe University (Turkey).  
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2. Methods for protein fractionation and the identification of enzymes and 
their inhibitors 
2.1 General description of approaches 

Affinity chromatography is widely used in the purification of amylases, proteinases and 
the inhibitors of these enzymes in plants, animals and insects (Buonocore et al., 1975; 
Nagaraj & Pattabiraman, 1985; Saxena et al., 2010). Various methods for the detection of 
amylase inhibitors (Giri & Kachole, 1996; Fontanini et al., 2007) and proteinase inhibitors 
(Pichare & Kachole, 1994; Mulimani et al., 2002) in protein mixtures are known. We have 
developed a set of universal and sensitive methods for the detection of inhibitors of various 
insect, plant, fungal and mammalian amylases and proteinases (Konarev 1981, 1982b, 
1985, 1996; Konarev and Fomicheva, 1991a; Konarev et al., 1999b, 2000). These are most 
often used with polyacrylamide gel electrophoresis (PAGE), isoelectric focusing (IEF) and 
thin layer gel-filtration (TLGF) and in such variants may also be used to search for novel 
forms of enzyme inhibitors or to monitor the affinity chromatography and other protein 
fractionation techniques. The distinctive feature of the methods for detection of amylase 
inhibitors we describe is the use of polyacrylamide gels (PAG), containing both amylase and 
starch. At PAGE protein sample is separated and inhibitors are detected in such gel but at 
IEF or TLGF this gel serves as ‘replica’ for detection. In case of proteinase inhibitors 
sensitive ‘gelatin replicas’ are used allowing inhibitors for up to 4 different proteinases (or 
inhibitors of -amylases and proteinases) to be detected among proteins separated within 
the same gel.  

2.2 Protein samples 

Plant seeds were obtained from the collection of the N.I. Vavilov Institute of plant industry, 
St. Petersburg, (VIR, accessions designated by number “k-..”), the Botanical institute, St. 
Petersburg, various seed companies (UK) or collected on expeditions by the author. Proteins 
were isolated from ground seeds or vegetative organs homogenized with different 
extractants depending upon which proteins were of interest (water, 2 M urea, 7.4 mM Tris - 
57 mM glycine buffer pH 8.3 etc.) in the various ratios (w/v) ranging from 1:2 to 1:10. The 
extractions were carried out at 20o C for 0.5-1 h. For enzymes showing greater sensitivity to 
inhibitors, the extract was diluted by 50 to 1000 fold. Extracts were heated for 15 min at 80o 
C for inactivation of endogenous  and amylases and proteinases and denatured 
proteins were removed by centrifugation. The sources of amylases and proteinases for 
analyses were fresh or freeze dried salivary glands, guts and homogenates of insects, human 
saliva and wheat grains germinated for 2 days. Commercial preparations (amylases from 
pig pancreas or fungal cultures, trypsin, chymotrypsin, subtilisin, elastase, papain, ficin 
were from Sigma or other specialist suppliers). amylases and proteinases were extracted 
from homogenized material in water or tris-glicine buffer with or without 1mM CaCl2. 
Single bands of amylases or proteinases have been isolated using micropreparative variants 
of IEF or affinity chromatography and used for detection of inhibitors. In most cases the 
amylases present in total extracts, when used in detection methods, showed clear pictures of 
interaction with their inhibitors comparable with those obtained with enzymes extracted 
from guts or partially purified. 
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2.3 Methods for protein fractionation 

2.3.1 Flat-bed-PAGE in homogenous buffer system 

This type of electrophoresis was chosen since it allowed the inclusion of amylase in the 
gel without effecting its concentrating during the separation of proteins which is in contrast 
to the discontinuous buffer system (see in 2.4.2). The solution containing 6% acrylamide, 
0.26 % N,N'-methylenebisacrylamide, 7.4 mM Tris - 57 mM glycine buffer pH 8.3, riboflavin 
and TEMED was poured into a casting form consisting of two glass plates, one of which 
possessed juts for forming slots for samples. The 2 mm thick gel was polymerized in the 
light. The thickness of the gel could be reduced if a plastic supporting film GelFix for PAGE 
(Serva) was used providing a covalent binding to the gel layer. The length of the gel was in 
the range 10 to 20 cm and the position of the slots was determined depending on analysis. 
The gel was put on the cooling plate of the Multiphor II Electrophoresis unit (LKB) and 
connected to electrode buffer tanks by paper wicks. Electrode buffers were the same as in 
the gel. Protein samples were loaded in slots in a volume of between 0.5-20 mcl. Wheat seed 
albumins were separated in 120x200 mm gel with a path length for bromphenol blue of 9 cm 
for 1 h at voltage 1000 V, current 40 mA and 10° C. Wheat protein bands were visualized by 
transfer of the gel into 10 % TCA. 

2.3.2 SDS-PAGE and mass-spectrometry (MS) 

SDS-PAGE of proteins was carried out according to Laemmli (1970) with modifications. 
Proteins were heated in a standard SDS-PAGE sample buffer with 2-mercaptoethanol (for 
estimation of sizes of peptides) or without reductant (for following detection of intact 
inhibitors). For Edman sequencing proteins were transferred to PVDF membrane using a 
semi-dry method and CAPS buffer.  

For MS peptides were isolated from PAGE and digested by trypsin. Peptide digests were 
mixed 1:1 with matrix (2 mg/mL of R-cyano-4-hydroxycinnamic acid was dissolved in 
49.5% (v/v) ethanol, 49.5% (v/v) acetonitrile, and 1% (v/v) of a 0.1% (v/v) TFA solution). 1 
mcl of the mixture was spotted onto the target plate and the sizes of peptides were 
determined using a Micromass M@LDI-LR mass spectrometer (Waters, Manchester, UK) 
using a standard peptide mass fingerprinting method and mass acquisition between 800 and 
3500 m/z. The laser firing rate was 5Hz, 40 random aims per spot, 10 shots per spectrum, 10 
spectra per scan, 10 scans combined, 10% adaptive background subtracted, smoothed 
(Savitzky-Golay) and centroided. The MALDI-MS was tuned to 10,000 FWHM (Full Width 
at Half Height) and calibrated with a tryptic digest of alcohol dehydrogenase following the 
manufacturer’s instructions. 

For sequencing by MS peptides were concentrated and desalted using Zip-Tips (Millipore), 
dried, dissolved in 70% (v/v) methanol containing 1% (v/v) formic acid, sonicated for 3 min 
and then loaded into nanoflow tips (Waters). Electrospray ionization-MS was performed on 
a quadrupole time-of-flight (Q-TOF) I mass spectrometer (Micromass, Manchester, UK) 
equipped with a z-spray ion source. Instrument operation, data acquisition and analysis 
were performed using MassLynx/Biolynx 4.0 software. The sample cone voltage and 
collision energy were optimized for each sample. The Micro channel plate (MCP) detector 
voltage was set at 2800 V. Scanning was performed from m/z 100-3500. Prior to acquisition 
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For sequencing by MS peptides were concentrated and desalted using Zip-Tips (Millipore), 
dried, dissolved in 70% (v/v) methanol containing 1% (v/v) formic acid, sonicated for 3 min 
and then loaded into nanoflow tips (Waters). Electrospray ionization-MS was performed on 
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the mass spectrometer was calibrated using a solution of [Glu1]-fibrinopeptide B as 
described by the manufacturer. 

2.3.3 Isoelectric focusing (IEF) 

IEF of proteins was carried out on a variety of available IEF gel systems (Servalyt Precotes 
pH 3-10 (Serva) etc.) using LKB Multiphor II apparatus or a Phast System (Pharmacia). 
Cytochrome c (pI 10.65), horse myoglobin (pI 7.3) and whale myoglobin (pI 8.3) (Serva) 
were used as markers. Proteins were detected in gels by Coomassie R-250 in 10 % TCA after 
removal of ampholites by washing in 10 % TCA alone.  

For micropreparative IEF, 0.5–1 mg of proteins (e.g. trypsin or chymotrypsin inhibitors 
eluted from affinity columns) were applied in 0.4 ml water onto a 10x60-mm filter-paper 
strip across the pH gradient of a Servalyt Precotes (Serva) gel, and IEF was carried out using 
a Multiphor with a distance of 10 cm between electrodes. The gel was then placed in 40% 
(w/v) ammonium sulphate for 5 min and the opalescent protein bands excised and placed 
in 0.5 ml of water for 1 h to elute the inhibitors. Micropreparative IEF in PAG or in Ultrodex 
was used also for the isolation of insect and fungal amylases and proteinases. 

Micropreparative fractionation of proteinases or inhibitors with higher resolution included 
IEF in DryStrips (GE Healthcare). Protein fractions obtained by affinity chromatography 
(e.g. proteinase inhibitors from Cycas siamensis or Veronica hederifolia seeds) were loaded onto 
two Immobiline DryStrip pH 3–10 NL gels and inhibitor bands located using gelatin replicas 
of one gel. The second gel was fixed in 10% (v/v) TCA revealing proteins as opaque bands. 
Zones containing protein were excised and TCA was removed by washing with cold 
acetone. Proteins were then extracted from the gel with 20% (v/v) ethanol containing 0.1% 
(v/v) TFA, followed by 30% (v/v) acetonitrile in 0.03 M ammonium bicarbonate and 4% 
(v/v) formic acid (for 1 h each) and finally freeze dried. Transfer of proteins from the 
electrophoresis, IEF or TLGF gels to nitrocellulose (NC) or PVDF membranes was 
performed using equipment for electro transfer or simple diffusion by contact of NC with 
gel for 1-12 hours (if detection of inhibitors or microsequencing was to be carried out). 

2.3.4 Gel-filtration 

Preparative gel-filtration of proteins was carried out in 40-100x1.5 cm columns filled with 
Sephadex G-100 or G-50 (Fine) or in Ultrogel AcA 54 (LKB) with either 0.1 M phosphate 
buffer pH 7.4 containing 0.2 M NaCl or 0.1 M ammonium acetate pH 7 (the latter if proteins 
were to be freeze-dried).  

Thin layer gel-filtration (TLGF) of plant proteins was performed in 0.4-1 mm layer of 
Sephadex G-50 or G-100 Superfine (LKB) attached to 250x125 mm a glass plate or to Gel-
bond to agarose film (Serva) with 0.1 M NaCl or 0.03 M ammonium acetate as the liquid 
phase. The Sephadex gel plate was set in apparatus for horizontal electrophoresis and 
connected to upper and lower tanks containing the liquid phase by filter-paper wicks. 
Proteins (0.5-10 mcg/mcl) were applied on gel in a minimal volume (0.5-2 mcl). Coloured 
proteins cytochrome c (12.5 kDa), horse myoglobin (17.8 kDa) and bovine hemoglobin (64.5 
kDa) were used as markers. The elution rate was adjusted by changing the angle of 
inclination of the plate (for the spot of cytochrome c it was about 2 cm/h). The fractionation 
of wheat seed albumins with MW 12-60 kDa lasted about 3 h.  
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2.3.5 Affinity chromatography of proteinases and proteinase inhibitors 

Affinity matrices using proteinases (trypsin, chymotrypsin and subtilisin) or proteinase 
inhibitors immobilized on CNBr-activated Sepharose or acrylamide or agarose gels were 
used for purification of proteinase inhibitors from plants and proteinases from insects 
(Conners et al., 2007; Konarev 1986a, Konarev et al., 2000, 2002a, 2004, 2008, 2009, 2011). For 
analytical work, certain types of inhibitor or proteinase were pre-absorbed from protein 
mixtures by modification of the method of Hejgaard et al. (1981) to facilitate the 
identification of other types of inhibitors or proteinases. 6 mcl of a 50% suspension of 
affinity gel in water (v/v) was added to 30 mcl of protein mixture extracted from seeds with 
water (1:4) and mixed frequently during 30 min period. The affinity gel was removed by 
centrifugation.  

In preparative work with inhibitors highly specific to certain proteinase (for e.g., trypsin 
inhibitors from wheat grain and immobilized trypsin), 5-30 ml of solution containing 
inhibitors was passed through a column with 0.5-3 ml of the affinity gel with immobilized 
proteinase. For higher volume sample (0, 5 - 1 L) 5-10 ml of suspension of affinity gel was 
added to the solution and after 15-30 min of shaking the gel was collected using a sintered 
glass filter. The gel was washed with 10-50 volumes of the same solvent as used in the 
sample for loading (water, 0.2 M NaCl, 2 M urea, 0.1 M ammonium acetate etc.) and then 
with 10-50 volumes of 0.1 M NaH2PO4 with 0.5 M NaCl pH 5.0 and finally with water. The 
gel was transferred to a column and inhibitors were eluted with 0.015 M HCl. The process 
was monitored at 280 nm using standard equipment. Fractions obtained were freeze dried 
and analyzed for the presence of proteinase inhibitors using IEF combined with the gelatin 
replicas method (see below). Selected fractions were then separated by reverse phase HPLC 
with a C18 RP Phenomenex column and a gradient of 15–45% (v/v) acetonitrile in 0.1% 
trifluoroacetic acid.  

Similar procedures were used for isolation of proteinases, e.g. grain borer Rhyzopertha 
dominica (Fab.) gut serine proteinases on soybean TI linked to agarose (Sigma) (Konarev et 
Fomicheva, 1991a; Konarev, 1992b).  

In instances where the interaction between proteinase and inhibitor was weak (for e.g. the 
gluten-specific proteinase of sunn pest Eurygaster integriceps Put. and chymotrypsin inhibitor 
I from potato, Calbiochem), after loading of the sample the affinity gel was washed just with 
the solvent used in the sample (0.01 M ethanolamine with 0.2 M NaCl and 0.01% Triton X-
100 pH 10) and eluted with water/0.01% (v/v) Triton X-100 followed by 0.01M HCl/0.01% 
(v/v) Triton X-100 (Konarev et al., 2011). Both eluates contained almost pure proteinase. 

2.4 Detection of -amylases and their inhibitors 

2.4.1 Detection of -amylases after PAGE or IEF  

For the estimation of heterogeneity and electrophoretic mobility of the amylases 0.1 % 
soluble starch was added to the solution, described in 2.3.1, before polymerization of the gel 
for PAGE. After separation the gel was placed in 0.1 M acetic pH 5.4 (for insect and 
germinating wheat grain amylases) or 0.1 M phosphate buffer pH 7.0 (for human and 
mammalian amylases) containing 0.1 M NaCl and 1 mM CaCl2 and incubated for 30 min 
at 37o C. Areas of amylase activity were observed as transparent bands on dark blue 
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the mass spectrometer was calibrated using a solution of [Glu1]-fibrinopeptide B as 
described by the manufacturer. 

2.3.3 Isoelectric focusing (IEF) 
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pH 3-10 (Serva) etc.) using LKB Multiphor II apparatus or a Phast System (Pharmacia). 
Cytochrome c (pI 10.65), horse myoglobin (pI 7.3) and whale myoglobin (pI 8.3) (Serva) 
were used as markers. Proteins were detected in gels by Coomassie R-250 in 10 % TCA after 
removal of ampholites by washing in 10 % TCA alone.  

For micropreparative IEF, 0.5–1 mg of proteins (e.g. trypsin or chymotrypsin inhibitors 
eluted from affinity columns) were applied in 0.4 ml water onto a 10x60-mm filter-paper 
strip across the pH gradient of a Servalyt Precotes (Serva) gel, and IEF was carried out using 
a Multiphor with a distance of 10 cm between electrodes. The gel was then placed in 40% 
(w/v) ammonium sulphate for 5 min and the opalescent protein bands excised and placed 
in 0.5 ml of water for 1 h to elute the inhibitors. Micropreparative IEF in PAG or in Ultrodex 
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IEF in DryStrips (GE Healthcare). Protein fractions obtained by affinity chromatography 
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performed using equipment for electro transfer or simple diffusion by contact of NC with 
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were to be freeze-dried).  
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Sephadex G-50 or G-100 Superfine (LKB) attached to 250x125 mm a glass plate or to Gel-
bond to agarose film (Serva) with 0.1 M NaCl or 0.03 M ammonium acetate as the liquid 
phase. The Sephadex gel plate was set in apparatus for horizontal electrophoresis and 
connected to upper and lower tanks containing the liquid phase by filter-paper wicks. 
Proteins (0.5-10 mcg/mcl) were applied on gel in a minimal volume (0.5-2 mcl). Coloured 
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inhibitors from wheat grain and immobilized trypsin), 5-30 ml of solution containing 
inhibitors was passed through a column with 0.5-3 ml of the affinity gel with immobilized 
proteinase. For higher volume sample (0, 5 - 1 L) 5-10 ml of suspension of affinity gel was 
added to the solution and after 15-30 min of shaking the gel was collected using a sintered 
glass filter. The gel was washed with 10-50 volumes of the same solvent as used in the 
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with 10-50 volumes of 0.1 M NaH2PO4 with 0.5 M NaCl pH 5.0 and finally with water. The 
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In instances where the interaction between proteinase and inhibitor was weak (for e.g. the 
gluten-specific proteinase of sunn pest Eurygaster integriceps Put. and chymotrypsin inhibitor 
I from potato, Calbiochem), after loading of the sample the affinity gel was washed just with 
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(v/v) Triton X-100 (Konarev et al., 2011). Both eluates contained almost pure proteinase. 

2.4 Detection of -amylases and their inhibitors 

2.4.1 Detection of -amylases after PAGE or IEF  

For the estimation of heterogeneity and electrophoretic mobility of the amylases 0.1 % 
soluble starch was added to the solution, described in 2.3.1, before polymerization of the gel 
for PAGE. After separation the gel was placed in 0.1 M acetic pH 5.4 (for insect and 
germinating wheat grain amylases) or 0.1 M phosphate buffer pH 7.0 (for human and 
mammalian amylases) containing 0.1 M NaCl and 1 mM CaCl2 and incubated for 30 min 
at 37o C. Areas of amylase activity were observed as transparent bands on dark blue 
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background after immersion of the gel in I/KI solution (50 mg I and 1000 mg KI per liter of 
water). In case of IEF the gel with the same composition was placed on top of a separating 
gel and after incubation at 37o C for 10-30 min put in I/KI solution. 

2.4.2 Detection of -amylase inhibitors after PAGE, IEF or TLGF of plant proteins 

In order to detect amylase inhibitors in complex seed protein extracts 0.1 % starch and the 
amylase of interest were included in separating gel for PAGE (see 2.3.1) before 
polymerisation. The volume of added amylase solution approximately corresponded to 
the enzyme activity required to hydrolyze all the starch in the gel after 1 h at optimal pH 
and at 37o C (which was determined in preliminary tests using a row of small gels 
containing different volumes of amylase). The optimal volume of seed protein sample 
loaded in a slot of the gel depended strongly on the type of amylase included in the gel 
and its sensitivity to certain type of inhibitors. Therefore, when inhibitors of low sensitive 
amylase from sunn pest E. integriceps gut were to be identified, 10-15 mcl of protein 
samples extracted from bread wheat seeds (with water or 2 M urea (1:4)) were loaded. In the 
case of the much more inhibitor-sensitive amylase from mealworm beetle Tenebrio molitor 
L. larvae the extract was diluted 500-1000 times before loading. The key features of this 
method are that (1) the enzyme and substrate are present in the separating gel 
simultaneously and untimely hydrolysis is prevented by non-optimal pH and a low 
temperature during separation, (2) amylase included in the gel, in most cases, moves 
slower than the inhibitors and after PAGE in homogenous buffer system inhibitors are 
evenly surrounded by enzyme and finally (3) the presence of an -amylase in all layers of 
the gel (in contrast to methods, where the gel is incubated in a -amylase solution) provides 
a very high sensitivity of detection.  

In the described conditions of electrophoresis amylases from human saliva, pig pancreas, 
gut of sunn pest E. integriceps and germinating wheat seed had a mobility lower than that of 
wheat albumins including amylase inhibitors. In case of amylase of mealworm beetle T. 
molitor larvae the enzyme moves faster than the inhibitors, so that separating gel should be 
extended in part between sample slots and cathode in order to compensate for the difference 
in speed of run of enzyme and inhibitors. After separation gels were put in 0.1 M acetic pH 
5.4 (for insect and wheat germinating grain amylases) or 0.1 M phosphate buffer pH 7.0 
(for human and mammalian amylases) containing 0.1 M NaCl and 1 mM CaCl2 and 
incubated for 30-50 min at 37o C. For initial runs (with an “unknown” amylase) 
hydrolysis of starch should be checked every 5-10 min on small pieces of gel cut from the 
sides of the separating gel and immersed in iodine solution. Incubation may be stopped 
when the gel pieces have acquired a violet-pink colour. The whole separating gel can then 
be transferred to the iodine solution. Inhibitors become visible as dark blue bands of 
undigested starch on the light transparent background.  

For detection of amylase inhibitors after IEF or TLGF of plant proteins the gel with the 
same composition as was used for detection at PAGE (see above) was placed onto 
separating gel for 10-30 min and then put in buffer with pH optimal for amylase and 
incubated for 15-40 min at 37o C until test pieces of the gel have acquired a violet-pink 
colour. More details will be given at description of examples of method application. 
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2.5 Detection of proteinases and proteinase inhibitors 

2.5.1 Detection of proteinases  

Proteinases were detected in protein mixtures isolated from insect, fungal or plant samples 
following separation by IEF or PAGE using plastic films covered by protein substrates 
(gelatin or glutenin) or solutions of synthetic substrates. 

The most sensitive and applicable to detection of many serine and cysteine proteinases with 
wide substrate specificity (trypsin-, chymotrypsin-, subtilisin-, papain- or ficin-like 
enzymes) method is based on the use of layer of gelatin present in photographic materials. 
This approach exists in many variants (Burger and Schroeder, 1976; Harsulkar et al., 1998). 
We used undeveloped opaque photographic film (“Photo 65”, Russia, for example) both for 
analytical and micropreparative scales (Konarev and Fomicheva, 1991a; Konarev et al., 
1999b). E.g., for isolation of extracellular proteinases of fungi Sclerotinia sclerotiorum and 
Colletotrichum lindemuthianum cultural filtrate was applied to the gel using wide filter-paper 
strips. After IEF three 1x40 mm strips were placed on the gel along the pH gradient and 
incubated for 5 min at 40o C. The zones of the gel corresponding to hydrolyzed gelatin were 
cut out, immersed in 200 mcl of 25 % sucrose for 1 h and the solution was used for detection 
of proteinase inhibitors using the gelatin-replicas method (see below) (Konarev et al., 1999b). 

For the detection of glutenin-specific proteinase from the salivary glands of sunn pest E. 
integriceps, a layer of insoluble in acetic acid glutenin was attached to the plastic film as 
substrate (Konarev et al, 2011). 

2.5.2 Detection of proteinase inhibitors  

There are many methods for detection of proteinase inhibitors in protein mixtures following 
separation of the proteins by PAGE or IEF. Some are based on the use of a gelatin layer on 
photographic film as a substrate for proteinases (Pichare & Kachole, 1994; Mulimani et al., 
2002). However, most of these methods include immersion of the separating gel in a 
proteinase solution followed by laying of photographic film on the gel and incubation. But 
because of diffusion of proteins from the gel in solution the sharpness of the bands can be 
decreased. Also, immersion in certain proteinase solutions prevents the detection of the 
inhibitors of other proteinases in the same gel. We developed the so-called “gelatin replicas” 
method which includes consecutive contact of the separating gel with one to four replicas 
which can be developed by four different proteinases. The method is based on ability of 
gelatin layer to absorb proteins from the separating gel (as with protein blotting onto 
nitrocellulose) (Konarev, 1986a; Konarev et al., 2002a, 2002b, 2004, 2008). This approach 
gives also the opportunity to detect amylase and proteinase inhibitors in the same 
separating gel (Konarev, 1986b, 1996).  

One to four pieces of undeveloped non-transparent photographic film were applied 
sequentially to IEF gel (for 2, 5, 20 and 30 min, respectively). The ‘‘gelatin replicas” 
containing inhibitors absorbed from the IEF gel were then applied to 0.8% (w/v) agarose 
gels containing 0.1 M Na2HPO4 (pH 9) and one of serine proteinases (Sigma): trypsin (1 
mcg/ml), chymotrypsin (10 mcg/ml), elastase (4 mcg/ml) and subtilisin (0.3 mcg/ml), or 
some insect or fungal serine proteinase. Incubation for 30 min at 45o C allowed the proteases 
to digest the gelatin on the photographic film with the positions of inhibitors being detected 
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background after immersion of the gel in I/KI solution (50 mg I and 1000 mg KI per liter of 
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amylase of interest were included in separating gel for PAGE (see 2.3.1) before 
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the enzyme activity required to hydrolyze all the starch in the gel after 1 h at optimal pH 
and at 37o C (which was determined in preliminary tests using a row of small gels 
containing different volumes of amylase). The optimal volume of seed protein sample 
loaded in a slot of the gel depended strongly on the type of amylase included in the gel 
and its sensitivity to certain type of inhibitors. Therefore, when inhibitors of low sensitive 
amylase from sunn pest E. integriceps gut were to be identified, 10-15 mcl of protein 
samples extracted from bread wheat seeds (with water or 2 M urea (1:4)) were loaded. In the 
case of the much more inhibitor-sensitive amylase from mealworm beetle Tenebrio molitor 
L. larvae the extract was diluted 500-1000 times before loading. The key features of this 
method are that (1) the enzyme and substrate are present in the separating gel 
simultaneously and untimely hydrolysis is prevented by non-optimal pH and a low 
temperature during separation, (2) amylase included in the gel, in most cases, moves 
slower than the inhibitors and after PAGE in homogenous buffer system inhibitors are 
evenly surrounded by enzyme and finally (3) the presence of an -amylase in all layers of 
the gel (in contrast to methods, where the gel is incubated in a -amylase solution) provides 
a very high sensitivity of detection.  

In the described conditions of electrophoresis amylases from human saliva, pig pancreas, 
gut of sunn pest E. integriceps and germinating wheat seed had a mobility lower than that of 
wheat albumins including amylase inhibitors. In case of amylase of mealworm beetle T. 
molitor larvae the enzyme moves faster than the inhibitors, so that separating gel should be 
extended in part between sample slots and cathode in order to compensate for the difference 
in speed of run of enzyme and inhibitors. After separation gels were put in 0.1 M acetic pH 
5.4 (for insect and wheat germinating grain amylases) or 0.1 M phosphate buffer pH 7.0 
(for human and mammalian amylases) containing 0.1 M NaCl and 1 mM CaCl2 and 
incubated for 30-50 min at 37o C. For initial runs (with an “unknown” amylase) 
hydrolysis of starch should be checked every 5-10 min on small pieces of gel cut from the 
sides of the separating gel and immersed in iodine solution. Incubation may be stopped 
when the gel pieces have acquired a violet-pink colour. The whole separating gel can then 
be transferred to the iodine solution. Inhibitors become visible as dark blue bands of 
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For detection of amylase inhibitors after IEF or TLGF of plant proteins the gel with the 
same composition as was used for detection at PAGE (see above) was placed onto 
separating gel for 10-30 min and then put in buffer with pH optimal for amylase and 
incubated for 15-40 min at 37o C until test pieces of the gel have acquired a violet-pink 
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separation of the proteins by PAGE or IEF. Some are based on the use of a gelatin layer on 
photographic film as a substrate for proteinases (Pichare & Kachole, 1994; Mulimani et al., 
2002). However, most of these methods include immersion of the separating gel in a 
proteinase solution followed by laying of photographic film on the gel and incubation. But 
because of diffusion of proteins from the gel in solution the sharpness of the bands can be 
decreased. Also, immersion in certain proteinase solutions prevents the detection of the 
inhibitors of other proteinases in the same gel. We developed the so-called “gelatin replicas” 
method which includes consecutive contact of the separating gel with one to four replicas 
which can be developed by four different proteinases. The method is based on ability of 
gelatin layer to absorb proteins from the separating gel (as with protein blotting onto 
nitrocellulose) (Konarev, 1986a; Konarev et al., 2002a, 2002b, 2004, 2008). This approach 
gives also the opportunity to detect amylase and proteinase inhibitors in the same 
separating gel (Konarev, 1986b, 1996).  

One to four pieces of undeveloped non-transparent photographic film were applied 
sequentially to IEF gel (for 2, 5, 20 and 30 min, respectively). The ‘‘gelatin replicas” 
containing inhibitors absorbed from the IEF gel were then applied to 0.8% (w/v) agarose 
gels containing 0.1 M Na2HPO4 (pH 9) and one of serine proteinases (Sigma): trypsin (1 
mcg/ml), chymotrypsin (10 mcg/ml), elastase (4 mcg/ml) and subtilisin (0.3 mcg/ml), or 
some insect or fungal serine proteinase. Incubation for 30 min at 45o C allowed the proteases 
to digest the gelatin on the photographic film with the positions of inhibitors being detected 



 
Affinity Chromatography 194 

as dark ‘‘islands” of undigested gelatin on the photographic layer. The similar approach was 
used for detection of plant and insect cysteine proteinase inhibitors (Konarev, 1984; 
1986a,1990a; Konarev et al, 1999a, 2002b), 0.1 M NaH2PO4 with 0.1 M DTT being included in 
agarose gels together with proteinase.  

Besides, gelatin films could be effectively used for detection of inhibitors on NC replica from 
separating gel, soaked with proteinase solution and washed by buffer. This approach can be 
used, for example, for detection of inhibitors after SDS-PAGE or in “cross” method for 
improving of resolution of inhibitor or enzyme spectra. 

2.5.3 Cross methods for detection of inhibitors of single amylase or proteinase IEF 
bands 

In order to identify inhibitors of individual proteinase bands in complex proteinase mixtures 
without special purification of proteinases or inhibitors, the “cross” methods has been 
developed (Konarev, 1990a; Konarev et Fomicheva, 1991a). Proteinases and protein mixture 
containing inhibitors extracted from seeds were applied to the individual gels using wide 
paper strips (about 9 cm for 120x120 mm gel). At low contention in extract, inhibitors could 
be preliminary enriched by affinity chromatography. After separation a photographic film was 
placed for 20 min on the gel to obtain a replica of fractionated proteins and then a gelatin 
replica was applied to the gel with separated proteinases, at right angles to each other, and 
incubated for 0.5-1 h at 38o C. Narrowings or brakes in the proteinase bands corresponds to 
positions of their inhibitor bands. In our hands this method is applicable for the inhibitors 
from mature wheat grain and serine and cysteine proteinases from insects and germinating 
grains. The same approach was used for amylases and their inhibitors (see 3.1.). 

3. The use of detection methods and affinity chromatography in study of 
hydrolases and their inhibitors in relation to the problems of plant diversity, 
evolution, pest resistance, food quality and medicine 
3.1 Analysis of polymorphism of amylase and proteinase inhibitors in plants 

The detection methods may be used for studying plant diversity and evolution by analysis 
of polymorphism of amylase and proteinase inhibitors. They may also find utility in the 
field of pest resistance and food quality. The figures that follow demonstrate some examples 
of application of the methods described. 

It is well known that exogenous amylase inhibitors in wheat and related cereals are 
represented by three main fractions: 12 kDa (with monomeric molecules), 24 kDa (dimeric) 
and about 60-66 kDa (tetrameric) which can be easily obtained by gel-filtration (Buonocore 
et al., 1977; Franco et al., 2002). Fig. 1, I, shows results of PAGE of different fractions of 
wheat grain proteins followed by detection of inhibitors of insect, mammalian and plant 
amylases. amylases differ in sensitivity to various fractions of inhibitors, amylase from 
pig pancreas being intermediate between amylase from human saliva and insect amylases 
in their interaction with monomeric inhibitors. The most of studied insect amylases were 
inhibited by 12 kDa albumin fraction in contrast to human amylase. amylase from 
germinating wheat grain (c) and exogenous amylases are inhibited by different protein 
components. The method allows detection of inhibitors of both highly-sensitive (to 
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inhibitors) and low-sensitive amylases. So, for obtaining comparable visible inhibitor 
bands, in case of highly sensitive amylase from T. molitor larvae, amount of seed proteins 
applied to PAGE was approximately in 1,000 times lower than that for amylase from 
sunn pest E. integriceps gut. With the same amount of seed proteins as was used for gut 
enzyme, amylase from sunn pest salivary glands was not inhibited at all (not shown) that 
indicated its practically full insensitivity. The reason for the variation in sensitivity of 
mentioned amylases to inhibitors may be hypothetised to be the co-evolution of the 
insects and plants on the level of digestive enzymes and their inhibitors. For example, sunn 
pest is a highly specialized phytophage (in contrast to T. molitor); during co-evolution of this 
bug with wheat its digestive amylases developed decreased sensitivity to inhibitors from 
wheat grains that weakened negative role of this proteins (Konarev, 1981, 1996). The same 
can be true for the sunn pest digestive proteinases, insensitive to inhibitors from wheat 
grain (Konarev et al., 2011; Konarev and Fomicheva, 1991a) and also for proteinases of some 
other insect pests (Gatehouse, 2011). 

Bread wheat is a hexaploid (amphidiploid) plant combining three different genomes that 
determines the specific composition of wheat proteins (V.G. Konarev, 1996; Shewry et al., 
2003) including enzyme inhibitors. Fig. 1, II, shows the variability of inhibitors of three 
amylases in grains of hexaploid bread wheat Triticum aestivum (genome composition 
AuAuBBDD), tetraploid T. turgidum (AuAuBB) and diploid goatgrass (Aegilops) species 
related to donors of genomes D and B for T. aestivum. 

Methods of detection can be efficiently used in screening of plant collections for inhibitor 
composition. Presence or absence of main amylase inhibitor fractions in accessions can be 
easily estimated using thin layer gel filtration (TLGF) in combination with a PAG replica, 
containing starch and target enzyme (Fig1, III&IV). So, accessions of Ae. speltoides from the 
World collection of Vavilov Institute of Plant Industry (III, b & c) differ in presence of 
monomeric inhibitor of insect amylase. Fig.1, IV shows main insect amylase inhibitor 
fractions present in wheat, wild and cultivated barley species, maize, and oat grains 
(Konarev & Fomicheva, 1991b; Konarev, 1992b). 

Using of TLGF with detection methods appeared to be also effective in search for novel low-
molecular weight proteinase inhibitors (see in 3.2.2 and 3.2.3). 

IEF in combination with PAG-amylase-starch replica provided much higher resolution of 
protein fractionation (Fig.2) although with less sensitivity of inhibitor detection.  

This approach was most suitable for work with inhibitors (from cereals) of highly sensitive 
amylase of T. molitor larvae, and was also applicable to inhibitors of amylases from 
beetles lesser grain borer Rhyzopertha dominica, granary weevil (Sitophilus granarius L.) and 
human salivary amylase, but was not effective enough for sunn pest E. integriceps gut 
amylase inhibitors. These methods were used for analysis of hundreds of accessions of 
wheat and related cereals for amylase inhibitor composition in relation to problem of 
wheat diversity, evolution and pest resistance (Konarev, 1982a, 1986b,1992b), and also for 
analysis of variability of Mexican bean weevil (Zabrotes subfasciatus) and azuki and bean 
weevil (Callosobruchus chinensis) amylase inhibitors among seed proteins of Phaseolus and 
Vigna accessions (Konarev et al., 1999c). Clear evolutionary links between the amylase 
inhibitor systems in bread wheat and in other wheat and Aegilops species related to genome 
donors to T. aestivum were established during researches with use of mentioned method.  
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as dark ‘‘islands” of undigested gelatin on the photographic layer. The similar approach was 
used for detection of plant and insect cysteine proteinase inhibitors (Konarev, 1984; 
1986a,1990a; Konarev et al, 1999a, 2002b), 0.1 M NaH2PO4 with 0.1 M DTT being included in 
agarose gels together with proteinase.  

Besides, gelatin films could be effectively used for detection of inhibitors on NC replica from 
separating gel, soaked with proteinase solution and washed by buffer. This approach can be 
used, for example, for detection of inhibitors after SDS-PAGE or in “cross” method for 
improving of resolution of inhibitor or enzyme spectra. 

2.5.3 Cross methods for detection of inhibitors of single amylase or proteinase IEF 
bands 

In order to identify inhibitors of individual proteinase bands in complex proteinase mixtures 
without special purification of proteinases or inhibitors, the “cross” methods has been 
developed (Konarev, 1990a; Konarev et Fomicheva, 1991a). Proteinases and protein mixture 
containing inhibitors extracted from seeds were applied to the individual gels using wide 
paper strips (about 9 cm for 120x120 mm gel). At low contention in extract, inhibitors could 
be preliminary enriched by affinity chromatography. After separation a photographic film was 
placed for 20 min on the gel to obtain a replica of fractionated proteins and then a gelatin 
replica was applied to the gel with separated proteinases, at right angles to each other, and 
incubated for 0.5-1 h at 38o C. Narrowings or brakes in the proteinase bands corresponds to 
positions of their inhibitor bands. In our hands this method is applicable for the inhibitors 
from mature wheat grain and serine and cysteine proteinases from insects and germinating 
grains. The same approach was used for amylases and their inhibitors (see 3.1.). 

3. The use of detection methods and affinity chromatography in study of 
hydrolases and their inhibitors in relation to the problems of plant diversity, 
evolution, pest resistance, food quality and medicine 
3.1 Analysis of polymorphism of amylase and proteinase inhibitors in plants 

The detection methods may be used for studying plant diversity and evolution by analysis 
of polymorphism of amylase and proteinase inhibitors. They may also find utility in the 
field of pest resistance and food quality. The figures that follow demonstrate some examples 
of application of the methods described. 

It is well known that exogenous amylase inhibitors in wheat and related cereals are 
represented by three main fractions: 12 kDa (with monomeric molecules), 24 kDa (dimeric) 
and about 60-66 kDa (tetrameric) which can be easily obtained by gel-filtration (Buonocore 
et al., 1977; Franco et al., 2002). Fig. 1, I, shows results of PAGE of different fractions of 
wheat grain proteins followed by detection of inhibitors of insect, mammalian and plant 
amylases. amylases differ in sensitivity to various fractions of inhibitors, amylase from 
pig pancreas being intermediate between amylase from human saliva and insect amylases 
in their interaction with monomeric inhibitors. The most of studied insect amylases were 
inhibited by 12 kDa albumin fraction in contrast to human amylase. amylase from 
germinating wheat grain (c) and exogenous amylases are inhibited by different protein 
components. The method allows detection of inhibitors of both highly-sensitive (to 

Novel Detection Methods Used in Conjunction with Affinity Chromatography for the  
Identification and Purification of Hydrolytic Enzymes or Enzyme Inhibitors from Insects and Plants 195 

inhibitors) and low-sensitive amylases. So, for obtaining comparable visible inhibitor 
bands, in case of highly sensitive amylase from T. molitor larvae, amount of seed proteins 
applied to PAGE was approximately in 1,000 times lower than that for amylase from 
sunn pest E. integriceps gut. With the same amount of seed proteins as was used for gut 
enzyme, amylase from sunn pest salivary glands was not inhibited at all (not shown) that 
indicated its practically full insensitivity. The reason for the variation in sensitivity of 
mentioned amylases to inhibitors may be hypothetised to be the co-evolution of the 
insects and plants on the level of digestive enzymes and their inhibitors. For example, sunn 
pest is a highly specialized phytophage (in contrast to T. molitor); during co-evolution of this 
bug with wheat its digestive amylases developed decreased sensitivity to inhibitors from 
wheat grains that weakened negative role of this proteins (Konarev, 1981, 1996). The same 
can be true for the sunn pest digestive proteinases, insensitive to inhibitors from wheat 
grain (Konarev et al., 2011; Konarev and Fomicheva, 1991a) and also for proteinases of some 
other insect pests (Gatehouse, 2011). 

Bread wheat is a hexaploid (amphidiploid) plant combining three different genomes that 
determines the specific composition of wheat proteins (V.G. Konarev, 1996; Shewry et al., 
2003) including enzyme inhibitors. Fig. 1, II, shows the variability of inhibitors of three 
amylases in grains of hexaploid bread wheat Triticum aestivum (genome composition 
AuAuBBDD), tetraploid T. turgidum (AuAuBB) and diploid goatgrass (Aegilops) species 
related to donors of genomes D and B for T. aestivum. 

Methods of detection can be efficiently used in screening of plant collections for inhibitor 
composition. Presence or absence of main amylase inhibitor fractions in accessions can be 
easily estimated using thin layer gel filtration (TLGF) in combination with a PAG replica, 
containing starch and target enzyme (Fig1, III&IV). So, accessions of Ae. speltoides from the 
World collection of Vavilov Institute of Plant Industry (III, b & c) differ in presence of 
monomeric inhibitor of insect amylase. Fig.1, IV shows main insect amylase inhibitor 
fractions present in wheat, wild and cultivated barley species, maize, and oat grains 
(Konarev & Fomicheva, 1991b; Konarev, 1992b). 

Using of TLGF with detection methods appeared to be also effective in search for novel low-
molecular weight proteinase inhibitors (see in 3.2.2 and 3.2.3). 

IEF in combination with PAG-amylase-starch replica provided much higher resolution of 
protein fractionation (Fig.2) although with less sensitivity of inhibitor detection.  

This approach was most suitable for work with inhibitors (from cereals) of highly sensitive 
amylase of T. molitor larvae, and was also applicable to inhibitors of amylases from 
beetles lesser grain borer Rhyzopertha dominica, granary weevil (Sitophilus granarius L.) and 
human salivary amylase, but was not effective enough for sunn pest E. integriceps gut 
amylase inhibitors. These methods were used for analysis of hundreds of accessions of 
wheat and related cereals for amylase inhibitor composition in relation to problem of 
wheat diversity, evolution and pest resistance (Konarev, 1982a, 1986b,1992b), and also for 
analysis of variability of Mexican bean weevil (Zabrotes subfasciatus) and azuki and bean 
weevil (Callosobruchus chinensis) amylase inhibitors among seed proteins of Phaseolus and 
Vigna accessions (Konarev et al., 1999c). Clear evolutionary links between the amylase 
inhibitor systems in bread wheat and in other wheat and Aegilops species related to genome 
donors to T. aestivum were established during researches with use of mentioned method.  
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Panels I & II. 6% PAG containing 7.4 mM Tris - 57 mM glycine buffer pH 8.3 and 2 M urea (A), and 
additionally 0.1 % starch and amylases from: human saliva (B), pig pancreas (C), sunn pest 
(Eurygaster integriceps Put.) gut (D), mealworm beetle larvae (Tenebrio molitor L., E) and germinated 
wheat grain (F). I, panels F contain tracks of separated wheat proteins: a & b, bread wheat (Triticum 
aestivum) seed albumins 12 kDa (a) and 24 kDa (b), and total proteins extracted from wheat flour with 2 
M urea (c). Panel II, B-E: tracks a-e, seed proteins extracted with tris-glycine buffer; a - T. aestivum; b, 
Aegilops tauschii; c, Ae. longissima; d, T. turgidum; e, Ae. speltoides. Proteins in separating gel A (I), were 
detected by fixation in 10 % TCA. amylase inhibitors were detected in separating gels (I, F and II, 
B,D & E) as described in 2.4.2. Panels III & IV. TLGF of seed proteins extracted by tris-glycine buffer in 
0.4 mm layer of Sephadex G-100 Superfine. Ct & Hm, positions of coloured marker proteins cytochrome 
c and hemoglobin (spots not shown). 12, 24 and 60, approximate MW of inhibitor fractions. Panel III: a, 
T. turgidum; b & c, Ae. speltoides k-443 & k-1596; d, Ae. longissima k-194; e, Ae. bicornis k-904. Panel IV: a & 
f, T. aestivum; b & g, Zea mays; c, Avena sativa; d, Hordeum vulgare; e, H. bulbosum. The 6% PAG-replica 
containing 0.1 % starch, T. molitor amylase and tris-HCl buffer pH 8.3 has been placed on separating 
gel for 15 min and amylase inhibitors were detected (see in 2.4.2). 

Fig. 1. Detection of amylase inhibitors from wheat and other cereals seed following either 
PAGE (I & II) or thin layer gel-filtration (TLGF, III & IV). 

Fig. 2. demonstrates one of the fragments of analysis of the variability of insect (T. molitor) 
and human saliva amylase inhibitors (tracks bb`& ee`) in accessions of cultivated and 
wild wheat, Aegilops and rye species. The use of mentioned detection methods allowed us to 
find first that monomeric insect amylase inhibitors are controlled by chromosomes 6B 
and 6D of wheat (Konarev, 1982 &1996) and estimate the level of inter- and intraspecific 
variation of wheat by insect inhibitor composition and activity which impacts on the nature 
of pest resistance of wheat. Short reviews of these results on amylase inhibitors were 
published in English (Konarev, 1996, 1999a, 2000). Here we describe just examples of 
application of detection methods. 
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a & n, Aegilops speltoides k-1596; b, Triticum militinae; c & k, T. timopheevii k-29553; d, e & g, T. araraticum, 
different accessions; f, T. zhukovskyi; h, s & v, T. persicum; i, Ae. longissima k-194; j & w, T. turgidum k-
42267; l, o & p, T. timonovum; m, t & u, Ae. speltoides k-452, k-443 & k-1316; q & r, T. fungicidum; x, y, z 
&z`, T. aestivum (x & y, var. Bezostaya 1; z &z`, var. Chinese Spring; x`` & aa, Ae. tauschii; bb & bb`, rye 
Secale cereale var. Vyatka 2; cc, S. segetale; dd, S. montanum; ee and ee`, S. ancestrale. Replicas containing 
0.1% starch and Tenebrio molitor amylase (a-g, h-n, o-u, v-x`` & aaee) and human salivary amylase 
(bb`-ee`) were placed on separating gels and developed as described in 2.4.2. 

Fig. 2. Detection of amylase inhibitors after IEF of wheat and other cereals seed proteins. 

 

 
IEF of endosperm proteins and detection of inhibitors as described in 2.4.2. a, Triticum aestivum; b & h, 
T. persicum; d & g, Aegilops tauschii k-80; e & j, T. boeoticum (accession No 21); c, mixture of extracts b & 
d; f, mixture of extracts e & g; i, mixture of extracts h & j.  

Fig. 3. Analysis of formation of hybrid molecules (“*”) of dimeric Tenebrio molitor amylase 
inhibitors (24 kDa) in vitro. 

The inhibitor set in hexaploid T. aestivum (genome formula AuAuBBDD) combines sets of 
inhibitors from T. turgidum (AuAuBB) and Ae. tauschii (DD), but additional components are 
visible (Fig.2 & 3). Fig 3, a-d, indicates that these inhibitor bands correspond to novel bands 
emerging in the mixture of proteins from T. persicum accession (species possessing the same 
genome composition as T. turgidum, but deprived of monomeric amylase inhibitors) and 
Ae. tauschii accession k-80 (rare form deprived of monomeric inhibitors). Presumably novel 
bands have hybrid nature and arose as a result of interchange of subunits of dimeric 
inhibitors controlled by different genomes. Another model mixture of proteins of Ae. tauschii 
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Panels I & II. 6% PAG containing 7.4 mM Tris - 57 mM glycine buffer pH 8.3 and 2 M urea (A), and 
additionally 0.1 % starch and amylases from: human saliva (B), pig pancreas (C), sunn pest 
(Eurygaster integriceps Put.) gut (D), mealworm beetle larvae (Tenebrio molitor L., E) and germinated 
wheat grain (F). I, panels F contain tracks of separated wheat proteins: a & b, bread wheat (Triticum 
aestivum) seed albumins 12 kDa (a) and 24 kDa (b), and total proteins extracted from wheat flour with 2 
M urea (c). Panel II, B-E: tracks a-e, seed proteins extracted with tris-glycine buffer; a - T. aestivum; b, 
Aegilops tauschii; c, Ae. longissima; d, T. turgidum; e, Ae. speltoides. Proteins in separating gel A (I), were 
detected by fixation in 10 % TCA. amylase inhibitors were detected in separating gels (I, F and II, 
B,D & E) as described in 2.4.2. Panels III & IV. TLGF of seed proteins extracted by tris-glycine buffer in 
0.4 mm layer of Sephadex G-100 Superfine. Ct & Hm, positions of coloured marker proteins cytochrome 
c and hemoglobin (spots not shown). 12, 24 and 60, approximate MW of inhibitor fractions. Panel III: a, 
T. turgidum; b & c, Ae. speltoides k-443 & k-1596; d, Ae. longissima k-194; e, Ae. bicornis k-904. Panel IV: a & 
f, T. aestivum; b & g, Zea mays; c, Avena sativa; d, Hordeum vulgare; e, H. bulbosum. The 6% PAG-replica 
containing 0.1 % starch, T. molitor amylase and tris-HCl buffer pH 8.3 has been placed on separating 
gel for 15 min and amylase inhibitors were detected (see in 2.4.2). 

Fig. 1. Detection of amylase inhibitors from wheat and other cereals seed following either 
PAGE (I & II) or thin layer gel-filtration (TLGF, III & IV). 

Fig. 2. demonstrates one of the fragments of analysis of the variability of insect (T. molitor) 
and human saliva amylase inhibitors (tracks bb`& ee`) in accessions of cultivated and 
wild wheat, Aegilops and rye species. The use of mentioned detection methods allowed us to 
find first that monomeric insect amylase inhibitors are controlled by chromosomes 6B 
and 6D of wheat (Konarev, 1982 &1996) and estimate the level of inter- and intraspecific 
variation of wheat by insect inhibitor composition and activity which impacts on the nature 
of pest resistance of wheat. Short reviews of these results on amylase inhibitors were 
published in English (Konarev, 1996, 1999a, 2000). Here we describe just examples of 
application of detection methods. 
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a & n, Aegilops speltoides k-1596; b, Triticum militinae; c & k, T. timopheevii k-29553; d, e & g, T. araraticum, 
different accessions; f, T. zhukovskyi; h, s & v, T. persicum; i, Ae. longissima k-194; j & w, T. turgidum k-
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0.1% starch and Tenebrio molitor amylase (a-g, h-n, o-u, v-x`` & aaee) and human salivary amylase 
(bb`-ee`) were placed on separating gels and developed as described in 2.4.2. 

Fig. 2. Detection of amylase inhibitors after IEF of wheat and other cereals seed proteins. 

 

 
IEF of endosperm proteins and detection of inhibitors as described in 2.4.2. a, Triticum aestivum; b & h, 
T. persicum; d & g, Aegilops tauschii k-80; e & j, T. boeoticum (accession No 21); c, mixture of extracts b & 
d; f, mixture of extracts e & g; i, mixture of extracts h & j.  

Fig. 3. Analysis of formation of hybrid molecules (“*”) of dimeric Tenebrio molitor amylase 
inhibitors (24 kDa) in vitro. 

The inhibitor set in hexaploid T. aestivum (genome formula AuAuBBDD) combines sets of 
inhibitors from T. turgidum (AuAuBB) and Ae. tauschii (DD), but additional components are 
visible (Fig.2 & 3). Fig 3, a-d, indicates that these inhibitor bands correspond to novel bands 
emerging in the mixture of proteins from T. persicum accession (species possessing the same 
genome composition as T. turgidum, but deprived of monomeric amylase inhibitors) and 
Ae. tauschii accession k-80 (rare form deprived of monomeric inhibitors). Presumably novel 
bands have hybrid nature and arose as a result of interchange of subunits of dimeric 
inhibitors controlled by different genomes. Another model mixture of proteins of Ae. tauschii 
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(DD) and diploid T. boeoticum (AbAb, rare accession possessing dimeric amylase inhibitor) 
also gave hybrid bands (f) in contrast to mixture of T. persicum and T. boeoticum proteins (i). 
Results indicate that hybrid bands emerge in combination of subunits controlled by B and D 
genomes or A and D genomes, and are absent in combination of subunits controlled by A 
and B genomes, that can be used as criteria for estimation of affinity of subunits.  

 

 
Fig. 4. Detection of inhibitors of amylase components using “cross”-method.  

Protein extracts containing inhibitors and amylases were loaded onto detached gels with 
wide filter paper strips and separated by IEF. PAG replicas B-D containing 0.4 % starch were 
placed first onto the gel with separated inhibitors. After 15 min they were transferred onto 
the gel with separated amylases with a rotation of 90o relatively to the initial direction of 
separation. After a further 15 min, replicas were placed in a buffer with pI optimal for 
amylase and finally after 20 min moved to an iodine solution for staining. Replica from 
gel A contained Tenebrio molitor amylase and 0.4% starch and was used to demonstrate 
the spectrum of insect amylase inhibitors. Vertical direction on figure: IEF of water-soluble 
proteins from bread wheat var. Bezostaya 1 endosperm. Extracts were loaded on the gel 
using wide filter paper strips (A, B, C and D, loaded 2, 20, 20 and 10 mcg per mm of strip 
respectively). Horizontal direction: IEF of amylases from lesser grain borer (Rhyzopertha 
dominica F.) adults (B), granary weevil (Sitophilus granarius L.) adults (C) and human saliva. 
12 and 24 kDa - approximate areas of protein spectrum with mainly monomeric and dimeric 
forms of inhibitors. 

The “cross” variant of detection method can be useful for the preliminary characterisation of 
interaction of enzymes and inhibitors in complex mixtures. Fig. 4 demonstrates the uses of 
this approach by analyzing the interaction of individual bands from IEF inhibitor spectra 
with individual bands of heterogeneous amylase samples without special purification 
both of inhibitors and enzymes. In this case all IEF bands of each separated amylase are 
inhibited by similar inhibitor bands that indicate homogeneity of revealed enzyme bands in 
each analysed sample by sensitivity to inhibitors. The same approach was used for various 
serine and cysteine proteinases from insects and plants and their inhibitors (see method 
description in part 2.5.3). It allowed to reveal differences of bands of certain IEF proteinase 
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spectrum in sensitivity, for example, to trypsin or chymotrypsin inhibitor bands and, 
correspondingly, to classify proteinase bands. In case of low concentration, inhibitors can be 
preliminary enriched by affinity chromatography (Konarev, 1990a; Konarev and Fomicheva, 
1991a).  

 
a, b c, 1, 3 & 4 mcl of protein solution extracted from Hordeum bulbosum endosperm with water (w/v 
1:4) were loaded and separated by IEF. A PAG replica containing 0.4 % starch and Tenebrio molitor 
amylase (A) and gelatin replica (B) were put on the same gel sequentially and developed for either 
amylase or trypsin inhibitory activity. 

Fig. 5. Detection of bifunctional amylase/trypsin inhibitor in protein spectra. 

PAG-amylase-starch and gelatin replicas can be used in parallel for the detection of 
bifunctional amylase/proteinase inhibitors. Fig. 5 shows the results of such an approach for 
the revealing of the bifunctional insect amylase/trypsin inhibitor in IEF spectra of proteins 
from grains of wild barley species Hordeum bulbosum (Konarev & Fomicheva, 1991b; Konarev, 
1992b). Bifunctional amylase from germinating wheat grain/subtilisin inhibitor and insect 
amylase/trypsin inhibitor have been detected in wheat and maize grains by the same 
methods (Konarev 1985, 1986b, 1992b). Revealing bifunctional nature of certain inhibitors 
opens up wide opportunities for their purification by affinity chromatography. 

Sometimes the composition of inhibitors in the sample appears to be very complicated but 
the using of a combination of the gelatin replica method with a simplified version of affinity 
chromatography, affinity adsorption, can be useful. IEF spectra of proteins isolated from 
wheat and related cereals grains contain chymotrypsin, subtilisin (Fig.6., A&B), trypsin and 
amylase inhibitors (replicas not shown). The gelatin replicas A & B were obtained from the 
same separating gel sequentially and developed by chymotrypsin and subtilisin 
respectively. This showed that most of the bands revealed in replicas A and B coincided and 
corresponded to chymotrypsin/subtilisin inhibitors. Other bands have been revealed just in 
one of the replicas. A third replica from the same IEF gel developed by trypsin (not shown) 
allowed us to identify trypsin/chymotrypsin inhibitors (indicated on replica A with “*”) in 
protein spectra of diploid wheat species T. monococcum (f), T. boeoticum (l) and T. urartu (m) 
and also in one of two accessions of Ae. longissima (g). In order to identify more clearly 
subtilisin inhibitors, the chymotrypsin/subtilisin inhibitors were removed from the protein 
extract by selective affinity adsorption using Sepharose gel with immobilized chymotrypsin. 
Treated extracts were separated by IEF and a gelatin replica from the gel was developed  
by subtilisin (replica C). The use of PAG-amylase-starch replica from the same gel  
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(DD) and diploid T. boeoticum (AbAb, rare accession possessing dimeric amylase inhibitor) 
also gave hybrid bands (f) in contrast to mixture of T. persicum and T. boeoticum proteins (i). 
Results indicate that hybrid bands emerge in combination of subunits controlled by B and D 
genomes or A and D genomes, and are absent in combination of subunits controlled by A 
and B genomes, that can be used as criteria for estimation of affinity of subunits.  

 

 
Fig. 4. Detection of inhibitors of amylase components using “cross”-method.  

Protein extracts containing inhibitors and amylases were loaded onto detached gels with 
wide filter paper strips and separated by IEF. PAG replicas B-D containing 0.4 % starch were 
placed first onto the gel with separated inhibitors. After 15 min they were transferred onto 
the gel with separated amylases with a rotation of 90o relatively to the initial direction of 
separation. After a further 15 min, replicas were placed in a buffer with pI optimal for 
amylase and finally after 20 min moved to an iodine solution for staining. Replica from 
gel A contained Tenebrio molitor amylase and 0.4% starch and was used to demonstrate 
the spectrum of insect amylase inhibitors. Vertical direction on figure: IEF of water-soluble 
proteins from bread wheat var. Bezostaya 1 endosperm. Extracts were loaded on the gel 
using wide filter paper strips (A, B, C and D, loaded 2, 20, 20 and 10 mcg per mm of strip 
respectively). Horizontal direction: IEF of amylases from lesser grain borer (Rhyzopertha 
dominica F.) adults (B), granary weevil (Sitophilus granarius L.) adults (C) and human saliva. 
12 and 24 kDa - approximate areas of protein spectrum with mainly monomeric and dimeric 
forms of inhibitors. 

The “cross” variant of detection method can be useful for the preliminary characterisation of 
interaction of enzymes and inhibitors in complex mixtures. Fig. 4 demonstrates the uses of 
this approach by analyzing the interaction of individual bands from IEF inhibitor spectra 
with individual bands of heterogeneous amylase samples without special purification 
both of inhibitors and enzymes. In this case all IEF bands of each separated amylase are 
inhibited by similar inhibitor bands that indicate homogeneity of revealed enzyme bands in 
each analysed sample by sensitivity to inhibitors. The same approach was used for various 
serine and cysteine proteinases from insects and plants and their inhibitors (see method 
description in part 2.5.3). It allowed to reveal differences of bands of certain IEF proteinase 
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spectrum in sensitivity, for example, to trypsin or chymotrypsin inhibitor bands and, 
correspondingly, to classify proteinase bands. In case of low concentration, inhibitors can be 
preliminary enriched by affinity chromatography (Konarev, 1990a; Konarev and Fomicheva, 
1991a).  

 
a, b c, 1, 3 & 4 mcl of protein solution extracted from Hordeum bulbosum endosperm with water (w/v 
1:4) were loaded and separated by IEF. A PAG replica containing 0.4 % starch and Tenebrio molitor 
amylase (A) and gelatin replica (B) were put on the same gel sequentially and developed for either 
amylase or trypsin inhibitory activity. 

Fig. 5. Detection of bifunctional amylase/trypsin inhibitor in protein spectra. 

PAG-amylase-starch and gelatin replicas can be used in parallel for the detection of 
bifunctional amylase/proteinase inhibitors. Fig. 5 shows the results of such an approach for 
the revealing of the bifunctional insect amylase/trypsin inhibitor in IEF spectra of proteins 
from grains of wild barley species Hordeum bulbosum (Konarev & Fomicheva, 1991b; Konarev, 
1992b). Bifunctional amylase from germinating wheat grain/subtilisin inhibitor and insect 
amylase/trypsin inhibitor have been detected in wheat and maize grains by the same 
methods (Konarev 1985, 1986b, 1992b). Revealing bifunctional nature of certain inhibitors 
opens up wide opportunities for their purification by affinity chromatography. 

Sometimes the composition of inhibitors in the sample appears to be very complicated but 
the using of a combination of the gelatin replica method with a simplified version of affinity 
chromatography, affinity adsorption, can be useful. IEF spectra of proteins isolated from 
wheat and related cereals grains contain chymotrypsin, subtilisin (Fig.6., A&B), trypsin and 
amylase inhibitors (replicas not shown). The gelatin replicas A & B were obtained from the 
same separating gel sequentially and developed by chymotrypsin and subtilisin 
respectively. This showed that most of the bands revealed in replicas A and B coincided and 
corresponded to chymotrypsin/subtilisin inhibitors. Other bands have been revealed just in 
one of the replicas. A third replica from the same IEF gel developed by trypsin (not shown) 
allowed us to identify trypsin/chymotrypsin inhibitors (indicated on replica A with “*”) in 
protein spectra of diploid wheat species T. monococcum (f), T. boeoticum (l) and T. urartu (m) 
and also in one of two accessions of Ae. longissima (g). In order to identify more clearly 
subtilisin inhibitors, the chymotrypsin/subtilisin inhibitors were removed from the protein 
extract by selective affinity adsorption using Sepharose gel with immobilized chymotrypsin. 
Treated extracts were separated by IEF and a gelatin replica from the gel was developed  
by subtilisin (replica C). The use of PAG-amylase-starch replica from the same gel  
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showed that major bands visible on replica C correspond to germinating wheat grain 
amylase/subtilisin inhibitor (**). Most of the analyzed accessions of diploid, tetraploid 
and hexaploid wheat species and Ae. tauschii have similar major band of this inhibitor 
(except one of the accessions of T. dicoccoides in which it is absent). In their turn such 
inhibitors in accessions of Aegilops species from section Sitopsis differ from each other and 
from wheat inhibitors by pI.  

 

 
 

Proteins were extracted with water and separated by IEF in pI range 5 to 9 and gelatin replicas A & B 
were obtained from the same gel sequentially. Chymotrypsin inhibitors were removed from the extracts 
by affinity adsorption, the remaining proteins were separated by IEF and replica C obtained. Replica A 
was developed by chymotrypsin and replicas B and C by subtilisin (see in 2.5.2). a, Ae. tauschii к-133; b, 
T. aestivum var. Chinese Spring; c, T. dicoccum к-81; d, T. dicoccoides k-5201; e, T. durum var. 
Novomichurinka; f, T. monococcum k-18140; g & h, Ae. longissima k-194 and k-178; i- Ae. bicornis (k-904); j 
& k, Ae. speltoides k-1316 & k-198); l, T. boeoticum k-40117; m, T. urartu k-33871. Samples were loaded in 
volume 20 mcl. *, position of trypsin/chymotrypsin inhibitor; **, position of bifunctional germinating 
wheat grain amylase/subtilisin inhibitor.  

Fig. 6. Analysis of component composition of chymotrypsin and subtilisin inhibitors from 
endosperm of various wheat (Triticum) and goatgrass (Aegilops) species.  

Bifunctional amylase/subtilisin inhibitors from cereal seeds are considered to be involved 
in fundamental mechanisms providing plant defence and the regulation of endogenous 
amylase activity. So, screening of plant collections using proposed detection methods can 
assist in the search for novel forms of inhibitor of this type which can be then purified by 
affinity chromatography. 

The gelatin replicas method has been used for studying the proteinase inhibitor 
polymorphism in seeds and leaves of hundreds of accessions of cultivated and wild wheats 
and related species. Evolutionary links of proteinase inhibitor systems of diploid and 
polyploid wheat and Aegilops species have been established and the possibility of using of 
this approach for wheat variety identification was shown (Konarev, 1986b, 1987a, 1987b, 
1988, 1989, 1992b, 1993, 1996, 2000). Similar approaches have been used for analysis of 
changes in inhibitor composition in potato leaves and tubers after mechanical damage or 
infection of leaves by Phytophthora infestans (Konarev & Fasulati, 1996; Konarev, 2000b; 
Konarev & Zoteeva, 2006).  

Use of gelatin and PAG-amylase-starch replicas in combination with IEF allows the study of 
polymorphism of insect amylase and serine and cysteine proteinases inhibitors in some 
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legumes. The results obtained were generally in agreement with data of other researches on 
DNmarkers and allowed the taxonomy in section Ceratotropis of vigna to be clarified 
(Konarev et al, 1999c, 2002b) and later assisted in the description of novel vigna species.  

Gelatin replicas combined with IEF, TLGF and affinity chromatography were used for 
analysis polymorphism and characterisation of serine proteinase inhibitors in seeds of 
several hundred species of Compositae and other representatives of wide angiosperm 
group, asterids, which never before were studied for such inhibitors (Konarev et al., 1999a, 
2000, 2002a, 2004). The distribution and variability of various inhibitor types have been first 
studied and novel inhibitor forms have been discovered (see below). 

The same combination of methods have been used for revealing and characterisation of 
serine proteinase inhibitors in seeds of various gymnosperms (Konarev et al., 2008 & 
2009).  

As addition to methods for detection of amylase and proteinase inhibitors after analytical 
separation in gels, the techniques for identification of other plant proteins with presumably 
protective role, lectins, have been also developed (Konarev, 1990b). 

3.2 The search for novel forms of proteinases and proteinase inhibitors and their 
purification using combination of detection methods and affinity chromatography 

3.2.1 Serine proteinase inhibitor from Cycas seeds 

Proteinase inhibitors (PIs) play an important role in the molecular interaction and co-
evolution of plants with phytophagous organisms. Serine PIs have been well studied in 
angiosperms but until recently not identified in gymnosperms. Among the latter, the 
Cycadales are of particular interest since they represent the most primitive living seed 
plants, related to extinct seed ferns, and are sometimes considered a “missing link” between 
vascular non-seed plants and the more advanced seed plants. With use of gelatin replicas 
method serine proteinase inhibitors were found in several representatives of two of the four 
major groups of gymnosperms, the Cycadales and the economically important Coniferales. 
Inhibitors of subtilisin, a typical enzyme of fungi and bacteria, were identified in members 
of both orders, being particularly active in the Cycadales. In two Cycas species these 
inhibitors were also active against trypsin and chymotrypsin, proteinases typical of both 
fungi and animals. Using combination of IEF, gelatin replicas method and affinity 
chromatography several inhibitor forms from C. siamensis seeds have been purified. They 
appeared to be highly heterogeneous. A small portion of the analytical research, an example 
of using the gelatin replicas method to monitor the affinity chromatography and determine 
the degree of heterogeneity and similarity of inhibitor fractions eluted directly from trypsin- 
and chymotrypsin-Sepharose or consequently eluted from one media after another, is 
shown in Fig. 7.  

For the purification of inhibitor isofom, IEF in DryStrip NL pH 3-10 of fraction obtained by 
affinity chromatography on chymotrypsin-Sepharose combined with gelatin replicas 
method was used. Partial sequencing of an isoform showed its similarity to Kunitz-type 
inhibitors from angiosperms. Analysis of expressed sequence tag (EST) databases confirmed 
the presence of mRNAs encoding Kunitz-type inhibitors in the Cycadales and Coniferales 
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showed that major bands visible on replica C correspond to germinating wheat grain 
amylase/subtilisin inhibitor (**). Most of the analyzed accessions of diploid, tetraploid 
and hexaploid wheat species and Ae. tauschii have similar major band of this inhibitor 
(except one of the accessions of T. dicoccoides in which it is absent). In their turn such 
inhibitors in accessions of Aegilops species from section Sitopsis differ from each other and 
from wheat inhibitors by pI.  

 

 
 

Proteins were extracted with water and separated by IEF in pI range 5 to 9 and gelatin replicas A & B 
were obtained from the same gel sequentially. Chymotrypsin inhibitors were removed from the extracts 
by affinity adsorption, the remaining proteins were separated by IEF and replica C obtained. Replica A 
was developed by chymotrypsin and replicas B and C by subtilisin (see in 2.5.2). a, Ae. tauschii к-133; b, 
T. aestivum var. Chinese Spring; c, T. dicoccum к-81; d, T. dicoccoides k-5201; e, T. durum var. 
Novomichurinka; f, T. monococcum k-18140; g & h, Ae. longissima k-194 and k-178; i- Ae. bicornis (k-904); j 
& k, Ae. speltoides k-1316 & k-198); l, T. boeoticum k-40117; m, T. urartu k-33871. Samples were loaded in 
volume 20 mcl. *, position of trypsin/chymotrypsin inhibitor; **, position of bifunctional germinating 
wheat grain amylase/subtilisin inhibitor.  

Fig. 6. Analysis of component composition of chymotrypsin and subtilisin inhibitors from 
endosperm of various wheat (Triticum) and goatgrass (Aegilops) species.  

Bifunctional amylase/subtilisin inhibitors from cereal seeds are considered to be involved 
in fundamental mechanisms providing plant defence and the regulation of endogenous 
amylase activity. So, screening of plant collections using proposed detection methods can 
assist in the search for novel forms of inhibitor of this type which can be then purified by 
affinity chromatography. 

The gelatin replicas method has been used for studying the proteinase inhibitor 
polymorphism in seeds and leaves of hundreds of accessions of cultivated and wild wheats 
and related species. Evolutionary links of proteinase inhibitor systems of diploid and 
polyploid wheat and Aegilops species have been established and the possibility of using of 
this approach for wheat variety identification was shown (Konarev, 1986b, 1987a, 1987b, 
1988, 1989, 1992b, 1993, 1996, 2000). Similar approaches have been used for analysis of 
changes in inhibitor composition in potato leaves and tubers after mechanical damage or 
infection of leaves by Phytophthora infestans (Konarev & Fasulati, 1996; Konarev, 2000b; 
Konarev & Zoteeva, 2006).  

Use of gelatin and PAG-amylase-starch replicas in combination with IEF allows the study of 
polymorphism of insect amylase and serine and cysteine proteinases inhibitors in some 
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legumes. The results obtained were generally in agreement with data of other researches on 
DNmarkers and allowed the taxonomy in section Ceratotropis of vigna to be clarified 
(Konarev et al, 1999c, 2002b) and later assisted in the description of novel vigna species.  

Gelatin replicas combined with IEF, TLGF and affinity chromatography were used for 
analysis polymorphism and characterisation of serine proteinase inhibitors in seeds of 
several hundred species of Compositae and other representatives of wide angiosperm 
group, asterids, which never before were studied for such inhibitors (Konarev et al., 1999a, 
2000, 2002a, 2004). The distribution and variability of various inhibitor types have been first 
studied and novel inhibitor forms have been discovered (see below). 

The same combination of methods have been used for revealing and characterisation of 
serine proteinase inhibitors in seeds of various gymnosperms (Konarev et al., 2008 & 
2009).  

As addition to methods for detection of amylase and proteinase inhibitors after analytical 
separation in gels, the techniques for identification of other plant proteins with presumably 
protective role, lectins, have been also developed (Konarev, 1990b). 

3.2 The search for novel forms of proteinases and proteinase inhibitors and their 
purification using combination of detection methods and affinity chromatography 

3.2.1 Serine proteinase inhibitor from Cycas seeds 

Proteinase inhibitors (PIs) play an important role in the molecular interaction and co-
evolution of plants with phytophagous organisms. Serine PIs have been well studied in 
angiosperms but until recently not identified in gymnosperms. Among the latter, the 
Cycadales are of particular interest since they represent the most primitive living seed 
plants, related to extinct seed ferns, and are sometimes considered a “missing link” between 
vascular non-seed plants and the more advanced seed plants. With use of gelatin replicas 
method serine proteinase inhibitors were found in several representatives of two of the four 
major groups of gymnosperms, the Cycadales and the economically important Coniferales. 
Inhibitors of subtilisin, a typical enzyme of fungi and bacteria, were identified in members 
of both orders, being particularly active in the Cycadales. In two Cycas species these 
inhibitors were also active against trypsin and chymotrypsin, proteinases typical of both 
fungi and animals. Using combination of IEF, gelatin replicas method and affinity 
chromatography several inhibitor forms from C. siamensis seeds have been purified. They 
appeared to be highly heterogeneous. A small portion of the analytical research, an example 
of using the gelatin replicas method to monitor the affinity chromatography and determine 
the degree of heterogeneity and similarity of inhibitor fractions eluted directly from trypsin- 
and chymotrypsin-Sepharose or consequently eluted from one media after another, is 
shown in Fig. 7.  

For the purification of inhibitor isofom, IEF in DryStrip NL pH 3-10 of fraction obtained by 
affinity chromatography on chymotrypsin-Sepharose combined with gelatin replicas 
method was used. Partial sequencing of an isoform showed its similarity to Kunitz-type 
inhibitors from angiosperms. Analysis of expressed sequence tag (EST) databases confirmed 
the presence of mRNAs encoding Kunitz-type inhibitors in the Cycadales and Coniferales 
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and also demonstrated their presence in a third major group of gymnosperms, the 
Ginkgoales. The results show that gymnosperms and angiosperms contain similar type of 
serine PIs which may provide protection against microbial pathogens or limit the activity of 
symbiotic microorganisms (Konarev et al., 2008, 2009). 

 
Proteins were extracted with water and loaded onto affinity chromatography columns, eluted by 0.1 M 
HCl, and the eluates separated by IEF in Servalyt Precotes pH 3-10. The inhibitors were detected in 
gelatin replicas by trypsin (T), chymotrypsin (C) and subtilisin (S). 1, 5, 8, 15 and 20, markers pI, 
position of horse myoglobin (pI 7.3) on replicas marked by ink dots; 2, 8, 14 and 20, proteins extracted 
from seeds with water; 3-7, eluates from chymotrypsin-Sepharose column; 9-13, eluates from trypsin-
Sepharose column on which eluate from chymotrypsin-Sepharose column was loaded; 15-19, eluate 
from trypsin-Sepharose column. a-o, designations of positions of inhibitor bands. 

Fig. 7. Monitoring affinity chromatography and analysis heterogeneity of serine proteinase 
inhibitors from seeds of Cycas siamensis.  

3.2.2 Trypsin inhibitor from seeds of veronica with an unusual helix-turn-helix 
proteinase inhibitory motif  

Joint use of IEF, TLGF and gelatin replicas method for screening of seed proteins from 
numerous representatives of asterids revealed some of them to contain several unusually 
low-molecular weight trypsin inhibitors. Trypsin inhibitor from ivyleaf speedwell (Veronica 
hederifolia L., Lamiales, Plantaginaceae) seeds (VhTI) has MW near 4 kDa, which is much 
lower than that of majority of known inhibitors in plants. It was purified using affinity 
chromatography followed by isoelectric focusing combined with gelatin replica method. The 
single bands of detected inhibitor were additionally fractionated by reverse phase HPLC 
(Konarev et al., 2004). At that time no homology with known inhibitors was found. Both the 
native inhibitor and corresponding especially synthesized peptide have been crystallized 
and their three-dimensional structures were determined (Conners et al., 2007). It was found 
that this inhibitor contains an unusual for inhibitors helix-turn-helix proteinase inhibitory 
motif. The subsequent analysis allowed us to reveal that VhTI is a member of wide group of 
plant peptides with antimicrobial and inhibitory activities found by other authors (Nolde et 
al., 2011; Park et al., 1997), first characterized by spatial structure. Their amino acid 
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sequences can differ greatly from VhTI but also contain four cysteine residues in 
configuration nX-CXXXC-nX-CXXXC-nX. Further analysis of data clarified that some forms 
of plant thionins (e.g. purothionins) and neurotoxins from scorpions (Chagot et al., 2005) 
and marine snails (Möller et al., 2005) also possess a similar cysteine configuration and two 
alpha-helices connected by a loop and stabilized by two disulphide bridges. Today it is clear 
that effective enzyme inhibitors with some additional features (e.g. antimicrobial activity) 
could be constructed from simple helical motifs and VhTI and VhTI-like peptides provide a 
new scaffold on which to base the design of novel serine protease inhibitors e.g. as 
anticancer drugs for using in medicine. 

3.2.3 Unique low-molecular weight cyclic trypsin inhibitor from sunflower seeds 

Polymorphism of serine proteinase inhibitors was first studied in sunflower and other 
Compositae seeds using IEF, TLGF and gelatin replicas methods. Highly active trypsin 
inhibitors slightly active also to chymotrypsin with pI around 10 and trypsin/subtilisin (TSI) 
inhibitors with lower pI were detected in seeds of sunflower (Helianthus annuus L.) and 
related species (Konarev, 1995). Polymorphic TSI was found (using gelatin replicas method) 
to inhibit extracellular proteinase of pathogenic for sunflower fungi Sclerotinia sclerotiorum 
(Konarev et al., 1999b) and probably belong to potato inhibitor I family (Konarev et al., 2000, 
2002a). The trypsin inhibitor was difficult to analyze because it could be only detected by 
the gelatin replica method but was not visible on SDS-PAGE until it was linked to PAG by 
glutaraldehyde. The inhibitor was purified by affinity chromatography on trypsin-Separose 
followed by revere phase HPLC. SDS-PAGE and mass-spectrometry showed that it was 
extremely low-molecular weight peptide (1, 4 kDa) (Konarev et al., 1998, 1999a, 2000) whose 
amino acid sequence could not be determined for some time. It turned to be a cyclic peptide, 
with no free N-terminus (Luckett et al., 1999). The analysis revealed that this inhibitor called 
SFTI-1 corresponds by sequence to a loop (containing a reactive centre) of well known and 
widely distributed Bowman-Birk inhibitors which in sunflower exists independently of the 
rest part of the inhibitor molecule being in the cyclic form (Luckett et al., 1999) that was later 
confirmed by other researchers (Korsinczky et al., 2001 & 2004; Mylne et al., 2011). This 
similarity can also be result of convergence. SFTI-1 was found only in Helianthus and related 
Tithonia species and not in any studied asterids including Compositae (Konarev et al., 2000, 
2002a, 2004). SFTI-1 is considered as the most potent naturally occurring plant Bowman-Birk 
inhibitor known so far (Korsinczky et al., 2004). More than one hundred publications on 
SFTI-1 have appeared since 1999. It was revealed that the inhibitor was extremely robust, 
resistant to proteolysis (no N- or C-ends) which, coupled to its high potency of inhibition for 
such proteinases as matripatse, thrombin, kallikrein 4 etc. made it an excellent candidate for 
use as a template for further development of drugs for therapy against cancer, 
thromboembolism and other proteinase-related human pathologies (Li, et al., 2007; Luckett 
et al., 1999; Swedberg et al., 2009; Białas & Kafarski, 2009) or agents for plant protection 
against pests and pathogens. 

3.2.4 Glutenin-specific proteinase of sunn pest Eurygaster integriceps Put. 
responsible for wheat gluten degradation 

Sunn pest E. integriceps and related wheat bugs cause huge losses in grain quality in Russia, 
South and South-East Europe, Middle East and Central Asia. The main damaging agent is 
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and also demonstrated their presence in a third major group of gymnosperms, the 
Ginkgoales. The results show that gymnosperms and angiosperms contain similar type of 
serine PIs which may provide protection against microbial pathogens or limit the activity of 
symbiotic microorganisms (Konarev et al., 2008, 2009). 

 
Proteins were extracted with water and loaded onto affinity chromatography columns, eluted by 0.1 M 
HCl, and the eluates separated by IEF in Servalyt Precotes pH 3-10. The inhibitors were detected in 
gelatin replicas by trypsin (T), chymotrypsin (C) and subtilisin (S). 1, 5, 8, 15 and 20, markers pI, 
position of horse myoglobin (pI 7.3) on replicas marked by ink dots; 2, 8, 14 and 20, proteins extracted 
from seeds with water; 3-7, eluates from chymotrypsin-Sepharose column; 9-13, eluates from trypsin-
Sepharose column on which eluate from chymotrypsin-Sepharose column was loaded; 15-19, eluate 
from trypsin-Sepharose column. a-o, designations of positions of inhibitor bands. 

Fig. 7. Monitoring affinity chromatography and analysis heterogeneity of serine proteinase 
inhibitors from seeds of Cycas siamensis.  

3.2.2 Trypsin inhibitor from seeds of veronica with an unusual helix-turn-helix 
proteinase inhibitory motif  

Joint use of IEF, TLGF and gelatin replicas method for screening of seed proteins from 
numerous representatives of asterids revealed some of them to contain several unusually 
low-molecular weight trypsin inhibitors. Trypsin inhibitor from ivyleaf speedwell (Veronica 
hederifolia L., Lamiales, Plantaginaceae) seeds (VhTI) has MW near 4 kDa, which is much 
lower than that of majority of known inhibitors in plants. It was purified using affinity 
chromatography followed by isoelectric focusing combined with gelatin replica method. The 
single bands of detected inhibitor were additionally fractionated by reverse phase HPLC 
(Konarev et al., 2004). At that time no homology with known inhibitors was found. Both the 
native inhibitor and corresponding especially synthesized peptide have been crystallized 
and their three-dimensional structures were determined (Conners et al., 2007). It was found 
that this inhibitor contains an unusual for inhibitors helix-turn-helix proteinase inhibitory 
motif. The subsequent analysis allowed us to reveal that VhTI is a member of wide group of 
plant peptides with antimicrobial and inhibitory activities found by other authors (Nolde et 
al., 2011; Park et al., 1997), first characterized by spatial structure. Their amino acid 
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sequences can differ greatly from VhTI but also contain four cysteine residues in 
configuration nX-CXXXC-nX-CXXXC-nX. Further analysis of data clarified that some forms 
of plant thionins (e.g. purothionins) and neurotoxins from scorpions (Chagot et al., 2005) 
and marine snails (Möller et al., 2005) also possess a similar cysteine configuration and two 
alpha-helices connected by a loop and stabilized by two disulphide bridges. Today it is clear 
that effective enzyme inhibitors with some additional features (e.g. antimicrobial activity) 
could be constructed from simple helical motifs and VhTI and VhTI-like peptides provide a 
new scaffold on which to base the design of novel serine protease inhibitors e.g. as 
anticancer drugs for using in medicine. 

3.2.3 Unique low-molecular weight cyclic trypsin inhibitor from sunflower seeds 

Polymorphism of serine proteinase inhibitors was first studied in sunflower and other 
Compositae seeds using IEF, TLGF and gelatin replicas methods. Highly active trypsin 
inhibitors slightly active also to chymotrypsin with pI around 10 and trypsin/subtilisin (TSI) 
inhibitors with lower pI were detected in seeds of sunflower (Helianthus annuus L.) and 
related species (Konarev, 1995). Polymorphic TSI was found (using gelatin replicas method) 
to inhibit extracellular proteinase of pathogenic for sunflower fungi Sclerotinia sclerotiorum 
(Konarev et al., 1999b) and probably belong to potato inhibitor I family (Konarev et al., 2000, 
2002a). The trypsin inhibitor was difficult to analyze because it could be only detected by 
the gelatin replica method but was not visible on SDS-PAGE until it was linked to PAG by 
glutaraldehyde. The inhibitor was purified by affinity chromatography on trypsin-Separose 
followed by revere phase HPLC. SDS-PAGE and mass-spectrometry showed that it was 
extremely low-molecular weight peptide (1, 4 kDa) (Konarev et al., 1998, 1999a, 2000) whose 
amino acid sequence could not be determined for some time. It turned to be a cyclic peptide, 
with no free N-terminus (Luckett et al., 1999). The analysis revealed that this inhibitor called 
SFTI-1 corresponds by sequence to a loop (containing a reactive centre) of well known and 
widely distributed Bowman-Birk inhibitors which in sunflower exists independently of the 
rest part of the inhibitor molecule being in the cyclic form (Luckett et al., 1999) that was later 
confirmed by other researchers (Korsinczky et al., 2001 & 2004; Mylne et al., 2011). This 
similarity can also be result of convergence. SFTI-1 was found only in Helianthus and related 
Tithonia species and not in any studied asterids including Compositae (Konarev et al., 2000, 
2002a, 2004). SFTI-1 is considered as the most potent naturally occurring plant Bowman-Birk 
inhibitor known so far (Korsinczky et al., 2004). More than one hundred publications on 
SFTI-1 have appeared since 1999. It was revealed that the inhibitor was extremely robust, 
resistant to proteolysis (no N- or C-ends) which, coupled to its high potency of inhibition for 
such proteinases as matripatse, thrombin, kallikrein 4 etc. made it an excellent candidate for 
use as a template for further development of drugs for therapy against cancer, 
thromboembolism and other proteinase-related human pathologies (Li, et al., 2007; Luckett 
et al., 1999; Swedberg et al., 2009; Białas & Kafarski, 2009) or agents for plant protection 
against pests and pathogens. 

3.2.4 Glutenin-specific proteinase of sunn pest Eurygaster integriceps Put. 
responsible for wheat gluten degradation 

Sunn pest E. integriceps and related wheat bugs cause huge losses in grain quality in Russia, 
South and South-East Europe, Middle East and Central Asia. The main damaging agent is 
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the proteinase of the salivary glands which is injected into maturating wheat grains for 
extraintestinal digestion. The traces of enzyme remaining in the grains after the bug`s attack 
show activity in dough mixing before baking even several years later. The proteinase 
degrades the wheat gluten proteins, leading to a loss of gluten and dough viscoelasticity 
and poor processing properties. The sunn pest proteinase was studied during the last 
decades in many laboratories but attempts to purify it failed probably due to narrow 
substrate specificity, low sensitivity to known proteinase inhibitors (which prevented the 
use of affinity chromatography), instability in purified form and lack of suitable methods for 
its detection at purification. We have developed method applicable for detection of sunn 
pest proteinase in protein extracts both from salivary glands and damaged seeds based on 
using of IEF in combination with thin layer of insoluble in acetic acid glutenin (protein 
determining quality of gluten and substrate for bug’s proteinase) attached to supporting 
plastic film. In order to make it possible to use affinity chromatography on immobilized 
potato chymotrypsin inhibitor I at its low affinity to the enzyme, conditions of fractionation 
were modified so that proteinase left linked to inhibitor until elution. It was found that 
enzyme binds to the inhibitor at high pH (about 10) that made it possible washing column 
after loading just by solvent used for sample. The common washing by buffers with lower 
pH was omitted and proteinase began to elute after replacement of solvent by water. The 
elution continued after changing water to 0.01M HCl. Both fractions gave in SDS-PAGE the 
same almost pure proteinase band with traces of low-molecular proteins which can be easily 
removed by gel-filtration. The absence of defined elution peak can be explained by low 
affinity of interaction. IEF followed by detection using glutenin film and SDS-sedimentation 
methods confirmed proteinase nature of isolated fraction. The addition to all solutions of 
0.01% non-ionic detergent Triton X-100 improved stability of proteinase after purification. 
This 28 kDa protein was partially sequenced by mass spectrometry and Edman degradation 
which showed homology to serine proteases from various insects. Three full length clones 
were obtained from cDNA isolated from sunn pest salivary glands using degenerate PCR 
based on the sequences obtained. The cleavage site of the protease was determined using 
recombinant and synthetic peptides and shown to be between the consensus hexapeptide 
and nonapeptide repeat motifs present in the high molecular weight subunits of wheat 
glutenin. Homology models were generated for one of the proteinase isoforms identified in 
this study. The novel specificity of this protease and data obtained may find various 
applications in both fundamental and applied studies, e.g. in design of effective inhibitors 
for improving wheat resistance to pests and limiting proteinase activity in food 
technologies. Besides, the proteinase cleaves one of epitopes of glutenin defined by Wal et al 
(1999) as minimal epitope for the HLDQ8 form of celiac disease, so probably it can be 
used for gluten proteins modification to decrease their toxicity and autoimmune activity for 
gluten-sensitive people (Konarev et al., 2011). 

4. Conclusion 
The proposed set of universal and sensitive methods for detection among plant proteins of 
insect, mammalian, fungal, bacterial and plant amylase and proteinase inhibitors and also 
these hydrolases themselves significantly simplify the analysis of inhibitor polymorphism and 
the search for novel forms of enzymes and their inhibitors. The detection methods enhance the 
capacity of affinity chromatography, mass-spectrometry and other techniques of protein 
fractionation and characterisation. They may be used in a wide variety of fields to answer 
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many questions from plant systematics to the identification of proteins with potential uses in 
plant resistance as well as medicine. The further improvement in resolution, sensitivity and 
specificity of these techniques will help increase the efficiency of mentioned research. 
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removed by gel-filtration. The absence of defined elution peak can be explained by low 
affinity of interaction. IEF followed by detection using glutenin film and SDS-sedimentation 
methods confirmed proteinase nature of isolated fraction. The addition to all solutions of 
0.01% non-ionic detergent Triton X-100 improved stability of proteinase after purification. 
This 28 kDa protein was partially sequenced by mass spectrometry and Edman degradation 
which showed homology to serine proteases from various insects. Three full length clones 
were obtained from cDNA isolated from sunn pest salivary glands using degenerate PCR 
based on the sequences obtained. The cleavage site of the protease was determined using 
recombinant and synthetic peptides and shown to be between the consensus hexapeptide 
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glutenin. Homology models were generated for one of the proteinase isoforms identified in 
this study. The novel specificity of this protease and data obtained may find various 
applications in both fundamental and applied studies, e.g. in design of effective inhibitors 
for improving wheat resistance to pests and limiting proteinase activity in food 
technologies. Besides, the proteinase cleaves one of epitopes of glutenin defined by Wal et al 
(1999) as minimal epitope for the HLDQ8 form of celiac disease, so probably it can be 
used for gluten proteins modification to decrease their toxicity and autoimmune activity for 
gluten-sensitive people (Konarev et al., 2011). 
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The proposed set of universal and sensitive methods for detection among plant proteins of 
insect, mammalian, fungal, bacterial and plant amylase and proteinase inhibitors and also 
these hydrolases themselves significantly simplify the analysis of inhibitor polymorphism and 
the search for novel forms of enzymes and their inhibitors. The detection methods enhance the 
capacity of affinity chromatography, mass-spectrometry and other techniques of protein 
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1. Introduction 
Several and distinct physiological processes in all the life forms are dependent on proteases, 
as processing and turnover of endogenous proteins, digestion of food proteins, regulation of 
formation and lysis of the clots, activation of apoptosis pathways, plant germination, 
sporulation, hormone activation, translocation through membranes, fertilization, control of 
immune response, cell differentiation and growing (Bode & Huber, 2000; Chou & Cai, 2006; 
Turk et al., 2000). Proteases are also involved in replication and propagation of infectious 
diseases, and the imbalance of their activity can cause important pathological disorders as 
inflammation, stroke, cancer and parasite infection (Chou & Cai, 2006; Johansson et al., 2002; 
Powers et al., 2002). 

The principal naturally occurring control way of the proteases activity is achieved by the 
action of inhibitors of protein nature, which bind specifically and block proteases. Protease 
inhibitors (PIs) are found in all living organisms and are among the most intensively studied 
proteins. In plants they are widely distributed among different botanical families and have 
been found in reproductive organs, storage organs and vegetative tissues. They are 
synthesized constitutively in seeds or can be induced in tissue, as leaves, by the attack of 
herbivore or abiotic stress (Fan & Wu, 2005; Laskowski & Kato, 1980; Xavier-Filho, 1992). At 
least four PI families are known and can be distinguished based in their interaction with the 
protease class that they inhibit (Fan & Wu, 2005; Koiwa et al., 1997; Xavier-Filho, 1992). 
Plants PIs has received special attention because of their roles and potential biotechnological 
applications in agriculture as bioinsecticide, nematicidal, acaricidal, antifungal and 
antibacterial and in the biomedical field they are remarkable candidates in the production of 
drugs for human disease healing.  

Purification of these inhibitors is a necessary and critical step in order to define their 
structural characteristics and binding specificity to the proteases. Isolate these from all other 
proteins that are present in the same biological source is a difficult task, since the PIs have a 
large molecular diversity. Nevertheless, due their specific and reversible binding capacity to 
the enzymes (without undergoing chemical change), PI purification can be greatly enhanced 
by the use of affinity chromatography techniques, where the binding agent are particular 
proteases (Gomes et al., 2005; Araújo et al., 2005; Oliveira et al., 2007a, 2007b). 
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2. Proteases 
Proteases (EC1 3.4), also called peptidases, peptide hydrolase, and proteolytic enzymes, 
constitute a great group of enzymes that hydrolyze peptide bonds (Barrett, 1997; Rawlings 
et al., 2010). These enzymes are subdivided into two groups or class: exopeptidases (EC 
3.4.11-19) and endopeptidases (EC 3.4.21-24 and EC 3.4.99). The first ones show capacity to 
hydrolyze amino acids from the N- or C-terminus while the second group cleaves the 
internal peptide bonds of polypeptides and, thus, are frequently assigned of proteinases2 
(Fan & Wu, 2005; Rawlings et al., 2010).  

According to their catalytic mechanism and specificity, endopeptidases are classified in four 
major groups3: metalloproteases, aspartic proteases, cysteine and serine proteases (Fan & Wu, 
2005; Rawlings et al., 2010), being the latter two classes better characterized (table 1). 

Class Proteinases Amino acid residue 
or metal in active site 

Optimum 
pH 

Serine proteinase 
(EC 3.4.21) 

trypsin, chymotrypsin, 
elastase, thrombin, 
cathepsins4 A and G  

Ser, His, Asp 7 - 9 

Cysteine 
proteinase 
(EC 3.4.22) 

papain, bromelain, cathepsins 
B, C, H, K, L, O, S and W Cys 4 - 7 

Aspartic 
proteinase 
(EC 3.4.23) 

pepsin, cathepsins D and E, 
renin  Asp, Try Below 5 

Metalloproteinase 
(EC 3.4.24) 

caboxipeptidases A and B, 
aminopeptidases, 
thermolysin 

Metal ion 
(usually Zn) 7 - 9 

Table 1. Proteinases classification (Modified from Fan & Wu, 2005). 

2.1 Serine proteases 

Serine proteases comprise a large group of peptidases characterized by presenting a 
catalytic serine residue. In fact, three residues (serine, histidine and aspartic acid) are 
essential in catalytic process. They work together to cleave the peptide bond of the substrate 
(Hedstrom, 2002) (see figure 1). 
                                                 
1 The Enzyme Commission number (EC number) proposed by the Nomenclature Committee of the 
IUBMB (International Union of Biochemistry and Molecular Biology), is a numerical classification 
system for enzymes according to the nature of the chemical reactions they catalyze. 
2 In spite of the term “proteinase” be recommended as a synonymous with “endopeptidase”, the name 
“protease” is also traditionally accepted to nominate all known endopeptidases or proteinases. 
3 For further details about classification of proteases see MEROPS (http://merops.sanger.ac.uk/), a 
database which constitutes a comprehensive and integrated information resource about peptidases and 
their protein inhibitors. 
4 Cathepsins are a group of proteases called by alphabetic letters in ascending order according to their 
order of discovery and can be grouped by to their mechanism of catalysis in serine, cysteine or aspartic 
proteases. 
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Fig. 1. The catalytic triad of the serine proteases. 
Three-dimensional structure of bovine chymotrypsin (PDB code 8GCH) represented by 
transparent yellow ribbons. Catalytic triad (His 57, Asp 102 and Ser 195) is shown in ball-
and-stick representation. The substrate (Gly-Ala-Trp tripeptide) is represented by sticks 
(note that the tryptophan lateral chain of the substrate is positioned in the recognize cleft of 
the chymotrypsin). Dotted line, hydrogen bonds. Arrow, cleavage site on the substrate. 
Figure made with PyMOL. 

Trypsin, chymotrypsin and elastase are the largest and best studied serine proteases and 
they are involved in the protein digestion of the diet in animals, including human. They 
have the same three-dimensional structures and active site architecture, but differ in the 
substrate specificity: while trypsin cleaves peptide bonds on the C-terminal side of a 
positively-charged residue (Lys or Arg), except when it is followed by proline, 
chymotrypsin prefers large hydrophobic residues (Phe, Trp, Tyr) and elastase acts on small 
neutral amino acid residues (Ala, Gly, Val) (Hedstrom, 2002; Powers et al., 1977).  

Other related serine proteases are implicated with blood coagulation process: plasmin, 
plasma kallikrein and clotting factors (X, XI, XII and thrombin) (Levi et al., 2006; 2010). 
Serine proteases such as proteinase 3, cathepsin G and, particularly, elastase from human 
leukocytes, play an important role in several inflammatory and pathologic processes (Liou 
& Campbell, 1995; Finlay, 1999; Shapiro, 2000). A distinct family of serine proteases includes 
subtilisin, the main protease secreted in the beginning of sporulation by the gram-positive 
bacterium, Bacillus subtilis (Power et al., 1986). 

Serine proteases similar to those from mammals, specially with respect to the optimum pH, 
are found as predominant digestive enzymes in a wide variety of insects, as Thysanura 
(Zinkler & Polzer, 1992), Orthoptera (Lam et al., 1999, 2000), Hymenoptera (Schumaker et 
al., 1993), Diptera, (Silva et al., 2006), Lepidoptera (Bernardi et al., 1996; Gatehouse et al., 
1999; Novillo et al., 1997) and Hemiptera (Colebatch et al., 2001). Trypsin-like proteases 
were also found in Coleopteran insects, although be known that these insects have an acid 
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intestinal fluid (Alarcon et al., 2002; Franco et al., 2004; Girard et al., 1998; Oliveira-Neto et 
al., 2004; Purcell et al., 1992; Zhu & Baker, 1999, 2000). 

2.2 Cysteine proteases 

Cysteine proteases present a catalytic dyad composed by cysteine and histidine, which work 
the same way as serine and histidine of the serine proteases to cleave peptide bonds (Fan & 
Wu, 2005). In all the live organisms, most cysteine proteases show catalytic activity in an 
optimum range slightly acid of pH (4.0-6.5) and are represented by proteins with molecular 
mass around 21-30 kDa (Rawlings & Barret, 1994; Turk et al., 2000). 

This class of proteinases comprises several plant proteases, such as papain (the most 
studied), bromelain, actinidin, chymopapain, ficin and caricain. Plant proteases are involved 
in protein processing (activation, maturation, degradation) in virtually all aspect of the 
physiology and development of plant (Brzin & Kidric, 1995; Grudkowska & Zagdanska, 
2004; Salas et al., 2008). Other important cysteine proteases include most of the lysosomal 
cathepsins, the calpains (a cytosolic “calcium-activated neutral protease”), caspases 
(essential for apoptosis process) (Fan et al., 2005; Xu & Chye, 1999) and several viral and 
parasite proteases (Fan & Wu, 2005; Otto & Schirmeister, 1997; Rawlings et al., 2010; Turk et 
al., 2000). 

Cysteine proteases represent the main larval digestive enzymes of several pest insects of the 
coleoptera order, such as the bruchid bean weevil (Acanthoscelides obtectus), mexican bean 
weevil (Zabrotes subfasciatus) and cowpea bruchid (Callosobruchus maculatus) (Lemos et al., 
1990; Silva et al., 1991, 2001; Xavier-Filho et al., 1989), but also species of chrysomelidae (Liu 
et al., 2004, Cristofoletti et al., 2005) and curculionidae (Cristofoletti et al., 2005). Some 
hemipterans also present cysteine proteases (Rahbé et al., 2003; Cristofoletti et al., 2005) 

2.3 Aspartic proteases 

Aspartic (or aspartyl) proteases were so named because their catalytic mechanism involves 
residues of aspartic acid from their active site. These enzymes work at acidic (or neutral) pH 
and their specificity is typically for peptide bonds between two hydrophobic amino acid 
residues (Simões & Faro, 2004). Aspartic proteases are widely distributed in animals, yeast, 
virus and plants, performing various functions (Fan & Wu, 2005; Pearl, 1987). In vertebrates, 
these enzymes act in the digestion of dietary protein (pepsin and chymosin) and lysosomal 
protein (cathepsins D and E) and regulation of blood pressure (renin). HIV1-protease, essential 
for the life-cycle of HIV, is another example of aspartic protease (Brik & Wong, 2003). 

2.4 Metalloproteases 

Metalloproteases constitute a large family of proteases occurring in bacteria, fungi and 
animals (including man), which require metal ion for catalysis (Fan & Wu, 2005). Most 
metalloproteases posses zinc in the catalytic site, coordinated via three amino acids residues 
(among histidin, glutamate, aspartate, lysine and arginine) (Gomis-Ruth et al., 1994; Stocker 
& Bode, 1995). Many important biologic events are exercised by metalloproteases. 
Caboxipeptidase A and aminopeptidases are typical metalloproteases involved in peptide 
digestion (Rosenberg et al., 1975). The group of the matrix metalloproteases (MMPs) is 
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responsible for differentiation and remodeling of the extracellular matrix (ECM), in addition 
to the cleavage of protein receptors and ligands. Because of their ability to hydrolyze 
articular cartilage, these enzymes are associated with arthritis and rheumatism (Zhen et al., 
2008). Membrane metalloproteases are also related to cancer and inflammation (Seals & 
Courtneidge, 2003). 

3. Protease inhibitors 
3.1 Definition, occurrence and distribution 

Protease inhibitors (PIs) are proteins naturally occurring in living organisms and able to 
inhibit and so, control the activity of proteases. They are ubiquitous proteins, occurring in 
animals, microorganisms and plants. In this former, they constitute one of the more 
abundant classes of proteins, being founded in reproductive, vegetative and storage organs. 
Seeds and tubercles contain about 10% of their total protein as PI (Brzin & Kidrič, 1995; 
Mandal et al., 2002; Ussuf et al., 2001). 

Protease inhibitors were identified, isolated and purified from different monocotyledon and 
dicotyledonous plant species. Among monocots, investigations were directed particularly to 
plants of the grass (Poaceae) family, as rice, barley, corn, wheat, rye and sorghum as main 
representants. Among dicotyledons, the Solanaceae family, represented by tomato, potato 
and tobacco, and legume (Fabaceae) family, represented by beans, soybeans and peas, have 
received special attention. However, other families were studied on a minor scale, for 
example, Moraceae, Araceae and Caricaceae families (Brzin & Kidrič, 1995; Schuler et al., 
1998).  

In different plant tissues and organs were detected, isolated and purified proteinase 
inhibitors, as in fruit pulp (Araújo et al., 2004), pollen (Rogers et al., 1993), floral buds, 
seedlings (Lim et al., 1996), apples peel (Ryan et al., 1998), string (Misaka et al., 1996), latex 
(Monti et al., 2004), roots, stems, leaves, fruits (Brzin & Kidrič, 1995) and particularly in 
tubers (Huang et al., 2008; Valueva et al., 1997, 1998, 1999) and seeds (Araújo et al., 2005; 
Bhattacharyya et al., 2007, 2009; Cavalcanti et al., 2002; Gomes et al., 2005; Macedo et al., 
2004; Macedo et al., 2007; Oliveira et al., 2007a, b).  

The expression of these inhibitors varies according to the maturation stage and tissue 
location. The levels of these inhibitors in plants are variable and depend on the stage of 
maturation, tissue location, time of harvest and storage, as also the variety of plant, with 
possible co-existence of different classes of inhibitors as well as a variety of isoforms in a 
single tissue or organ (Bhattacharyya et al., 2007, 2009; Brzin & Kidrič, 1995; Ryan, 1990). 

3.2 Classification of protease inhibitors 

PIs are primarily classified based on the class of protease that they inhibit, thus four main 
inhibitor families have been established: serine protease inhibitors, cysteine protease 
inhibitors, metalloprotease inhibitors and aspartyl protease inhibitors (Koiwa et al., 1997; 
Ryan, 1990). Compared with the serine and cysteine protease inhibitors, studies directed for 
purification, characterization and biotechnological use of aspartic protease and 
metalloprotease inhibitors from plants are still very few. For this reason and due to the 
limited space it will be discussed only the two first families. 



 
Affinity Chromatography 

 

214 

intestinal fluid (Alarcon et al., 2002; Franco et al., 2004; Girard et al., 1998; Oliveira-Neto et 
al., 2004; Purcell et al., 1992; Zhu & Baker, 1999, 2000). 

2.2 Cysteine proteases 

Cysteine proteases present a catalytic dyad composed by cysteine and histidine, which work 
the same way as serine and histidine of the serine proteases to cleave peptide bonds (Fan & 
Wu, 2005). In all the live organisms, most cysteine proteases show catalytic activity in an 
optimum range slightly acid of pH (4.0-6.5) and are represented by proteins with molecular 
mass around 21-30 kDa (Rawlings & Barret, 1994; Turk et al., 2000). 

This class of proteinases comprises several plant proteases, such as papain (the most 
studied), bromelain, actinidin, chymopapain, ficin and caricain. Plant proteases are involved 
in protein processing (activation, maturation, degradation) in virtually all aspect of the 
physiology and development of plant (Brzin & Kidric, 1995; Grudkowska & Zagdanska, 
2004; Salas et al., 2008). Other important cysteine proteases include most of the lysosomal 
cathepsins, the calpains (a cytosolic “calcium-activated neutral protease”), caspases 
(essential for apoptosis process) (Fan et al., 2005; Xu & Chye, 1999) and several viral and 
parasite proteases (Fan & Wu, 2005; Otto & Schirmeister, 1997; Rawlings et al., 2010; Turk et 
al., 2000). 

Cysteine proteases represent the main larval digestive enzymes of several pest insects of the 
coleoptera order, such as the bruchid bean weevil (Acanthoscelides obtectus), mexican bean 
weevil (Zabrotes subfasciatus) and cowpea bruchid (Callosobruchus maculatus) (Lemos et al., 
1990; Silva et al., 1991, 2001; Xavier-Filho et al., 1989), but also species of chrysomelidae (Liu 
et al., 2004, Cristofoletti et al., 2005) and curculionidae (Cristofoletti et al., 2005). Some 
hemipterans also present cysteine proteases (Rahbé et al., 2003; Cristofoletti et al., 2005) 

2.3 Aspartic proteases 

Aspartic (or aspartyl) proteases were so named because their catalytic mechanism involves 
residues of aspartic acid from their active site. These enzymes work at acidic (or neutral) pH 
and their specificity is typically for peptide bonds between two hydrophobic amino acid 
residues (Simões & Faro, 2004). Aspartic proteases are widely distributed in animals, yeast, 
virus and plants, performing various functions (Fan & Wu, 2005; Pearl, 1987). In vertebrates, 
these enzymes act in the digestion of dietary protein (pepsin and chymosin) and lysosomal 
protein (cathepsins D and E) and regulation of blood pressure (renin). HIV1-protease, essential 
for the life-cycle of HIV, is another example of aspartic protease (Brik & Wong, 2003). 

2.4 Metalloproteases 

Metalloproteases constitute a large family of proteases occurring in bacteria, fungi and 
animals (including man), which require metal ion for catalysis (Fan & Wu, 2005). Most 
metalloproteases posses zinc in the catalytic site, coordinated via three amino acids residues 
(among histidin, glutamate, aspartate, lysine and arginine) (Gomis-Ruth et al., 1994; Stocker 
& Bode, 1995). Many important biologic events are exercised by metalloproteases. 
Caboxipeptidase A and aminopeptidases are typical metalloproteases involved in peptide 
digestion (Rosenberg et al., 1975). The group of the matrix metalloproteases (MMPs) is 

 
Affinity Chromatography as a Key Tool to Purify Protein Protease Inhibitors from Plants 

 

215 

responsible for differentiation and remodeling of the extracellular matrix (ECM), in addition 
to the cleavage of protein receptors and ligands. Because of their ability to hydrolyze 
articular cartilage, these enzymes are associated with arthritis and rheumatism (Zhen et al., 
2008). Membrane metalloproteases are also related to cancer and inflammation (Seals & 
Courtneidge, 2003). 

3. Protease inhibitors 
3.1 Definition, occurrence and distribution 

Protease inhibitors (PIs) are proteins naturally occurring in living organisms and able to 
inhibit and so, control the activity of proteases. They are ubiquitous proteins, occurring in 
animals, microorganisms and plants. In this former, they constitute one of the more 
abundant classes of proteins, being founded in reproductive, vegetative and storage organs. 
Seeds and tubercles contain about 10% of their total protein as PI (Brzin & Kidrič, 1995; 
Mandal et al., 2002; Ussuf et al., 2001). 

Protease inhibitors were identified, isolated and purified from different monocotyledon and 
dicotyledonous plant species. Among monocots, investigations were directed particularly to 
plants of the grass (Poaceae) family, as rice, barley, corn, wheat, rye and sorghum as main 
representants. Among dicotyledons, the Solanaceae family, represented by tomato, potato 
and tobacco, and legume (Fabaceae) family, represented by beans, soybeans and peas, have 
received special attention. However, other families were studied on a minor scale, for 
example, Moraceae, Araceae and Caricaceae families (Brzin & Kidrič, 1995; Schuler et al., 
1998).  

In different plant tissues and organs were detected, isolated and purified proteinase 
inhibitors, as in fruit pulp (Araújo et al., 2004), pollen (Rogers et al., 1993), floral buds, 
seedlings (Lim et al., 1996), apples peel (Ryan et al., 1998), string (Misaka et al., 1996), latex 
(Monti et al., 2004), roots, stems, leaves, fruits (Brzin & Kidrič, 1995) and particularly in 
tubers (Huang et al., 2008; Valueva et al., 1997, 1998, 1999) and seeds (Araújo et al., 2005; 
Bhattacharyya et al., 2007, 2009; Cavalcanti et al., 2002; Gomes et al., 2005; Macedo et al., 
2004; Macedo et al., 2007; Oliveira et al., 2007a, b).  

The expression of these inhibitors varies according to the maturation stage and tissue 
location. The levels of these inhibitors in plants are variable and depend on the stage of 
maturation, tissue location, time of harvest and storage, as also the variety of plant, with 
possible co-existence of different classes of inhibitors as well as a variety of isoforms in a 
single tissue or organ (Bhattacharyya et al., 2007, 2009; Brzin & Kidrič, 1995; Ryan, 1990). 

3.2 Classification of protease inhibitors 

PIs are primarily classified based on the class of protease that they inhibit, thus four main 
inhibitor families have been established: serine protease inhibitors, cysteine protease 
inhibitors, metalloprotease inhibitors and aspartyl protease inhibitors (Koiwa et al., 1997; 
Ryan, 1990). Compared with the serine and cysteine protease inhibitors, studies directed for 
purification, characterization and biotechnological use of aspartic protease and 
metalloprotease inhibitors from plants are still very few. For this reason and due to the 
limited space it will be discussed only the two first families. 



 
Affinity Chromatography 

 

216 

3.2.1 Serine protease inhibitors 

Inhibitors of serine protease in plants are grouped into subfamilies based on their molecular 
weight, structural similarity, presence of cysteine residues and disulfide content (Brzin & 
Kidrič, 1995; Koiwa et al., 1997; Ryan, 1990). Thus, it was established at least eight inhibitor 
subfamilies: Bowman–Birk, Kunitz, Potato I, Potato II, Cucurbit, Cereal, Thaumatin-like and 
Ragi A1 (Koiwa et al., 1997; Ryan, 1990). Despite the variety of the subfamily of serine 
protease inhibitors, the most studied inhibitors are Kunitz and Bowman-Birk groups (Koiwa 
et al., 1997; Lawrence & Koundal, 2002; Ussuf et al., 2001). Studies are mainly directed to 
those found in seeds of legume subfamilies (Norioka et al., 1988). 

Inhibitors of the Bowman-Birk subfamily found in monocotyledons and dicotyledons 
were grouped into three classes of proteins based on molecular weight, number of reactive 
sites5, cysteine residues and disulfide bridges. In monocots, Bowman-Birk inhibitors are 
divided into two classes: the first consisting of inhibitors of approximately 8 kDa possessing 
a single reactive site (“single-headed”) and five disulfide bridges and the second consisting 
of inhibitors of about 16 kDa, composed of about 180 amino acid residues, with two reactive 
sites (dual head inhibitors or “double-headed”) and ten disulfide bonds. Inhibitors of 16 
kDa are composed of two domains, each of 8 kDa with high identity, similar to the 8 kDa 
inhibitors. The presence of these two domains of 8 kDa was explained due to gene 
duplication events, leading to this group of inhibitors (Qi et al., 2005). Mello and colleagues 
(2003) reported the presence of Bowman-Birk inhibitors consisting of about 250 amino acids 
residues, distributed in three areas of 8 kDa, with high identity. In this same study, these 
authors, analyzing the amino acid sequences of various Bowman-Birk inhibitors from 
monocotyledons, consisting of 8 kDa, observed that some members of this family of 
inhibitors found in corn and cane sugar are glycoproteins. In dicotyledons, Bowman-Birk 
inhibitors have a molecular mass of 8 kDa. They are generally composed of about 104 amino 
acid residues including 14 cysteine residues involved in seven disulfide bridges, having two 
reactive sites (Mello et al., 2003; Qi et al., 2005). The comparison between different members 
of this family showed that the first reactive site is located in the N-terminal region and is 
more conserved than the second reactive site, located in C-terminal region of the molecule 
(Prakash et al., 1996; Wu & Whitaker, 1991). These inhibitors can interact simultaneously 
and independently with two serine proteases, not necessarily identical, i.e., with two 
molecules of trypsin or a trypsin and a chymotrypsin molecule (Mello et al., 2003; Qi et al., 
2005). The first inhibitor that gave rise to this protein subfamily was purified from soybean 
seeds and consisted of a single chain protein with 71 amino acid residues and two 
kinetically independent reactive sites, one for trypsin (Lysine16-Serine17) and the other for 
chymotrypsin (Leucine 44-Serine 45) (Odani & Ikenaka, 1973a, b). 

Kunitz inhibitors subfamily are proteins with molecular weights ranging from 18 to 26 
kDa, constituted by approximately 180 amino acid residues, having a low content of 
cysteine residues and involved in one or two disulfide bridges (Krauchenco et al., 2004; 
Pando et al., 2001). Members of this subfamily have been found in a variety of botanical 
families, however most research has been directed to inhibitors of the three legume 
subfamilies (Fabaceae family). Inhibitors of the Papilionoideae and Caesalpinioideae 
subfamilies usually have a polypeptide chain while inhibitors from the Mimosoideae 
                                                 
5 The reactive (inhibitory) site corresponds to the region of the inhibitor that binds with the enzyme. 
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subfamily consist of two polypeptide chains joined by disulfide bridges, being characterized 
as dimeric proteins (Batista et al., 1996; Norioka et al., 1988). The presence of carbohydrates 
is a common feature for inhibitors of the Kunitz family; however, there are few reports on 
the structural aspects. The inhibitor purified from jackfruit seeds (Artocarpus integrifolia) was 
characterized as a glycoprotein member of the Kunitz subfamily presenting in its structure 
units of galactose, glucose, mannose, fucose, xylose, glucosamine and uronic acid (Bhat & 
Pattabiraman, 1989). The presence of mannose, xylose, fucose and other sugars were also 
detected in the structure of Kunitz inhibitor purified from the papaya latex (Carica papaya), 
called PPI (Odani et al., 1996). The presence of sugars was also detected as a constituent in 
structure of other Kunitz inhibitors, including the inhibitor purified from Bauhinia rufa 
(Sumikawa et al., 2006) and from seeds of Swartzia pickelli (Cavalcanti et al., 2002). However, 
the role of carbohydrates in inhibitors structure has not been clarified. In general, these 
inhibitors have only one reactive site. Because of this structural feature, they are known as 
one head inhibitors (“single headed“) (Ryan, 1990). On the other hand, few representants of 
this family were characterized as inhibitors that have two sites for two different enzymes 
(Migliolo et al., 2010; Valueva et al., 1999; Bösterling & Quast, 1981). Arginine and Lysine 
residues are part of reactive sites of the inhibitors (Iwanaga et al., 2005). This inhibitor 
subfamily has the ability to differentially inhibit serine proteases from various sources as 
trypsin and chymotrypsin responsible for digestion in mammalian and insects, enzymes of 
the blood clotting, among others (Oliva et al., 2000; Batista et al.,1996) (Table 2). 

3.2.2 Cysteine proteases inhibitors 

Cysteine protease inhibitors from plants are grouped into a single well-characterized protein 
family, commonly called plant cystatins6 or phytocystatins (Brzin & Kidrik, 1995; Margis et 
al., 1998). These proteins exhibit the ability to suppress catalytic activity of cysteine 
proteases members, including papain family, calpains, clostripains, streptococcal cysteine 
protease and viral cysteine proteases or caspases, also called apopains (Abe et al., 1994; Brzin 
 

Source Family M Aa Db pI Pc Specificity Reference 
Alocasia 
macrorrhiza A 19.7 184 2   T, Q Argall et al.,1994 

Brassica juncea B 20 178 2   T Mandal et al., 2002 
Carica papaya* C 24 184 2   T, Q Odani et al., 1996 
Terminalia arjuna Cb 21.5     T, Q Rai et al., 2008 
Putranjiva 
roxburghii Eu 34    1 T Chaudhary et al., 

2008 
Bauhinia 
bauhinoides L-Ce 20 154 0 6.9 1 T, Q, K Oliva et al., 2001 

B. rufa* L-Ce 20 144 1 4.6 1 PE Sumikawa et al., 
2006 

B. variegata L-Ce 18.5 167 2 4.8 1 T Di Ciero et al., 1998 

Caesalpinia bonduc L-Ce 20  2  2 T, Q Bhattacharyya et al., 
2007 
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3.2.1 Serine protease inhibitors 
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sites5, cysteine residues and disulfide bridges. In monocots, Bowman-Birk inhibitors are 
divided into two classes: the first consisting of inhibitors of approximately 8 kDa possessing 
a single reactive site (“single-headed”) and five disulfide bridges and the second consisting 
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molecules of trypsin or a trypsin and a chymotrypsin molecule (Mello et al., 2003; Qi et al., 
2005). The first inhibitor that gave rise to this protein subfamily was purified from soybean 
seeds and consisted of a single chain protein with 71 amino acid residues and two 
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chymotrypsin (Leucine 44-Serine 45) (Odani & Ikenaka, 1973a, b). 

Kunitz inhibitors subfamily are proteins with molecular weights ranging from 18 to 26 
kDa, constituted by approximately 180 amino acid residues, having a low content of 
cysteine residues and involved in one or two disulfide bridges (Krauchenco et al., 2004; 
Pando et al., 2001). Members of this subfamily have been found in a variety of botanical 
families, however most research has been directed to inhibitors of the three legume 
subfamilies (Fabaceae family). Inhibitors of the Papilionoideae and Caesalpinioideae 
subfamilies usually have a polypeptide chain while inhibitors from the Mimosoideae 
                                                 
5 The reactive (inhibitory) site corresponds to the region of the inhibitor that binds with the enzyme. 
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subfamily consist of two polypeptide chains joined by disulfide bridges, being characterized 
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units of galactose, glucose, mannose, fucose, xylose, glucosamine and uronic acid (Bhat & 
Pattabiraman, 1989). The presence of mannose, xylose, fucose and other sugars were also 
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Source Family M Aa Db pI Pc Specificity Reference 

C. echinata L-Ce 20    1 T, K, Pl, XII, 
X 

Cruz-Silva et al., 
2004 

Delonix regia L-Ce 22 185 2 1 T, K Pando et al., 2001 
Schizolobium 
parahyba L-Ce 20 169 2 4.5 1 Q Souza et al., 1995, 

2000

Swartizia pickelli* L-Ce 20 174 1  1 T, Q, K, Pl Cavalcanti et al., 
2002

Acacia confusa L-M 19.4 176 2 2 T, Q Hung et al, 1994 
Adenanthera 
pavonina L-M 20 176 2  2 T, Q, P Macedo et al., 2004 

Albizzia kalkora L-M 19.7 2 2 T Zhou et al., 2008 
Calliandra selloi L-M 20 1 4.0 2 T, Q, K Yoshizaki et al., 2007 
Dimorphandra 
mollis L-M 23    1 T, K, Pl Mello et al., 2001 

Entada scandens L-M 19.7  1 7.4 1 T Lingaraju & Gowda, 
2008

Enterolobium 
contortisiliquum L-M 22 174 2  2 T, Q, XII, K, 

Pl Batista et al., 1996 

I. laurina L-M 20 180 1 1 T Macedo et al., 2007 
Leucaena 
leucocephala L-M 20 174 2  2 T, Q, K, Pl, 

XII Oliva et al., 2000 

Plathymenia 
foliolosa  L-M 19     T, Q Ramos et al., 2008, 

2009 
Crotalaria pallida L-P 32.5 2 T, Q, PE, P Gomes et al., 2005 
C. paulina L-P 20 177 4.0 1 T, Q Pando et al., 1999 
Erythrina 
acanthocarpa L-P 17.4 163 2   T, Q Joubert, 1982 

Glycine max L-P 21 181 2 1 T, Q, X, K Kim et al., 1985 
Psophocarpus 
tetragonolobus L-P 20.2 183 2  1 Q Kortt, 1980 

Artocarpus 
integrifolia M 26    1 T, Q Bhat and 

Pattabiraman, 1989 

Murraya koenigii R 27    1 T Shee and Sharma, 
2007 

Solanum 
tuberosum S 21 186 2 6.3 2 T, Q, NE Valueva et al., 1997, 

1998 

S. tuberosum S 21 186 2 5.2 2 T, Q Valueva et al., 1997, 
1998 

Table 2. Serine proteases inhibitors (Kunitz) 
M, Moraceae; R, Rutaceae; B, Brassicaceae; A, Araceae; C, Caricaceae; S, Solanaceae; L-Ce, 
Leguminosae-Caesalpinioideae; L-MI, Leguminosae-Mimosoideae; L-P, Leguminosae-
Papilionoideae; Cb, Combretaceae; Eu, Euphorbiaceae, S, Sapindaceae; MM, molecular mass 
(kDa); Aa, amino acid; Db, disulfide bonds; pI, isoeletric point; Pc, polypeptide chain 
number; T, pancreatic trypsin; Q, pancreatic quimotrypsin; PE, pancreatic elastase; P, 
papain; Pl, plasmin; K, human plasma kallikrein; XII, factor XIIa; X, factor Xa; NE, human 
neutrofil elastase; (*) glycosylated inhibitors. 
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& Kidrik, 1995; Brzin et al., 1998; Fernandes et al., 1993; Gaddour et al., 2001; Margis et al., 
1998; Pernas et al., 1998) with different affinity degrees. Phytocystatins comprise a polypeptide 
chain devoid of disulfide bridges. In general, they are small molecules that have molecular 
weights ranging from 7.5 kDa, as the phytocystatin purified from pumpkin seeds (Levleva et 
al., 1997), or the inhibitor purified from soybean seeds (Glycine max) with approximately 26 
kDa (Misaka et al., 1996) (Table 3). However, some representants of this family have higher 
molecular masses, like the phytocystatins purified from potato tuber (Solanum tuberosum), with 
approximately 85 kDa (Waldron et al., 1993), tomato leaves (Lycopersicon esculentum), with 
similar molecular mass (Jacinto et al., 1998; Wu & Haard, 2000) and sunflower seeds 
(Helianthus annuus) with a molecular mass of 32 kDa (Kouzuma et al., 2000).  

Phytocystatins possess three regions quite conserved, interacting with their target proteases: 
a central motif consisting of Gln-X-Val-X-Gly, where X represents any amino acid residue, a 
dipeptide usually formed by a proline and a tryptophan near C-terminus and a glycine  
 

Source Family MM 
(kDa) Aa pI Specificity Reference 

Helianthus annus A 9 83 5.6 P, Fi, CH, CB, CL Kouzuma et al., 1996 
Helianthus annus A 11 100 9.5 P, Fi, CH, CB, CL Kouzuma et al., 1996 
Daucus carota Ap 18 133  P Ojima et al., 1997 
Carica papaya Cp 11.3 99 5.1 P, Qp, Car, PIV Song et al., 1995 
Curcubita maxima Cu 7.5  6.0 P, F Levleva et al., 1997 
Castanea sativa F 11.2 102  P, Fi, Qp, CB, Pernas et al., 1998 
Oryza sativa G 11.8 102 5.3 P, CH, CB, CL Abe et al., 1987 
Oryza sativa G 11.9 107  P, CH, CB, CL Kondo et al., 1990 
Zea mays G 18 135  P, CB, CH, CL Abe et al., 1992; 1994 
Zea mays G 9.2 85 5.2 P, Fi, Qp, CB, CH Abe & Whitaker, 1988 
Persea americana L 11.3 100  P Kimura et al., 1995 
Vigna unguiculata Le 10.7 97  P Fernandes et al., 1993 
Phaseolus lunatus Le 14  5.5 P, CB, CH, CL Brzin et al., 1998 
Glycine max Le 26 245  P Misaka et al., 1996 
Glycine max Le 12 100  P Zhao et al., 1996 
Glycine max Le 11 92  P Zhao et al., 1996 
Hordeum vulgare Le    P, Fi, Qp Gaddour et al., 2001 
Chelidonium majus Pa 10 90 9.3 P, CL, CH Rogelj et al., 1998 
Malus domestica R 11.3 83  P, Fi, B Ryan et al., 1998 
Fragaria x ananassa R 23.1 206  P, CH, CB Martinez et al., 2005 

Table 3. Biochemical characterization of Phytocystatins  
MM, molecular mass; Aa, amino acid number; pI, Isoelectric point; A, Asteraceae; Ap, 
Apiaceae; G, Gramineae (Poaceae); L, Lauraceae; L-Ce, Leguminosae-Caesalpinioideae 
(Fabaceae); S, Solanaceae; F, Fagaceae; Ca, Caryophyllaceae; Cp, Caricaceae; Cu, 
Curcubitaceae; Pa, Papaveraceae; R, Rosaceae; S, Solanaceae; An, ananain; Ac, actinidin; Cr, 
cruzipain; CG, Cathepsin G; CB, Cathepsin B; CH, Cathepsin H; PPE, porcine pancreatic 
elastase; HNE, human neutrofil elastase; B, Bromelain; Qp, Quimopapain; Fi, Ficin; Car, 
Caricain; PIV, papaya proteinase IV; PIII, papaya proteinase III; P, papain. 
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residue located near the N-terminal region, known as flexible region of phytocystatins 
(Kondo et al., 1990; Stubbs et al., 1990; Margis et al., 1998). The three interaction regions can 
be found as tandem domains along protein structure. Thus, phytocystatins can be grouped 
into two distinct classes: one comprising phytocystatins of low molecular weight, with a 
single cystatin domain (Abe et al., 1987, 1992; Fernandes et al., 1993; Pernas et al., 1998); 
other class comprising phytocystatins of high molecular mass, with multiple cystatin 
domains, that is, with three interaction regions occurring repeatedly in primary structure of 
the inhibitor (Bolter, 1993; Diop et al., 2004; Kouzuma et al., 2000), and in this latter case, 
they are called multicystatins. Multicystatins from potato tuber and tomato leaves possess 
eight domains that can interact simultaneously with eight cysteine proteases (Jacinto et al., 
1998; Waldron et al., 1993; Wu & Haard, 2000), however, sunflower multicystatin has three 
domains (Kouzuma et al., 2000) and the one from bean-to-string (V. unguiculata) has two 
cystatin domains (Diop et al., 2004). 

3.3 PI inhibition mechanisms 

In general terms, all the PIs bind to their specific protease preventing access of the substrate 
to the active site. For some PIs, the docking occurs directly in the protease active site, while 
for others the binding takes place in a neighborhood of the catalytic centre but leading to its 
steric hindrance (Krowarsch et al., 2003). 

The majority of the known PIs, specially the serine protease inhibitors, interact with the 
enzyme catalytic sites in a “canonical” manner, similar to the enzyme-substrate interaction, 
via an exposed reactive site loop of conserved conformation (Bode & Huber, 2000) (figure 2). 
A well known member of this group of classic inhibitors is the Kunitz-type trypsin inhibitor  
 

  
Fig. 2. Stereo diagram showing the interaction between porcine pancreatic trypsin and the 
soybean trypsin inhibitor (SKTI). 
(A) SKTI is shown in yellow ribbon and mesh representation and trypsin in transparent 
dark green surface. The light green intersection represents the interface between the reactive 
site and the catalytic site, with the Arg 63 side chain (red ball and stick representation) of the 
inhibitor protruding into the specificity cleft of the trypsin. (B) Detail of the interaction 
interface of the trypsin catalytic triad (green ball and stick) and the reactive site loop 
residues of the SKTI (yellow ball and stick). Dotted line, hydrogen bonds. Figure made with 
PyMOL (PDB code 1AVW). 
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from soybean (SKTI, SBTI or STI), a potent trypsin inhibitor but that also inhibits in a lesser 
extent the chymotrypsin (De Vonis Bidlingmeyer et al., 1972) and plasmin (Nanninga & 
Guest, 1964). The SKTI is a 21.5 kDa non-glycosylated protein containing 181 amino acid 
residues in a single polypeptide chain crosslinked by two disulfide bridges. Its reactive site 
loop possess an arginine residue (Arg 63) whose side chain fits into the specificity pocket of 
the trypsin, while its carbonyl carbon makes contact with the serine (Ser 195) of the active 
site without, however, suffering catalysis and thus it blocks the enzymatic action (Song & 
Suh,1998; Macedo et al., 2007, 2011; Krowarsch et al., 2003) (figure 2B). One network of 
hydrogen bonds between inhibitor and enzyme is also formed outside of the reactive site to 
stabilize the complex (Song & Suh, 1998). 

This canonical conformation of the reactive loop characterizes a mechanism of competitive 
inhibition and is also found in the trypsin inhibitors from Erythrina caffra seeds and 
Psophocarpus tetragonolobus chymotrypsin inhibitor (Song & Suh, 1998; Krauchenco et al., 
2003). Trypsin inhibitors, such as from Swartzia pickelii, can present also glutamine residue in 
the reactive site (Cavalcanti et al., 2002). Specific inhibitor for chymotrypsin, in general, 
possess leucine residue in its reactive site (Kimura et al., 1993; Dattagrupta et al., 1996) and 
in the Bauhinia rufa elastase inhibitor one valine was identified in the reactive site 
(Sumikawa et al., 2006). 

It would be interesting to note that there are Kunitz-type inhibitors able to inhibit proteases 
belonging to different mechanistic classes. Protease inhibitor purified from Prosopis juliflora 
seeds (PjTKI) presents a competitive inhibition mechanism directly interacting between its 
reactive site (Arg 64) and the catalytic site in target trypsin (Ser 195). Moreover, PjTKI also 
possesses an inhibitory activity against papain and a cysteine protease present in the 
digestive system of several phytophagous insect-pests (Oliveira et al., 2002; Franco et al., 
2002). This bifunctional property was also observed for the Kunitz inhibitor from 
Adenanthera pavonina seeds (ApTKI). ApTKI was a strong non-competitive inhibitor of 
trypsin and moderate noncompetitive inhibitor to papain. Different from PjTKI, that was 
incapable of simultaneous inhibition of trypsin and papain, the interaction sites of the 
ApTKI did not overlap, and it formed a ternary complex that was observed through in 
vitro and in silico methods (Macedo et al., 2004; Prabhu & Pattabiraman, 1980; Migliolo et 
al., 2010). 

Non-canonical mechanisms of inhibition are common to other classes of PI. A typical case is 
the inhibition of papain-like cysteine protease by the cystatins, which interact with the 
enzyme surface subsites adjacent to the active site, blocking it without direct contact with 
the catalytic groups (Stubbs et al., 1990; Bode & Huber, 2000; Turk et al., 2000). 

3.4 Biological function of protease inhibitors  

Protease inhibitors of plant origin are known for many years and their participation in a 
variety of endogenous and exogenous events continue to be the subject of much research. 
Regulation of endogenous proteases, storage function and defensive role against predators 
and pathogens are the principal proposed biological functions for plant PIs (Lawrence & 
Koundal, 2002). The proposed role for protease inhibitors as storage proteins was first 
suggested by Pusztai (1972). Plant storage proteins function as a store of nitrogen, carbon 
and sulfur and they are so considered when are deposited in tissues of reserves in 



 
Affinity Chromatography 

 

220 
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(Kondo et al., 1990; Stubbs et al., 1990; Margis et al., 1998). The three interaction regions can 
be found as tandem domains along protein structure. Thus, phytocystatins can be grouped 
into two distinct classes: one comprising phytocystatins of low molecular weight, with a 
single cystatin domain (Abe et al., 1987, 1992; Fernandes et al., 1993; Pernas et al., 1998); 
other class comprising phytocystatins of high molecular mass, with multiple cystatin 
domains, that is, with three interaction regions occurring repeatedly in primary structure of 
the inhibitor (Bolter, 1993; Diop et al., 2004; Kouzuma et al., 2000), and in this latter case, 
they are called multicystatins. Multicystatins from potato tuber and tomato leaves possess 
eight domains that can interact simultaneously with eight cysteine proteases (Jacinto et al., 
1998; Waldron et al., 1993; Wu & Haard, 2000), however, sunflower multicystatin has three 
domains (Kouzuma et al., 2000) and the one from bean-to-string (V. unguiculata) has two 
cystatin domains (Diop et al., 2004). 

3.3 PI inhibition mechanisms 

In general terms, all the PIs bind to their specific protease preventing access of the substrate 
to the active site. For some PIs, the docking occurs directly in the protease active site, while 
for others the binding takes place in a neighborhood of the catalytic centre but leading to its 
steric hindrance (Krowarsch et al., 2003). 
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enzyme catalytic sites in a “canonical” manner, similar to the enzyme-substrate interaction, 
via an exposed reactive site loop of conserved conformation (Bode & Huber, 2000) (figure 2). 
A well known member of this group of classic inhibitors is the Kunitz-type trypsin inhibitor  
 

  
Fig. 2. Stereo diagram showing the interaction between porcine pancreatic trypsin and the 
soybean trypsin inhibitor (SKTI). 
(A) SKTI is shown in yellow ribbon and mesh representation and trypsin in transparent 
dark green surface. The light green intersection represents the interface between the reactive 
site and the catalytic site, with the Arg 63 side chain (red ball and stick representation) of the 
inhibitor protruding into the specificity cleft of the trypsin. (B) Detail of the interaction 
interface of the trypsin catalytic triad (green ball and stick) and the reactive site loop 
residues of the SKTI (yellow ball and stick). Dotted line, hydrogen bonds. Figure made with 
PyMOL (PDB code 1AVW). 
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from soybean (SKTI, SBTI or STI), a potent trypsin inhibitor but that also inhibits in a lesser 
extent the chymotrypsin (De Vonis Bidlingmeyer et al., 1972) and plasmin (Nanninga & 
Guest, 1964). The SKTI is a 21.5 kDa non-glycosylated protein containing 181 amino acid 
residues in a single polypeptide chain crosslinked by two disulfide bridges. Its reactive site 
loop possess an arginine residue (Arg 63) whose side chain fits into the specificity pocket of 
the trypsin, while its carbonyl carbon makes contact with the serine (Ser 195) of the active 
site without, however, suffering catalysis and thus it blocks the enzymatic action (Song & 
Suh,1998; Macedo et al., 2007, 2011; Krowarsch et al., 2003) (figure 2B). One network of 
hydrogen bonds between inhibitor and enzyme is also formed outside of the reactive site to 
stabilize the complex (Song & Suh, 1998). 

This canonical conformation of the reactive loop characterizes a mechanism of competitive 
inhibition and is also found in the trypsin inhibitors from Erythrina caffra seeds and 
Psophocarpus tetragonolobus chymotrypsin inhibitor (Song & Suh, 1998; Krauchenco et al., 
2003). Trypsin inhibitors, such as from Swartzia pickelii, can present also glutamine residue in 
the reactive site (Cavalcanti et al., 2002). Specific inhibitor for chymotrypsin, in general, 
possess leucine residue in its reactive site (Kimura et al., 1993; Dattagrupta et al., 1996) and 
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trypsin and moderate noncompetitive inhibitor to papain. Different from PjTKI, that was 
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ApTKI did not overlap, and it formed a ternary complex that was observed through in 
vitro and in silico methods (Macedo et al., 2004; Prabhu & Pattabiraman, 1980; Migliolo et 
al., 2010). 

Non-canonical mechanisms of inhibition are common to other classes of PI. A typical case is 
the inhibition of papain-like cysteine protease by the cystatins, which interact with the 
enzyme surface subsites adjacent to the active site, blocking it without direct contact with 
the catalytic groups (Stubbs et al., 1990; Bode & Huber, 2000; Turk et al., 2000). 

3.4 Biological function of protease inhibitors  

Protease inhibitors of plant origin are known for many years and their participation in a 
variety of endogenous and exogenous events continue to be the subject of much research. 
Regulation of endogenous proteases, storage function and defensive role against predators 
and pathogens are the principal proposed biological functions for plant PIs (Lawrence & 
Koundal, 2002). The proposed role for protease inhibitors as storage proteins was first 
suggested by Pusztai (1972). Plant storage proteins function as a store of nitrogen, carbon 
and sulfur and they are so considered when are deposited in tissues of reserves in 
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concentrations higher than 5% of the total protein content (Shewry, 2003). In seeds, tubers 
and other plant tissue reserves, PIs are found from 1 to 10%, being one of the major storage 
proteins (Mandal et al., 2002; Brik & Wong, 2003; Shewry, 2003). Besides their storage 
function, by providing nitrogen and sulphur required during germination, other functional 
roles have been assigned for the trypsin inhibitors, such as regulating endogenous plant 
proteases to prevent precocious germination, inhibiting trypsin during passage through the 
animal’s gut, thus helping in seed dispersal, and protecting plants against pests and diseases 
(Derbyshire et al 1976; Laskowski & Kato, 1980; Shewry, 2003). Confirmation of the role of 
PIs in plants is primarily based on in vitro experiments using insect gut proteases as well as the 
efficiency of these inhibitors on a variety of proteases from pathogens such as fungi, viruses, 
mites and nematodes (Fosket, 1994; Dunaevsky et al., 2005; Fan & Wu, 2005). The second line 
of evidence that strengthens the role of these molecules as defense compounds of plants results 
from the fact that these inhibitors interfere with normal growth and development of 
microorganisms when added to artificial diet system (Araújo et al., 2005; Gomes et al., 2005). 
Another line of evidence is the induction level of these molecules following mechanical injury 
or another biotic or abiotic stress. And finally, the increased resistance to insects and pathogens 
in plants transformed with genes expressing PIs (Kiggundu et al. 2010; Masoud, 1993). 

3.5 Biotecnological/pharmacological applications of PI 

Despite the mechanisms to control proteases, loss of proteolytic control is observed in a 
wide range of diseases. Indeed, increased proteolysis has been shown to underpin various 
pathological processes and, as a result, PIs have emerged as a class of highly promising 
chemotherapeutic agents (Scott & Taggart, 2010). Thus, many inhibitors can be strong 
therapeutic candidates for treating diseases, such as cancer, fungical, parasitic and 
neurological disorders, inflammatory, immune, respiratory and cardiovascular diseases 
(Leung et al., 2000).  

There is evidence that inhibitors suppress various stages of carcinogenesis, including 
initiation, promotion and progression. Although many PIs have the ability to prevent 
carcinogenic processes, the most potent are those with activity antichymotrypsin (Kennedy, 
1998; Zhang et al., 2007) and it is not yet known how these inhibitors work suppressing 
carcinogenesis. It is known that there may be multiple inhibition pathways of 
carcinogenesis, e.g., preventing the release of superoxide radicals and hydrogen peroxide by 
polymorphonuclear leukocytes or other cell types, stimulated by tumor promoting agents 
(Kennedy, 1998). Recent studies indicate that Bowman-Birk type inhibitors are potential 
candidates for inhibition of carcinogenic activity (Sessa & Wolf, 2001).  

Because PIs naturally inhibit a diversity of proteases from plants pathogens, their genes 
have been used for the construction of transgenic crop plants to be incorporated in 
integrated pest management programmes (Lawrence & Koundal, 2002). 

4. Purification of PIs using affinity chromatography (on protease-matrix) 
4.1 General advantages of affinity chromatography on protease-matrix 

Affinity chromatography is a very efficient technique capable of purifying proteins based on 
reversible interactions between a protein and a specific ligand coupled to a chromatographic 
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matrix. The affinity chromatography is usually used as one of the last steps in the 
purification process of PIs and combines advantages as great time-saving and high capacity 
of selection and concentration of the target protein from a complex mixture of 
contaminating substances in a large sample volume (Cuatrecasas, 1970). The binding 
property of the PIs with enzymes (figure 2) has been exploited for the affinity purification of 
inhibitors from various sources, especially for those of plant origin.  

4.2 Coupling 

The first step to carry out the purification of the inhibitor of interest by affinity 
chromatography is to immobilize its corresponding enzyme in a coupling gel. The gel 
substance (commonly based on a polysaccharide) should exhibit mechanical and chemical 
stability to the coupling and elution conditions, minimal nonspecific interaction with 
proteins and form a loose porous network which allows the free flow of large molecules. 
Cross-linked dextran (Sephadex7) and, better yet, derivatives of agarose (Sepharose8) are 
polysaccharides that have many of these features and therefore are widely used as coupling 
gel (Cuatrecasas, 1970). Many studies have reported the purification of PIs by using a 
specific protease immobilized by covalent bonding to agarose resins (CNBR-activated 
Sepharose 4B) and chitosan (Xi et al., 2005), that have low non-specific adsorption of 
proteins. The coupling of protease using cyanogen halides (CNBr-activated Sepharose) is 
well described and consists in linking primary amino groups directly in pre-activated 
matrices (figure 3). The establishment of multipoint connections provides greater stability to 
the immobilized enzyme. However, it is important that these multipoint connections do  
not interfere with the enzyme binding site and thus compromise the effectiveness  
of the interaction of the inhibitor with the protease. The resins of CNBr-activated  
Sepharose 4B type are stable in a wide range of pH (2-11) and have a good range of ligand 
coupling.  

4.3 Sample application and washing 

After coupling the protease of choice with the gel and before applying the mixture sample 
containing target PIs, the matrix must be packaged in a column and pre-equilibrated in 
binding buffer. Usually, Sepharose gels containing the immobilized enzyme are equilibrated 
with 2-3 volumes buffers containing NaCl at concentrations ranging from 0.1-0.5 M and pH 
is in the same range of optimal pH activity of the enzyme. 

It is not possible to predict a single optimum flow rate for loading the sample in an 
affinity chromatography because the degree of interaction between ligands is widely 
variable. The binding is favored by the use of a very low flow rates in the sample loading, 
especially for weak affinity systems. In extreme cases of very weak affinity may be useful 
to stop the flow after loading the sample or to re-apply it. It is therefore interesting to test 
the best flow rate to each case, and it is not recommended flow rates higher than 10 
mL/cm2/h. 

                                                 
7 Sephadex (from separation Pharmacia dextran) is a trademark of GE Healthcare (formerly: Pharmacia). 
8 Sepharose (from separation Pharmacia agarose) is a trademark of GE Healthcare. 
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neurological disorders, inflammatory, immune, respiratory and cardiovascular diseases 
(Leung et al., 2000).  

There is evidence that inhibitors suppress various stages of carcinogenesis, including 
initiation, promotion and progression. Although many PIs have the ability to prevent 
carcinogenic processes, the most potent are those with activity antichymotrypsin (Kennedy, 
1998; Zhang et al., 2007) and it is not yet known how these inhibitors work suppressing 
carcinogenesis. It is known that there may be multiple inhibition pathways of 
carcinogenesis, e.g., preventing the release of superoxide radicals and hydrogen peroxide by 
polymorphonuclear leukocytes or other cell types, stimulated by tumor promoting agents 
(Kennedy, 1998). Recent studies indicate that Bowman-Birk type inhibitors are potential 
candidates for inhibition of carcinogenic activity (Sessa & Wolf, 2001).  

Because PIs naturally inhibit a diversity of proteases from plants pathogens, their genes 
have been used for the construction of transgenic crop plants to be incorporated in 
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matrix. The affinity chromatography is usually used as one of the last steps in the 
purification process of PIs and combines advantages as great time-saving and high capacity 
of selection and concentration of the target protein from a complex mixture of 
contaminating substances in a large sample volume (Cuatrecasas, 1970). The binding 
property of the PIs with enzymes (figure 2) has been exploited for the affinity purification of 
inhibitors from various sources, especially for those of plant origin.  

4.2 Coupling 

The first step to carry out the purification of the inhibitor of interest by affinity 
chromatography is to immobilize its corresponding enzyme in a coupling gel. The gel 
substance (commonly based on a polysaccharide) should exhibit mechanical and chemical 
stability to the coupling and elution conditions, minimal nonspecific interaction with 
proteins and form a loose porous network which allows the free flow of large molecules. 
Cross-linked dextran (Sephadex7) and, better yet, derivatives of agarose (Sepharose8) are 
polysaccharides that have many of these features and therefore are widely used as coupling 
gel (Cuatrecasas, 1970). Many studies have reported the purification of PIs by using a 
specific protease immobilized by covalent bonding to agarose resins (CNBR-activated 
Sepharose 4B) and chitosan (Xi et al., 2005), that have low non-specific adsorption of 
proteins. The coupling of protease using cyanogen halides (CNBr-activated Sepharose) is 
well described and consists in linking primary amino groups directly in pre-activated 
matrices (figure 3). The establishment of multipoint connections provides greater stability to 
the immobilized enzyme. However, it is important that these multipoint connections do  
not interfere with the enzyme binding site and thus compromise the effectiveness  
of the interaction of the inhibitor with the protease. The resins of CNBr-activated  
Sepharose 4B type are stable in a wide range of pH (2-11) and have a good range of ligand 
coupling.  

4.3 Sample application and washing 

After coupling the protease of choice with the gel and before applying the mixture sample 
containing target PIs, the matrix must be packaged in a column and pre-equilibrated in 
binding buffer. Usually, Sepharose gels containing the immobilized enzyme are equilibrated 
with 2-3 volumes buffers containing NaCl at concentrations ranging from 0.1-0.5 M and pH 
is in the same range of optimal pH activity of the enzyme. 

It is not possible to predict a single optimum flow rate for loading the sample in an 
affinity chromatography because the degree of interaction between ligands is widely 
variable. The binding is favored by the use of a very low flow rates in the sample loading, 
especially for weak affinity systems. In extreme cases of very weak affinity may be useful 
to stop the flow after loading the sample or to re-apply it. It is therefore interesting to test 
the best flow rate to each case, and it is not recommended flow rates higher than 10 
mL/cm2/h. 

                                                 
7 Sephadex (from separation Pharmacia dextran) is a trademark of GE Healthcare (formerly: Pharmacia). 
8 Sepharose (from separation Pharmacia agarose) is a trademark of GE Healthcare. 
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Fig. 3. Coupling the enzyme to CNBr-activated Sepharose 4B. 
The volume of the sample loaded is not critical, since the principle of the technique is the 
affinity, however for interections with weak affinity it recommended to apply it in a small 
volume (about 5% of bed volume). In order to remove the unbound substances (and prior to 
the elution), the column should be washed with about 10 volumes of the starting buffer. The 
figure 4 presents a schematic view of the steps of an affinity chromatography. 

 
Fig. 4. Steps of a typical affinity chromatography on protease-matrix. 
Step 1, application of the sample; Step 2, binding of target molecules and washing of the 
unbound substances; Step 3, Elution of the target molecules. 
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4.4 Elution 

Methods of elution of target protein from the column can be selective (using a competitive 
ligand) and non-selective (changing the pH, ionic strength or polarity). 

Some cysteine proteinase inhibitor has been isolated by affinity chromatography using 
immobilized papain. Systemin-inducible papain inhibitor from Lycopersicon esculentum 
leaves (Jacinto et al., 1998) was eluted as using 50 mM K3PO4 buffer, pH 11.5, containing 0.5 
M NaCl and 10% glycerol (Anastasi et al., 1983). A cysteine proteinase inhibitor from 
chestnut seeds, Castanea sativa, named Cystatin CsC, retained in the affinity column on 
carboxymethylated-papain NHS-Superose was eluted of the column using 0.2 M trisodium 
phosphate buffer, pH 11.5, containing 0.5 M NaCl, then immediately neutralized using 2 M 
tris-HCl, pH 7.5, and desalted (Pernas et al., 1998). Solution of 10 mM NaOH was used for 
the recovery of chelidocystatin, cystatin from mature Chelidonium majus plants of the papain 
Sepharose affinity chromatography (Rogelj et al., 1998). Papain inhibitor of the immature 
fruit from Malus domestica was eluted of papain affinity column with solution of 50 mM HCl 
and immediately neutralised with 3 M Tris-HCl buffer, pH 10 (Ryan et al., 1998). 

Protein inhibitors of serine proteases retained in protease trypsin-and chymotrypsin-
Sepharose affinity column are generally recovered from resin by the use of fixed 
concentration of HCl. Trypsin is the enzyme most often used as a ligand for the purification 
of PIs by affinity. As example, Macedo et al. (2011) purified a trypsn inhibitor from Sapindus 
saponaria seeds (SSTI) using a trypsin-Sepharose column, where the inhibitor was eluted 
with 0.01 M HCl. Another inhibitor purified by the method of elution with fixed 
concentration of HCl was the inhibitor purified from Adenanthera pavonina seeds (APTI), 
using 0.1 M HCl (Macedo et al., 2004, 2011). Trypsin inhibitor of Cocculus hirsutus leaf (ChTI) 
was recouped of the affinity column with 0.2 N HCl, pH 3.0 (Bhattacharyya et al., 2009). HCl 
concentration of 0.015 M was efficient for removal from Cycas siamensis seeds inhibitor 
(Konarev et al., 2008). The mixture of 0.2 M Gly–HCl buffer in pH 3.0 containing 0.5 M NaCl 
was effective for the recovery of a Kunitz trypsin inhibitor of Entada scandens seeds (ESTI) 
bound the affinity chromatography on trypsin-Sepharose (Lingaraju & Gowda,  
2008). Solution of 1 mM HCl was necessary to remove the trypsin inhibitors of  
Pithecellobium dumosum (Oliveira et al., 2007a, b; 2009) and Crotalaria pallida seeds (Gomes et 
al., 2005). 

Purification of inhibitors from different classes of proteolytic enzymes using few 
purification steps and enzyme immobilization techniques has been used intensively for 
decades. Four competitive Kunitz-type trypsin inhibitors (JB1, JB2, JB3 and JB4) were 
purified from Pithecellobium dumosum by TCA precipitation, affinity chromatography on 
immobilized trypsin-Sepharose and reverse phase HPLC using Vydac C-18 column seeds 
with Ki values of 3.56, 1.65, 2.88 x 10-8 M and 5.70 x 10-10 M (Oliveira et al., 2007). The 
percentage inhibition of JB1, JB2 and JB3 on papain varied between 32.93 to 48.82% and was 
indicative of its bifunctionality with exception of JB4 that inhibited this activity in 9.9%. The 
papain inhibition by JB1 and JB2 were noncompetitive type and the Ki-values were 7.6 x 10-7 
and 5.1 x 10-7 M, respectively. Among these a highly purified Kunitz-type inhibitors 
denominated PdKI (JB1) was isolated by affinity chromatography on trypsin-Sepharose 
column and HPLC (Figure 5) (Oliveira et al., 2007a).  
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and 5.1 x 10-7 M, respectively. Among these a highly purified Kunitz-type inhibitors 
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Fig. 5. (A) Chromatographic profile of Inhibitor of Pithecellobium dumosum seeds on Trypsin-
Sepharose. Column (10 cm X 1.5 cm) was equilibrated with 50 mM Tris-HCl, pH 7.5 buffer 
and the retained proteins were eluted with 1 mM HCl. Fractions obtained were assayed 
against trypsin. (B) Elution profile on HPLC (Vydac C-18) column. The fractions obtained 
from Trypsin-Sepharose column were separated by semi-preparative reverse-phase HPLC 
column at a flow rate of 9 ml/min. Insets: the purified protein was then again subjected to 
analytical reverse-phase HPLC column at a flow rate of 1 ml/min. Both were eluted using a 
gradient of solvent B (60% acetonitrile in 0.1% TFA) in solvent A (0.1% TFA/H2O), and 
monitored at 220 nm. (C) SDS-PAGE (15%) of PdKI from P. dumosum seeds, stained with 
silver nitrate. (M) Protein molecular weight markers: -galactosidase (116 kDa), bovine 
serum albumin (66 kDa), ovalbumin (45 kDa), lactate degydrogenase (35 kDa), restriction 
endonuclease Bsp981 (25 kDa), â-lactoglobulin (18.4 kDa), and lysozyme (14.4 kDa). (1) 
Crude extract; (2) fraction treated with TCA; (3) Trypsin-Sepharose retained peak; (4) PdKI.  
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Although most studies describe elution of proteins retained on affinity column using a fixed 
molarity of HCl, however, it is interesting to test the elution of adsorbed proteins with 
solutions containing different molar concentrations of HCl, similar to stepwise (step by step). 
This procediment is important because high molar HCl concentrations may be unnecessary. 
For example, Figure 6A shows the elution profile of chymotrypsin-Sepharose column of a 
protein sample fractionated with ammonium sulfate at 30-60% saturation, which exhibited 
inhibitory activity to chymotrypsin. The column was equilibrated with Tris-HCl 0.05 M, pH 
7.5. Non-adsorbed proteins were eluted with the same equilibration buffer and proteins 
adsorbed to matrix were eluted with 5 mM HCl. This experiment also used 10 and 100 mM 
HCl. However, only the concentration of 5 mM HCl was necessary for elution of total active 
proteins. In addition, inhibitors bind to immobilized enzyme linked to Sepharose affinity in 
different degrees. For example, Figure 6B shows elution profile of another sample containing 
high inhibitory activity against chymotrypsin. Three different molar concentrations of HCl 
were tested for elution of adsorbed proteins. The adsorbed proteins were differentially eluted 
with two concentrations of HCl. Proteins presenting lower affinity for matrix were eluted with 
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Fig. 5. (A) Chromatographic profile of Inhibitor of Pithecellobium dumosum seeds on Trypsin-
Sepharose. Column (10 cm X 1.5 cm) was equilibrated with 50 mM Tris-HCl, pH 7.5 buffer 
and the retained proteins were eluted with 1 mM HCl. Fractions obtained were assayed 
against trypsin. (B) Elution profile on HPLC (Vydac C-18) column. The fractions obtained 
from Trypsin-Sepharose column were separated by semi-preparative reverse-phase HPLC 
column at a flow rate of 9 ml/min. Insets: the purified protein was then again subjected to 
analytical reverse-phase HPLC column at a flow rate of 1 ml/min. Both were eluted using a 
gradient of solvent B (60% acetonitrile in 0.1% TFA) in solvent A (0.1% TFA/H2O), and 
monitored at 220 nm. (C) SDS-PAGE (15%) of PdKI from P. dumosum seeds, stained with 
silver nitrate. (M) Protein molecular weight markers: -galactosidase (116 kDa), bovine 
serum albumin (66 kDa), ovalbumin (45 kDa), lactate degydrogenase (35 kDa), restriction 
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Crude extract; (2) fraction treated with TCA; (3) Trypsin-Sepharose retained peak; (4) PdKI.  
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HCl. However, only the concentration of 5 mM HCl was necessary for elution of total active 
proteins. In addition, inhibitors bind to immobilized enzyme linked to Sepharose affinity in 
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were tested for elution of adsorbed proteins. The adsorbed proteins were differentially eluted 
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were much lower than before (about 49% inhibition), compared to that obtained in adsorbed 
fractions and when compared to Figure 7A. However, the use of about 7 mg protein resulted 
in adsorption of total protein responsible for inhibitory activity when linked to trypsin 
immobilized on chromatographic matrix. Inhibitory activity against chymotrypsin was 
determined only in non-adsorbed fractions (Figure 7C). Fractions containing only inhibitory 
activity against chymotrypsin were pooled and applied to chymotrypsin-Sepharose affinity 
column, which all inhibitory activity against chymotrypsin was recovered free of any activity 
against trypsin (Figure 7D). This procedure allowed the elimination of total inhibitory activity 
for trypsin and total recovery of inhibitory activity to chymotrypsin present in sample. 

 
Fig. 7. Chromatographic profile of trypsin and chymotrypsin inhibitors in affinity columns.  
Seed extracts were loaded onto trypsin-Sepharose 4B (A-C) or chymotrypsin-Sepharose 4B 
(D) columns equilibrated with 50 mM Tris-HCl buffer, pH 8.0. Adsorbed proteins were 
eluted with 5 mM HCl: (3A) load 35 mg proteins, (3B) 21 mg (3C) 7 mg (3D) 3 mg, 
respectively. It was collected 2 mL/fraction and monitored at A = λ280 nm. 

4.5 Detection (inhibitory activity) 

Trypsin and chymotrypsin from bovine pancreas are serine protease more used in vitro 
assays for determination of the presence of inhibitory activity by the crude extracts of 
several origins, by accompaniment of inhibitory activity during all the isolation process, as 
well as to characterize inhibitor purified, including determination of dissociation constant 
(Ki), formation of inhibitor-serine protease complex and studies about stability of the 
inhibitory activity (Mello et al., 2001; Macedo et al., 2002, 2003, 2007; Pando et al., 1999; 
Gomes et al., 2005; Araujo et al., 2005; Oliveira et al., 2002, 2007a,b, 2009). Mature trypsin is 
composed for 223 amino acid residues with His57, Asp102 and Ser195 residues forming its 
catalytic triad (figure 2). Trypsin is 24 kDa distributed in a single chain polypeptide cross-
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linked by 6 disulfide bridges. Trypsin hydrolyzes specifically peptides on the carboxyl side 
of Lys and Arg amino acid residues (Walsh, 1970) in substrate protein such as azocasein 
(Xavier-Filho et al., 1989) or synthetic substrate as BAEE, benzoyl L-arginine ethyl ester 
(Avineri-Goldman et al., 1967; Delaage & Ladunski, 1968); TAME, p-toluenesulfonyl-L-
arginine methyl ester (Bhattacharyy et al., 2006, 2007, 2009); tosyl-L-arginine methyl ester 
and BApNA, Na-benzoyl-L-arginine p-nitroanilide (Erlanger et al., 1961; Gomes et al., 2005; 
Araujo et al., 20005; Oliveira et al., 2007, 2009; Migliolo et al., 2010). 

Chymotrypsin from bovine pancreas is a protein of 25 kDa, pI of 8.7, consisting of 241 amino 
acid residues composed by three peptide chains (A, B and C chain with 13, 131 and 97 
residues, respectively), joined by disulfide bridges that shows capacity to hydrolyze peptide 
bonds on the C-terminal side of tyrosine, phenylalanine, tryptophan, leucine as well as 
methionine, isoleucine, serine, threonine, valine, histidine, glycine, and alanine (Appel, 1986; 
Ui, 1971). Hydrolyze of azocasein (Xavier-Filho et al., 1989) and release of p-nitroanilide 
from amide synthetic substrate (BTpNA, N-Benzoyl-L-tyrosine p-nitroanilide; N-Succinyl-L-
phenylalanine-p-nitroanilide) are commonly used to assay chymotrypsin inhibitory activity 
(Nakahata et al., 2006; Macedo et al., 2007; Mello et al., 2001; Pando et al., 1999) as well as the 
hydrolyze of ester linkages of BTEE, N-Benzoyl-L-tyrosine ethyl ester (Bhattacharyy et al., 
2006, 2007, 2009).  

Both enzymes (Trypsin and chymotrypsin) are soluble, stabilized and can be stored in 1 mM 
HCl solution for 1 year at -20°C. The addition of calcium into of enzyme solution beyond 
stabilizing enzymes prevents the process of autolysis (Sipos & Merkel, 1970). The formation 
of p-nitroaniline (bright yellow) from amide substrate (BApNA, BTpNA) by trypsin and 
chymotrypsin is monitored at 405-410 nm (Nakahata et al., 2006; Macedo et al., 2007; Mello 
et al., 2001; Pando et al., 1999; Oliveira et al., 2007, 2009; Oliva et al., 1996). 

The hydrolysis of azocasein (casein with 23.6 kDa conjugated to an azo-dye) is a procedure 
very used for the determination of proteolytic enzymatic activities that act in pH above of 
5.0 as serine and cysteine proteases. Azocasein solution precipitates in pH below of 4.5. In 
general, in azocasein hydrolysis assays, reaction is stopped by the addition of trichloroacetic 
acid solution resulting in the formation of colored (red-orange) soluble components which 
are measured at (absorption maximum) 440 nm (Charney & Tomarelli, 1947). 

5. Conclusions 
The process of purification of biomolecules includes a combination of separation techniques, 
such as: extraction, fractionation by precipitation and chromatographies addressing 
different properties. The type and amount of technique will depend on the nature and 
characteristics of the molecule of interest, as well as the degree of purity desired in the final 
product. Among the chromatographic techniques, the affinity chromatography, by which 
specific biological properties can be exploited, stands out for its high purification capacity. 
For example, affinity chromatography on columns containing immobilized enzymes 
provides an efficient and rapid process of isolation and purification of protease inhibitors 
from different sources. This procedure provides advantages as high enrichment of inhibitor 
fraction, reduction of purification steps due to high binding specificity of the protein 
immobilized on a chromatographic matrix and purification of different protease inhibitors 
in the same fraction by differential elution of material retained on chromatographic matrix 
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linked by 6 disulfide bridges. Trypsin hydrolyzes specifically peptides on the carboxyl side 
of Lys and Arg amino acid residues (Walsh, 1970) in substrate protein such as azocasein 
(Xavier-Filho et al., 1989) or synthetic substrate as BAEE, benzoyl L-arginine ethyl ester 
(Avineri-Goldman et al., 1967; Delaage & Ladunski, 1968); TAME, p-toluenesulfonyl-L-
arginine methyl ester (Bhattacharyy et al., 2006, 2007, 2009); tosyl-L-arginine methyl ester 
and BApNA, Na-benzoyl-L-arginine p-nitroanilide (Erlanger et al., 1961; Gomes et al., 2005; 
Araujo et al., 20005; Oliveira et al., 2007, 2009; Migliolo et al., 2010). 

Chymotrypsin from bovine pancreas is a protein of 25 kDa, pI of 8.7, consisting of 241 amino 
acid residues composed by three peptide chains (A, B and C chain with 13, 131 and 97 
residues, respectively), joined by disulfide bridges that shows capacity to hydrolyze peptide 
bonds on the C-terminal side of tyrosine, phenylalanine, tryptophan, leucine as well as 
methionine, isoleucine, serine, threonine, valine, histidine, glycine, and alanine (Appel, 1986; 
Ui, 1971). Hydrolyze of azocasein (Xavier-Filho et al., 1989) and release of p-nitroanilide 
from amide synthetic substrate (BTpNA, N-Benzoyl-L-tyrosine p-nitroanilide; N-Succinyl-L-
phenylalanine-p-nitroanilide) are commonly used to assay chymotrypsin inhibitory activity 
(Nakahata et al., 2006; Macedo et al., 2007; Mello et al., 2001; Pando et al., 1999) as well as the 
hydrolyze of ester linkages of BTEE, N-Benzoyl-L-tyrosine ethyl ester (Bhattacharyy et al., 
2006, 2007, 2009).  

Both enzymes (Trypsin and chymotrypsin) are soluble, stabilized and can be stored in 1 mM 
HCl solution for 1 year at -20°C. The addition of calcium into of enzyme solution beyond 
stabilizing enzymes prevents the process of autolysis (Sipos & Merkel, 1970). The formation 
of p-nitroaniline (bright yellow) from amide substrate (BApNA, BTpNA) by trypsin and 
chymotrypsin is monitored at 405-410 nm (Nakahata et al., 2006; Macedo et al., 2007; Mello 
et al., 2001; Pando et al., 1999; Oliveira et al., 2007, 2009; Oliva et al., 1996). 
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acid solution resulting in the formation of colored (red-orange) soluble components which 
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The process of purification of biomolecules includes a combination of separation techniques, 
such as: extraction, fractionation by precipitation and chromatographies addressing 
different properties. The type and amount of technique will depend on the nature and 
characteristics of the molecule of interest, as well as the degree of purity desired in the final 
product. Among the chromatographic techniques, the affinity chromatography, by which 
specific biological properties can be exploited, stands out for its high purification capacity. 
For example, affinity chromatography on columns containing immobilized enzymes 
provides an efficient and rapid process of isolation and purification of protease inhibitors 
from different sources. This procedure provides advantages as high enrichment of inhibitor 
fraction, reduction of purification steps due to high binding specificity of the protein 
immobilized on a chromatographic matrix and purification of different protease inhibitors 
in the same fraction by differential elution of material retained on chromatographic matrix 
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using different conditions to destabilize the adsorption between the complex enzyme-
inhibitor. Protease inhibitors purified in this way can be evaluated for their use in 
agriculture and pharmaceutical industry. To analyze the application of protease inhibitors in 
these sectors are needed bioassays that require a lot of protein for development of dose-
response curves. So the affinity chromatography represents a powerful tool for the 
enrichment of these proteins and enables the rapid achievement of these for analysis of 
activities like: bioinsecticide, bionematicide, bactericidal, anti-inflammatory, anticoagulant, 
and antitumor among others. The use of affinity chromatography on an industrial scale 
could also facilitate the achievement of these molecules for their use. 
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1. Introduction 
During the last two decades it emerged that cGMP-dependent protein kinases (PKG) act as 
signalling molecules with pleiotropic physiological functions e.g. in the cardiovascular 
system, in the gastrointestinal tract, immune system and central nervous system (Hofmann 
et al., 2006). The cellular effects of PKG are transmitted by its phosphorylated substrates. 
The identification of different PKG substrates in the diverse organs and cells and the 
analysis of the interaction of PKG with its substrates are important issues which are strongly 
targeted by several research groups recently (summarized in (Schlossmann & Desch, 2009)). 
An important step for elucidating the identity and function of cGMP-kinase substrate 
proteins was the use of affinity chromatography methods utilizing immunoprecipitation or 
cyclic nucleotide based affinity columns. Thereby, a ternary complex of cGMP-kinase was 
purified which consists of the PKG1 isoform PKG1β, the inositol-trisphosphate receptor 
type 1 (InsP3R1) and the inositol-trisphosphate receptor-associated cGMP-kinase substrate 
protein (IRAG). Functional analysis by genetic deletion of IRAG in mice revealed that IRAG 
is essential for relaxation of vascular smooth muscle and for inhibition of platelet 
aggregation. Meanwhile, it was elucidated that IRAG also interacts with further isoforms of 
InsP3R, namely InsP3R2 and InsP3R3. Furthermore, the ternary PKG1 core complex 
associates with several other proteins which might tune the cellular function of PKG1 in 
various tissues. In comparison, the association of PKG1α with substrate proteins, MYPT1 or 
RGS2, was also identified by affinity chromatography including immunoprecipitation, GST-
fusion proteins and/or His-tagged proteins. Therefore, the stable interaction of PKG with its 
substrate proteins might be a common theme and might lead to the view that direct 
interactions convert the intracellular function of PKG in analogy to the mechanisms which 
were identified for cAMP-dependent protein kinases. Therefore, affinity chromatography 
methods are essential tools for the identification of PKG substrate proteins and function in 
cells and tissues. The present review will give an overview of the structural and functional 
features of PKGs and of diverse PKG complexes which were identified by different affinity 
chromatographic techniques.  
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1. Introduction 
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cyclic nucleotide based affinity columns. Thereby, a ternary complex of cGMP-kinase was 
purified which consists of the PKG1 isoform PKG1β, the inositol-trisphosphate receptor 
type 1 (InsP3R1) and the inositol-trisphosphate receptor-associated cGMP-kinase substrate 
protein (IRAG). Functional analysis by genetic deletion of IRAG in mice revealed that IRAG 
is essential for relaxation of vascular smooth muscle and for inhibition of platelet 
aggregation. Meanwhile, it was elucidated that IRAG also interacts with further isoforms of 
InsP3R, namely InsP3R2 and InsP3R3. Furthermore, the ternary PKG1 core complex 
associates with several other proteins which might tune the cellular function of PKG1 in 
various tissues. In comparison, the association of PKG1α with substrate proteins, MYPT1 or 
RGS2, was also identified by affinity chromatography including immunoprecipitation, GST-
fusion proteins and/or His-tagged proteins. Therefore, the stable interaction of PKG with its 
substrate proteins might be a common theme and might lead to the view that direct 
interactions convert the intracellular function of PKG in analogy to the mechanisms which 
were identified for cAMP-dependent protein kinases. Therefore, affinity chromatography 
methods are essential tools for the identification of PKG substrate proteins and function in 
cells and tissues. The present review will give an overview of the structural and functional 
features of PKGs and of diverse PKG complexes which were identified by different affinity 
chromatographic techniques.  
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2. cGMP-dependent protein kinases (PKG): Structure and function 
PKG are stimulated by cGMP which is a key cellular second messenger. cGMP is 
synthesized by cytosolic soluble guanylyl cyclases (sGC) and membrane-bound particular 
guanylyl cyclases (pGC). sGC are activated by the gaseous molecule nitric oxide (NO). pGC 
are integral membrane proteins which are stimulated by the natriuretic peptides ANP, BNP, 
CNP or guanylin/uroguanylin. The different intracellular locations of these enzymes lead to 
the view that the localized synthesis of cGMP could differentiate the alternate function of 
NO and natriuretic peptides (Castro et al., 2010) 

PKGs are Ser/Thr kinases which phosphorylate its substrates at the recognition site K/R K/R 
X S/T (one letter code of aa; X can be each aa). PKGs are expressed as three different proteins: 
PKG1α with 676 aa, PKG1β with 686 aa, PKG2 with 762 aa. PKG1 and PKG2 are encoded by 
two different genes, prkg1 and prkg2. The PKG1 isoforms are cytosolic enzymes, whereas 
PKG2 is plasma membrane-bound by an N-terminal myristoylation modification. The two 
PKG1 isoforms PKG1α and PKG1β are expressed from the prkg1 gene by differential splicing 
and thereby differ in the N-terminal first ~100 aa which reside isoleucine/leucine zipper 
regions (LZ) (Fig. 1). These LZ exhibit several isoform-specific functions: homodimerization, 
recognition of specific-substrates, intracellular targeting. Furthermore, the Ka for cGMP-
activation of PKG1 isoforms varies more than 10-fold. The Ka (cGMP) of PKG1α is 0.059 µM 
and of PKG1β is 0.79 µM. Recently, the structural features of PKG1 could be more specified by 
the first crystal structures of the N-terminal leucine zipper of PKG1β and the cGMP-binding 
domains of PKG1β (Casteel et al., 2011; Kim et al., 2011). Homodimerization of PKG1β is 
mediated by eight Ile/Leu heptad repeats. Thereby, hydrophilic aa residues are coordinated in 
a “knobs into holes” structure which assists the dimer formation. NMR studies of the PKG1α 
N-terminal domain (aa 1-39) revealed an α-helical structure with a parallel monomeric 
association of the coiled-coil domain which warrants PKG1α homodimerization through fixed 
electrostatic interactions. The inhibitory sequence (IS) contains the substrate-like sequence 
PRT59TR with autophosphorylation site (Thr59) of PKG1α (Aitken et al., 1984) and the 
presumed pseudosubstrate KRQAISAE of PKG1β (Kemp & Pearson, 1990; Ruth et al., 1997). 
The IS inactivates the kinase when cGMP is absent. 

Upon cGMP binding the kinase is activated. The holo-enzymes of PKG1α or PKG1β contain 
two different cyclic nucleotide-binding domains CNBD-A and CNBD-B (Fig. 1). The recently 
obtained cocrystals of PKG1β (aa92-227) containing the N-terminal cyclic nucleotide binding 
domain of PKG1β (CNBD-A) together with cGMP and cAMP revealed new insights into the 
cyclic nucleotide-binding mechanism (Kim et al., 2011). cGMP attachs only in the syn 
conformation to CNBD-A, whereas cAMP in either syn or anti configuration. Surprisingly, 
CNBD-A binds both cGMP and cAMP with high affinity. Only a 2-fold preference was 
found for cGMP. Therefore, a possible cooperative action of CNBD-A and CNBD-B in cyclic-
nucleotide-binding is proposed which should ensure a more differential cyclic nucleotide 
binding profile of PKG1. The recently published crystal structure of the regulatory domain 
containing both cGMP-binding sites of PKG1α (aa78-355) revealed a switch helix which 
promotes the formation of a hydrophobic interface between both cGMP-binding sites 
(Osborne et al., 2011). The regulatory domain is followed by the catalytic domain 
comprising an ATP binding - and a substrate binding domain. The 3-dimensional structure 
of these domains was not reported so far. Therefore, the structural elucidation of these 
different PKG1-domains and the holo-enzyme are still new challenges which will be 
essential for the functional insight of PKG1. 
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(A) The PKG1 is subdivided into the regulatory domain at the N terminus and the catalytic domain at 
the C terminus. The regulatory domain consists of the leucine zipper (LZ), the inhibitory sequence (IS) 
and the two cGMP binding pockets (cGMP-A/B = CNBD-A/B). The LZ is necessary for dimerization 
and docking to the substrates (Casteel et al., 2011). The primary sequences of the N-terminal 45 amino 
acids of the PKG1α LZ and of the N-terminal 50 amino acids of the PKG1β LZ are illustrated. The amino 
acids are grouped in a heptad repeat (a-g). The a-positions exhibit primary leucine or isoleucine 
residues (shaded in lilac) and the d-positions are mostly charged or hydrophilic residues (shaded in 
pink). (B) Scheme of PKG1β regulatory domain structure (Casteel et al., 2011). Leucine Zipper: The α-
helical structure is depicted in green. Side chains in the helix are marked. The linker sequence between 
the leucine zipper and the autoinhibitory domain is variable between PKG1α and PKG1β, but is not 
important for the PKG1α or PKG1β phenotype (Ruth et al., 1997). IS: The inhibitory sequence is 
schematically drawn. It determines the high affinity PKG1α and the low affinity PKG1β phenotype 
(Ruth et al., 1997). cGMP-A binding pocket: cGMP binds in a syn conformation to CNBD-A (see 3.). The 
essential amino acids (T193, L187’, N189’) for cGMP-binding are shown. 

Fig. 1. Structural requirements for interaction of PKG1α and PKG1β with their substrates 
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Table 1. Identification of PKG1 interaction with substrates. 
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The table gives an overview of substrates interacting with PKG1α, PKG1β or both PKG1 
isoforms, their molecular weights, the methods for identification of interaction and their 
main function. 

PKG1 exhibits various functions e.g. in the cardiovascular system, in the lung, in the 
intestine, in platelets and in the central nervous system. PKG1 is important for the relaxation 
of vascular and gastrointestinal smooth muscle. This enzyme inhibits platelet activation and 
thereby protects against arterial thrombosis. Furthermore, in the central nervous system 
PKG1 is involved in processes of learning and memory (Hofmann et al., 2009). In some 
tissues - e.g. smooth muscles - both PKG1 isoforms are expressed. However, there are 
tissues where only the α-isoform is present e.g. in the lung or in the cerebellum, whereas in 
other cells exclusively the β-isoform is found e.g. in the human platelets or in the 
hippocampus. These different locations lead to the view that both isoforms exhibit different 
functions in tissues and cells. Therefore, the identification of isoform-specific substrates was 
a breakthrough to dissect the individual functions of the PKG1α and PKG1β. Particularly, 
regarding smooth muscle contractility the identification of substrates of PKG1α (regulator of 
G-protein signalling 2 (RGS2) and myosin phosphatase subunit 1 (MYPT1)) and of PKG1β 
(inositol trisphosphate receptor-associated cGMP kinase substrate protein (IRAG)) 
substantiated a detailed view of functional regulation by these PKG1 isoforms. RGS2 
phosphorylation regulates the intracellular activity of Gq/11 and thereby reduces the 
intracellular synthesis of InsP3 by phospholipase C. MYPT1 phosphorylation leads to 
calcium desensitization of the cytoskeletal contractility (Schlossmann & Desch, 2009). 
Phosphorylation of IRAG inhibits the intracellular calcium release via InsP3R1. Furthermore, 
IRAG is an important substrate for the NO/cGMP-dependent inhibition of platelet function 
and thereby prevents arterial thrombosis (Hofmann et al., 2006; Schlossmann & Desch, 
2011). Various other substrates were identified in tissues and cells which lead to more 
precise understanding of physiological PKG functions (Hofmann et al., 2009; Schlossmann & 
Desch, 2009). Particularly, the identification of different PKG1-complexes together with its 
substrates directed to specific signalling pathways of the PKG1 isoforms. The elucidation of 
these complexes by affinity chromatography will be reviewed below in part 3 (PKG 
complexes by affinity chromatography). 

3. PKG-complexes by affinity chromatography 
3.1 Immunoprecipitation methods 

Immunoprecipitation utilizes binding of a protein from a tissue or cell lysate to the 
respective primary protein-specific antibody which is linked to a Sepharose matrix followed 
by precipitation of the protein-antibody complex e.g. by centrifugation. If there are 
interacting proteins that build a stable complex with the antibody-bound protein, they can 
also be detected in the precipitate and hence are so called co-immunoprecipitated. The 
matrices used most commonly for co-immunoprecipitation experiments are protein A-
Sepharose or protein G-Sepharose. Protein A and protein G are cell surface proteins from 
staphylococcus aureus or from streptococcus, respectively, which are able to efficiently bind 
immunoglobulins. Protein G-Sepharose binds goat, sheep and mouse primary antibodies 
with higher affinity than protein A-Sepharose (Kaboord & Perr, 2008). 
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For the PKG1, there are different protein complexes, which were identified by co-
immunoprecipitation techniques. An identified PKG complex is the trimeric macrocomplex 
consisting of the PKG1β, IRAG and the InsP3R1 (Fig. 2, Table 1). The previously unknown 
protein IRAG was detected as a PKG1 substrate that could be phosphorylated in the 
presence of cGMP in bovine tracheal smooth muscle membranes. The multimeric complex 
was identified by co-immunoprecipitation experiments with the specific antibodies against 
the three proteins (Schlossmann et al., 2000). In each co-immunoprecipitation test, all three 
components of the complex could be detected in the precipitate. Later, Masuda et al. 
investigated the interaction between all InsP3R-subtypes and IRAG-GFP proteins by co-
immunoprecipitation experiments with anti-GFP antibody (Masuda et al., 2010). Both the 
neuronal S2+-InsP3R1 and the peripheral S2--InsP3R1 interacted with IRAG(GFP) after 
transient expression in COS7 cells. By expressing IRAG∆E12(GFP) which lacked the coiled-
coil interaction site with the InsP3R, the InsP3R1 could not be detected in the 
immunoprecipitation pellet. In contrast, the PKG1β was precipitated with IRAG and with 
IRAG∆E12. In conclusion, there was a stable interaction between PKG1β and IRAG but not 
between PKG1β and the InsP3R1. Additionally, it was shown, that InsP3R2 and InsP3R3 also 
interact with full-length IRAG but not with IRAG∆E12 in COS7 cells (Masuda et al., 2010).  

After that, in an immunoprecipitation experiment with anti-PKG1 antibody phospholamban 
(PLB) was identified as an additional component of the above described signalling complex 
(Koller et al., 2003) (Fig. 2, Table 1). Upon co-expression of InsP3R1, IRAGa, PKG1β and PLB 
in COS7 cells, InsP3R1 and PKG1β could be precipitated with anti-PLB antibody. Moreover, 
solubilized bovine tracheal smooth muscle membranes were incubated with antibodies 
against IRAG, PLB and PKG1 and in each precipitate the trimeric complex could be 
detected. Thus it was demonstrated that PLB is part of the IRAG/PKG1β/InsP3R1 signalling 
complex. 

In 2008, the PDE5 could be verified as a further component of the macrocomplex in human 
platelets (Wilson et al., 2008) (Fig. 2, Table 1). Incubation of platelet lysates with the antisera 
against PDE5, PKG and InsP3R1 allowed co-immunoprecipitation of all three proteins. IRAG 
was not directly detected in the complex because a primary anti-IRAG antibody was not 
available. However, Wilson et al. suggested that IRAG was also a component of this PDE5 
signalling complex, because after 32P-incorporation into the anti-PKG immunoprecipitate a 
band corresponding to the molecular weight of IRAG was detected in the autoradiogram. 
Furthermore, it was shown that only the PKG-associated form of PDE5 could be 
phosphorylated and activated after 8-Br-cGMP treatment and also only the InsP3R1-
associated PDE5 could be selectively activated by PKG1. This was demonstrated by 
measurements of PDE activities in different cellular fractions which contained or were 
devoid of InsP3R1.  

Additionally to the trimeric complex, the interaction between MYPT1 -the myosin-binding 
subunit (MBS) of myosin phosphatase- and PKG1α could be verified by 
immunoprecipitation experiments (Fig. 2, Table 1). Lysates from saphenous vein smooth 
muscle cells were incubated with anti-PKG1α and anti-MYPT1 antibodies and in the first 
case MYPT1 and in the second case PKG1α was detected in the protein A-Sepharose 
precipitate (Surks et al., 1999). Furthermore, in the PKG1α-immunoprecipitate, PP1 
phosphatase activity was measured and also inhibited by the phosphatase inhibitor ocadaic 
acid. After that, to detect possible further PKG1α substrates in the PKG1α-PP1M complex, 
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cGMP and PKG1α were added to anti-MYPT1 immunopellets. In the presence of [γ-32P]ATP 
there was a significantly increased phosphorylation of MYPT1. In 2003, it was hypothesized 
that the leucine zipper domains of MYPT1 and PKG1α mediate the interaction between the 
two proteins (Surks & Mendelsohn, 2003). To further investigate the relevance of the MYPT1 
leucine zipper for the interaction, co-immunoprecipitation experiments were performed 
with chicken smooth muscle cells and chicken smooth muscle tissue (Huang et al., 2004). 
Aorta from embryonic day 15 expressed a leucine zipper positive MYPT1 (LZ+) and gizzard 
smooth muscle tissue from day 7 expressed a LZ- MYPT1 isoform. Both LZ+ and LZ- MYPT1 
isoforms associated with PKG1 and the presence of cGMP increased the binding of the 
MYPT1 to PKG1 in the embryonic aorta. In contrast, in cultured smooth muscle cells, neither 
LZ+ nor LZ- MYPT1 isoforms co-immunoprecipitated with PKG1α. These results suggested 
that the binding of MYPT1 to PKG1α is not mediated by a LZ-LZ interaction. Because 
PKG1α prefers binding to RR and RK motifs (Dostmann et al., 2000) and there is an RK 
motif in the aa 888–928 sequence of MYPT1, the relevance of this sequence was investigated 
(Given et al., 2007). Mutants were generated, which lack or contain this sequence and which 
also lack or contain the leucine zipper. These four MYPT1 mutant proteins were added to 
adult chicken gizzard lysate and chicken aorta lysate and co-immunoprecipitation 
experiments with anti-PKG1α antibody were performed. Only the fragments that contained 
the amino acids 888-928 interacted with PKG1α and the interaction was independent of the 
expression of the leucine zipper (Given et al., 2007). The RK motif within the aa 888-928 
sequence is located at aa 916 and 917, that were mutated to alanine (MYPT1A) or glutamic 
acid (MYPT1E) to investigate whether these two amino acids are important for binding of 
PKG1α. It was shown that MYPT1A binds to PKG1α whereas the interaction between 
MYPT1E and PKG1α is abolished. Therefore the amino acids R916 K917 are important for the 
binding of PKG1α and the interaction depends on the charge of the amino acid residues and 
not on the size. At last, it was proved that an accessory protein may be necessary for 
interaction, because there is a loss of the MYPT1-PKG1α interaction if partially purified 
PKG1α is used in the co-immunoprecipitation experiment with the MYPT1 fragment (Given 
et al., 2007). 

Additionally to the IRAG- and the MYPT1- PKG1 complexes, an interaction between PKG1α 
and the regulator of G-protein signalling-2 (RGS2) was demonstrated (Fig. 2, Table 1). When 
recombinant [35S] RGS2 protein and recombinant PKG1α were combined, a co-
immunoprecipitation of the RGS2 protein with PKG1α was detected (Tang et al., 2003). 

3.2 Affinity chromatography by GST-fusion or His-tagged proteins 

The interaction between two proteins can also be investigated by generation and analysis of 
GST- and His-tagged fusion proteins. A GST-tagged fusion protein contains the glutathione 
S-transferase enzyme and can be purified with glutathione beads. A Polyhistidine-tag 
consists of at least five histidine residues and His-tagged fusion proteins bind to Ni2+-
matrices. These methods were used for the analysis of the interaction of substrate proteins 
with PKG1α or PKG1β. The interactions of the different GST- and His-tagged proteins are 
summarized in table 2. 

The interaction between RGS2 and PKG1α was also demonstrated by analysing GST-fusion 
proteins (Tang et al., 2003). A GST-PKG1α (1-59) fusion protein, which contained the PKG1α 
leucine zipper domain, interacted with the [35S] RGS2 protein. The N-terminal region of  
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For the PKG1, there are different protein complexes, which were identified by co-
immunoprecipitation techniques. An identified PKG complex is the trimeric macrocomplex 
consisting of the PKG1β, IRAG and the InsP3R1 (Fig. 2, Table 1). The previously unknown 
protein IRAG was detected as a PKG1 substrate that could be phosphorylated in the 
presence of cGMP in bovine tracheal smooth muscle membranes. The multimeric complex 
was identified by co-immunoprecipitation experiments with the specific antibodies against 
the three proteins (Schlossmann et al., 2000). In each co-immunoprecipitation test, all three 
components of the complex could be detected in the precipitate. Later, Masuda et al. 
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immunoprecipitation experiments with anti-GFP antibody (Masuda et al., 2010). Both the 
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cGMP and PKG1α were added to anti-MYPT1 immunopellets. In the presence of [γ-32P]ATP 
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leucine zipper for the interaction, co-immunoprecipitation experiments were performed 
with chicken smooth muscle cells and chicken smooth muscle tissue (Huang et al., 2004). 
Aorta from embryonic day 15 expressed a leucine zipper positive MYPT1 (LZ+) and gizzard 
smooth muscle tissue from day 7 expressed a LZ- MYPT1 isoform. Both LZ+ and LZ- MYPT1 
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acid (MYPT1E) to investigate whether these two amino acids are important for binding of 
PKG1α. It was shown that MYPT1A binds to PKG1α whereas the interaction between 
MYPT1E and PKG1α is abolished. Therefore the amino acids R916 K917 are important for the 
binding of PKG1α and the interaction depends on the charge of the amino acid residues and 
not on the size. At last, it was proved that an accessory protein may be necessary for 
interaction, because there is a loss of the MYPT1-PKG1α interaction if partially purified 
PKG1α is used in the co-immunoprecipitation experiment with the MYPT1 fragment (Given 
et al., 2007). 

Additionally to the IRAG- and the MYPT1- PKG1 complexes, an interaction between PKG1α 
and the regulator of G-protein signalling-2 (RGS2) was demonstrated (Fig. 2, Table 1). When 
recombinant [35S] RGS2 protein and recombinant PKG1α were combined, a co-
immunoprecipitation of the RGS2 protein with PKG1α was detected (Tang et al., 2003). 

3.2 Affinity chromatography by GST-fusion or His-tagged proteins 

The interaction between two proteins can also be investigated by generation and analysis of 
GST- and His-tagged fusion proteins. A GST-tagged fusion protein contains the glutathione 
S-transferase enzyme and can be purified with glutathione beads. A Polyhistidine-tag 
consists of at least five histidine residues and His-tagged fusion proteins bind to Ni2+-
matrices. These methods were used for the analysis of the interaction of substrate proteins 
with PKG1α or PKG1β. The interactions of the different GST- and His-tagged proteins are 
summarized in table 2. 

The interaction between RGS2 and PKG1α was also demonstrated by analysing GST-fusion 
proteins (Tang et al., 2003). A GST-PKG1α (1-59) fusion protein, which contained the PKG1α 
leucine zipper domain, interacted with the [35S] RGS2 protein. The N-terminal region of  
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Fig. 2. PKG1α and PKG1β complexes identified by affinity chromatography methods 
The filled lines indicate confirmed stable interactions between two complex proteins. When 
the respective interaction sites are known they are illustrated in the figure. The broken lines 
indicate putative interactions of complex proteins.  
Complex proteins: PKG1α/β: cGMP-dependent protein kinase 1α/β; IRAG: inositol-
trisphosphate receptor-associated cGMP-kinase substrate protein; InsP3R1/2/3: inositol 
1,4,5-trisphophate receptor subtype 1/2/3; PDE5: phosphodiesterase 5; TFII-1: general 
transcriptional regulator 1; PLB: phospholamban; CRP4: Cystein rich LIM protein 4; 
MYPT1: myosin targeting subunit of myosin phosphatase; RGS2: regulator of G-protein 
signalling 2 
Interaction sites: LZ: leucine zipper; INT: IRAG-interaction site with PKG1β; CC: coiled-coil 
domain 

RGS2 (GST-RGS2-N; residues 1-79) bound endogenous PKG1α from venous and arterial 
VSMC lysates. In contrast, the GST-RGS2 fusion protein of the C-terminus (GST-RGS2-C 
(80-211)) did not interact with the cGMP-dependent protein kinase. Summing up, the N-
terminus of RGS2 binds the N-terminal leucine zipper domain of PKG1α in vascular smooth 
muscle cells (Fig. 2).  

GST-fusion proteins were also generated to investigate the MYPT1-PKG1α interaction 
(Surks et al., 1999). A GST-MYPT1 protein (GST MYPT1 (850-1030) WT), a GST-tagged 
protein of the C-terminus of the Myosin-binding subunit interacted with PKG1α. After that, 
it was demonstrated with GST-fusion proteins of the N-termini of PKG1α (GST PKG1α (1-
59)), PKG1β (GST PKG1β (1-92)) and PKG2 (GST PKG2 (1-272)) that only PKG1α interacts 
with MYPT1 (Fig. 2). Subsequently, the relevance of the leucine zipper of MYPT1 for the 
interaction with PKG1α was also investigated with GST-tagged proteins. GST-fusion 
proteins of MYPT1 mutants were generated in which two consecutive leucines were 
mutated to alanine (MYPT1 1007A1014A mutant and MYPT1 1021A1028A mutant). Only 
the wild-type GST-MYPT1 bound endogenous PKG1α from human aortic smooth muscle 
cell lysate, the MYPT1 mutants did not interact with the cGMP-dependent protein  
kinase (Surks & Mendelsohn, 2003). The MYPT1 leucine zipper was also relevant for 
homodimerization because these leucine zipper mutant GST-MYPT1 (GST MYPT1 CT181 

L1021A/L1028A and GST MYPT1 CT181 L1007A/L1014A) did not bind MYPT1 from VSMC 
lysate (Surks & Mendelsohn, 2003). On the other hand the PKG1α leucine/isoleucine zipper  
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Table 2. Interaction of GST- and His-tagged fusion proteins (PKG1α, PKG1β and/or its 
substrate proteins). More details of these interactions are given in chapter 3. 
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(80-211)) did not interact with the cGMP-dependent protein kinase. Summing up, the N-
terminus of RGS2 binds the N-terminal leucine zipper domain of PKG1α in vascular smooth 
muscle cells (Fig. 2).  

GST-fusion proteins were also generated to investigate the MYPT1-PKG1α interaction 
(Surks et al., 1999). A GST-MYPT1 protein (GST MYPT1 (850-1030) WT), a GST-tagged 
protein of the C-terminus of the Myosin-binding subunit interacted with PKG1α. After that, 
it was demonstrated with GST-fusion proteins of the N-termini of PKG1α (GST PKG1α (1-
59)), PKG1β (GST PKG1β (1-92)) and PKG2 (GST PKG2 (1-272)) that only PKG1α interacts 
with MYPT1 (Fig. 2). Subsequently, the relevance of the leucine zipper of MYPT1 for the 
interaction with PKG1α was also investigated with GST-tagged proteins. GST-fusion 
proteins of MYPT1 mutants were generated in which two consecutive leucines were 
mutated to alanine (MYPT1 1007A1014A mutant and MYPT1 1021A1028A mutant). Only 
the wild-type GST-MYPT1 bound endogenous PKG1α from human aortic smooth muscle 
cell lysate, the MYPT1 mutants did not interact with the cGMP-dependent protein  
kinase (Surks & Mendelsohn, 2003). The MYPT1 leucine zipper was also relevant for 
homodimerization because these leucine zipper mutant GST-MYPT1 (GST MYPT1 CT181 

L1021A/L1028A and GST MYPT1 CT181 L1007A/L1014A) did not bind MYPT1 from VSMC 
lysate (Surks & Mendelsohn, 2003). On the other hand the PKG1α leucine/isoleucine zipper  
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substrate proteins). More details of these interactions are given in chapter 3. 
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was dispensable for formation of PKG dimers, which was shown by analysing the 
interaction between GST-tagged wild type and mutant amino-terminal PKG1α and 
endogenous PKG1α from VSMC lysate (Surks & Mendelsohn, 2003). Lee et al. (Lee et al., 
2007) provided data that supported the importance of both the leucine zipper and the C-
terminal CC domain of MYPT1 for the formation of the PKG1α-MYPT1 complex. Therefore, 
the interaction between the leucine zipper of PKG1α (PKG1α1-59) and the C-terminal CC 
domain of the Myosin Binding Subunit was tested (Sharma et al., 2008). A C-terminal His6-
MYPT1 CT100 (residues 930-1030) protein which was bound to Ni2+-NTA resin precipitated 
GST-PKG1α1–59. In isothermal titration calorimetry studies and NMR experiments the 
importance of the residues 929-970 (MYPT1 CT42) for the interaction with the leucine zipper 
of PKG1α was demonstrated (Sharma et al., 2008). In short, if the leucine-zipper motif of 
MYPT1 is absent, the PKG1α leucine-zipper binds to the coiled coil region and upstream 
segments of MYPT1 (Lee et al., 2007). 

GST-fusion proteins were also generated to further investigate the interaction between 
IRAG and PKG1β. A GST-tagged full-length PKG1β interacted in vivo with a Myc-tagged 
IRAG (full-length IRAG WT) after expression of the proteins in COS7 cells (Casteel et al., 
2005). Full-length PKG1α showed no binding of IRAG. Because both PKG1 isoforms bind 
via salt sensitive ionic interactions, the involvement of charged residues within the leucine 
zipper of PKG1β was tested. Acidic residues in the N-terminal sequence of PKG1β were 
mutated and the GST-tagged mutants were expressed in E.coli. These proteins were 
incubated with the Myc- and His-tagged N-terminal IRAG (His/Myc IRAG (1-415) WT). 
Two mutants of PKG1β (GST PKG1β (1-110) E29K and GST PKGIβ (1-110) D26K/E31R) 
showed no longer binding to IRAG and therefore it was concluded that acidic residues in 
PKG1β mediate the interaction with IRAG. On the other hand, basic residues in the IRAG 
interaction site (residues 100-132) (Ammendola et al., 2001) are necessary for binding of 
PKG1β. To determine the specific amino acids, pairs of basic residues were mutated to 
alanine and the GST-tagged IRAG mutants were tested for their ability to bind PKG1β in 
vitro. Some of the mutants showed completely disrupted binding (GST IRAG (1-415) 
R120A/R124A and GST IRAG (1-415) R124A/R125A) and others showed decreased binding 
to the cGMP-dependent protein kinase (Casteel et al., 2005). The E29K and D26K/E31R 
PKG1β mutants, which exhibited mutations of the acidic residues that are important for the 
interaction with IRAG, could form stable dimers after expression in COS7 cells. Therefore, 
these residues are not necessary for PKG1β homodimerization.  

The importance of PKG1 homodimerization was demonstrated by the cardiovascular 
deficits exhibited by transgenic mice expressing a dimerization-deficient form of PKG1α 
(Michael et al., 2008). To further understand the molecular details of PKG1 dimerization and 
the association of PKG1 dimers with GKAPs, Casteel et al. solved a crystal structure of the 
PKG1β dimerization/docking domain by investigating a His-tagged PKG1β D/D domain 
(Casteel et al., 2011) (described in 2.).  

Similarly to the IRAG-PKG1β interaction, the interaction between PKG1β and the general 
transcriptional regulator TFII-I was investigated (Casteel et al., 2005). Like IRAG, Myc-
tagged TFII-I was only bound by GST-tagged PKG1β but not by PKG1α. It was shown that 
electrostatic interactions are important for binding of PKG1β to GST-TFII-I, because high NaCl 
concentrations (400 mM) disrupted binding. Acidic residues in the PKG1β leucine zipper are 
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important for the interaction with basic amino acids of TFII-I which was proved by analysis of 
GST-tagged PKG1β and TFII-I mutants (Casteel et al., 2005). TFII-I is not only bound but also 
phosphorylated by PKG1 and as a consequence of this transcriptional activation of a serum 
response factor-dependent reporter gene is enhanced (Casteel et al., 2002). 

Fusion proteins were also generated to analyze the interaction between the cysteine-rich 
LIM-only protein CRP4 and PKG1 in vascular smooth muscle cells (Zhang et al., 2007). After 
immunoprecipitation of endogenous CRP4 from PAC1 cells PKG1 was detected in the 
precipitate and Myc-epitope-tagged CRP4 interacted with PKG1α and PKG1β after 
expression in CV1 cells. Additionally, it was shown that cGMP/PKG1 mediated 
phosphorylation of CRP4 had no effect on CRP4-PKG1 association and that Ser104 is the 
major PKG phosporylation site. 

3.3 Cyclic nucleotide affinity methods 

As cGMP-dependent protein kinases are activated by cyclic GMP and contain cGMP 
binding domains they can be purified or bound by cGMP-agarose beads. The 
PKG1β/IRAG/InsP3R1 macrocomplex was not only identified by co-immunoprecipitation 
experiments with the respective primary antibodies but also after expression of the three 
proteins in COS7 cells and then incubating the cell lysate with 8-AET-cGMP-agarose beads 
(Ammendola et al., 2001). The cGMP-agarose affinity method was also performed with 
colon smooth muscle tissues from IRAG-deficient and WT mice (Desch et al., 2010). Thereby 
it was demonstrated that the interaction of PKG1β and InsP3R1 is destroyed by IRAG 
deletion and that the InsP3R1 misses a stable interaction site for PKG1β.  

In 2003, Phospholamban (PLB) was identified as a component of the PKG1β/IRAG/InsP3R1 
signalling complex after bovine tracheal microsomal membrane proteins were purified by 
cGMP–agarose, phosphorylated by 8-pCPT-cGMP and separated by SDS–PAGE or Tricin-
SDS-PAGE (Koller et al., 2003). Beside InsP3R1, IRAG and PKG1β, Phospholamban and 
RhoA were phosphorylated in the presence of cGMP. Smooth muscle α-actin and smooth 
muscle calponin were also present in the cGMP-agarose complex and were identified by 
MALDI-TOF. Additionally, after pre-purification by cGMP-agarose and phosphorylation in 
presence of 8-pCPT-cGMP the microsomal membrane proteins were immunoprecipitated 
with anti-InsP3R1, anti-IRAG, anti-PKG1 and anti-PLB antibody. In each case, the 
autoradiogram showed phosphorylated InsP3R1, IRAG and PKG1β which is a further 
indication that PLB is a component of the macrocomplex and interacts with PKG1β.  

Furthermore, PDE5 is present in the cGMP-agarose complex (Wilson et al., 2008) and an 
increased PDE activity was measured in the cGMP-agarose pellet after 8-Br-cGMP treatment.  

Margarucci et al. investigated the rapid spatial responses of cAMP and cGMP signalling 
complexes induced by collagen stimulation of human platelets (Margarucci et al., 2011). The 
platelets were isolated from whole blood, activated by collagen related peptide (CRP) for 5 
minutes and after platelet lysis the proteins were bound to a 1:1 mixture of 2-AHA-cGMP- 
and 8-AET-cGMP-agarose beads. After that, the proteins were eluted, digested and 
identified and quantified by LC-MS/MS. PKG1β, PKG2, PDE2A and PDE5A were identified 
as primary and IRAG, InsP3R1 and InsP3R2 as secondary interactors. After CRP stimulation, 
the secondary interactors showed increased enrichment versus control whereas binding of 
PKG1β was unaltered and the amount of PKG2 slightly decreased. Moreover, different 
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was dispensable for formation of PKG dimers, which was shown by analysing the 
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showed no longer binding to IRAG and therefore it was concluded that acidic residues in 
PKG1β mediate the interaction with IRAG. On the other hand, basic residues in the IRAG 
interaction site (residues 100-132) (Ammendola et al., 2001) are necessary for binding of 
PKG1β. To determine the specific amino acids, pairs of basic residues were mutated to 
alanine and the GST-tagged IRAG mutants were tested for their ability to bind PKG1β in 
vitro. Some of the mutants showed completely disrupted binding (GST IRAG (1-415) 
R120A/R124A and GST IRAG (1-415) R124A/R125A) and others showed decreased binding 
to the cGMP-dependent protein kinase (Casteel et al., 2005). The E29K and D26K/E31R 
PKG1β mutants, which exhibited mutations of the acidic residues that are important for the 
interaction with IRAG, could form stable dimers after expression in COS7 cells. Therefore, 
these residues are not necessary for PKG1β homodimerization.  

The importance of PKG1 homodimerization was demonstrated by the cardiovascular 
deficits exhibited by transgenic mice expressing a dimerization-deficient form of PKG1α 
(Michael et al., 2008). To further understand the molecular details of PKG1 dimerization and 
the association of PKG1 dimers with GKAPs, Casteel et al. solved a crystal structure of the 
PKG1β dimerization/docking domain by investigating a His-tagged PKG1β D/D domain 
(Casteel et al., 2011) (described in 2.).  

Similarly to the IRAG-PKG1β interaction, the interaction between PKG1β and the general 
transcriptional regulator TFII-I was investigated (Casteel et al., 2005). Like IRAG, Myc-
tagged TFII-I was only bound by GST-tagged PKG1β but not by PKG1α. It was shown that 
electrostatic interactions are important for binding of PKG1β to GST-TFII-I, because high NaCl 
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important for the interaction with basic amino acids of TFII-I which was proved by analysis of 
GST-tagged PKG1β and TFII-I mutants (Casteel et al., 2005). TFII-I is not only bound but also 
phosphorylated by PKG1 and as a consequence of this transcriptional activation of a serum 
response factor-dependent reporter gene is enhanced (Casteel et al., 2002). 

Fusion proteins were also generated to analyze the interaction between the cysteine-rich 
LIM-only protein CRP4 and PKG1 in vascular smooth muscle cells (Zhang et al., 2007). After 
immunoprecipitation of endogenous CRP4 from PAC1 cells PKG1 was detected in the 
precipitate and Myc-epitope-tagged CRP4 interacted with PKG1α and PKG1β after 
expression in CV1 cells. Additionally, it was shown that cGMP/PKG1 mediated 
phosphorylation of CRP4 had no effect on CRP4-PKG1 association and that Ser104 is the 
major PKG phosporylation site. 

3.3 Cyclic nucleotide affinity methods 

As cGMP-dependent protein kinases are activated by cyclic GMP and contain cGMP 
binding domains they can be purified or bound by cGMP-agarose beads. The 
PKG1β/IRAG/InsP3R1 macrocomplex was not only identified by co-immunoprecipitation 
experiments with the respective primary antibodies but also after expression of the three 
proteins in COS7 cells and then incubating the cell lysate with 8-AET-cGMP-agarose beads 
(Ammendola et al., 2001). The cGMP-agarose affinity method was also performed with 
colon smooth muscle tissues from IRAG-deficient and WT mice (Desch et al., 2010). Thereby 
it was demonstrated that the interaction of PKG1β and InsP3R1 is destroyed by IRAG 
deletion and that the InsP3R1 misses a stable interaction site for PKG1β.  

In 2003, Phospholamban (PLB) was identified as a component of the PKG1β/IRAG/InsP3R1 
signalling complex after bovine tracheal microsomal membrane proteins were purified by 
cGMP–agarose, phosphorylated by 8-pCPT-cGMP and separated by SDS–PAGE or Tricin-
SDS-PAGE (Koller et al., 2003). Beside InsP3R1, IRAG and PKG1β, Phospholamban and 
RhoA were phosphorylated in the presence of cGMP. Smooth muscle α-actin and smooth 
muscle calponin were also present in the cGMP-agarose complex and were identified by 
MALDI-TOF. Additionally, after pre-purification by cGMP-agarose and phosphorylation in 
presence of 8-pCPT-cGMP the microsomal membrane proteins were immunoprecipitated 
with anti-InsP3R1, anti-IRAG, anti-PKG1 and anti-PLB antibody. In each case, the 
autoradiogram showed phosphorylated InsP3R1, IRAG and PKG1β which is a further 
indication that PLB is a component of the macrocomplex and interacts with PKG1β.  

Furthermore, PDE5 is present in the cGMP-agarose complex (Wilson et al., 2008) and an 
increased PDE activity was measured in the cGMP-agarose pellet after 8-Br-cGMP treatment.  

Margarucci et al. investigated the rapid spatial responses of cAMP and cGMP signalling 
complexes induced by collagen stimulation of human platelets (Margarucci et al., 2011). The 
platelets were isolated from whole blood, activated by collagen related peptide (CRP) for 5 
minutes and after platelet lysis the proteins were bound to a 1:1 mixture of 2-AHA-cGMP- 
and 8-AET-cGMP-agarose beads. After that, the proteins were eluted, digested and 
identified and quantified by LC-MS/MS. PKG1β, PKG2, PDE2A and PDE5A were identified 
as primary and IRAG, InsP3R1 and InsP3R2 as secondary interactors. After CRP stimulation, 
the secondary interactors showed increased enrichment versus control whereas binding of 
PKG1β was unaltered and the amount of PKG2 slightly decreased. Moreover, different 
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phosphopeptides were identified and also quantified and it was shown, that phosphorylation 
of IRAG at Ser670 is reduced by 60% after incubation with collagen. Additionally, the 
autophosphorylation of PKG1β at Ser63 was reduced which presumably corresponded to a 
reduced kinase activity and lead to increased platelet activation after CRP stimulation.  

4. Function of PKG complexes 
4.1 IRAG-PKGIβ and the ternary PKG macrocomplex 

IRAG is a 125 kDa substrate of PKG1β which is located at the endoplasmic reticulum 
membrane anchored by a C-terminal tail. IRAG is expressed in high amounts in smooth 
muscle tissues including the vasculature, the gastrointestinal tract and the lung. 
Furthermore, IRAG is found in high concentration in platelets. IRAG expression is also 
found in lower quantity in further tissues including heart, osteoclasts and thalamus. The 
interaction of IRAG was identified by various methods including co-immunoprecipitation, 
cGMP affinity chromatography, two-hybrid analysis and mutagenesis studies. Thereby, an 
N-terminal located 33 aa IRAG domain (aa152-184) was identified which interacts with the 
Ile/Leu-zipper domain of PKG1β but not with PKG1α. Two arginines of the IRAG 
interaction domain (R124 and R125) are essential for the electrostatic interaction with acidic 
aa of PKG1β (D26, E29, E31) (Casteel et al., 2005). PKG1β and IRAG form a ternary complex 
together with InsP3R1 in smooth muscle, platelets and osteoclasts. IRAG is the core 
component of the complex which interacts with the InsP3R1 by its central coiled-coil 
domain. Deletion of this coiled-coil domain prevent the InsP3R1 interaction but does not 
alter IRAG-PKG1β binding. However, the deficiency of IRAG in IRAG-KO mice destructs 
the ternary complex showing that InsP3R1 does not stably interact with PKG1β. The 
function of IRAG in the ternary complex was revealed by targeted deletion of the coiled-coil 
domain or total deletion of IRAG in mice. Thereby, it was elucidated that IRAG is essential 
for NO- and ANP-mediated smooth muscle relaxation (Desch et al., 2010). IRAG deletion 
did not alter basal blood pressure but prevented the blood pressure drop upon LPS-induced 
sepsis (Desch et al., 2010). In platelets, IRAG deletion lead to hyperaggregability and an 
enhanced amount of platelets in the blood. The NO/cGMP-mediated inhibition of platelet 
activation was prevented upon IRAG deletion (Schinner et al., 2011). Concludingly, IRAG 
prevented arterial thrombosis (Antl et al., 2007). Recently, it was reported that IRAG is one of 
seven proteins which exhibited a polymorphism which was associated with enhanced platelet 
aggregability known to be a major factor for the incidence of cardiovascular diseases (Johnson 
et al., 2010). A recent study showed that IRAG might be involved in the activation and 
attachment of osteoclasts (Yaroslavskiy et al., 2010). Furthermore, it was reported that IRAG is 
also able to interact with further InsP3R isoforms, namely InsP3R2 and InsP3R3 (Masuda et al., 
2010). The exact mechanism of IRAG interaction with InsP3R and the inhibition of InsP3R 
gating was not established so far and remains a fundamental subject of IRAG function. 

4.2 MYPT1-PKG1α 

PKG1α interaction with MYPT1, a 130 kDa myosin-binding subunit of phosphatase 1, was 
revealed by co-immunopreciptation, two hybrid analysis and mutagenesis studies. The 
Ile/Leu-zipper domain of PKG1α (aa 1-59) interacts with MYPT1. There are two diverse 
developmentally regulated MYPT1 isoforms existing in vascular smooth muscle: an isoform 
containing a C-terminal leucine zipper (LZ+) which is sufficient to bind to PKG1α and 
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thereby sensitizes cGMP-dependent relaxation. Nitric oxide tolerance was related to 
enhanced degradation of the LZ+-isoform. Moreover, a decreased expression of LZ+ was 
correlated with congestive heart failure. The leucine-zipper deficient isoform (LZ-) 
alternatively interacts with PKG1α through its N1-N2 coiled-coil domain but is cGMP-
insensitive (Payne et al., 2006).  

4.3 RGS2-PKG1α 

The PKG1α-Ile/Leu-Zipper domain interacts with the N-terminal 79aa of RGS2. This RGS2-
domain includes an amphipathic α-helical domain with Ser46 and Ser 64. Upon cGMP-
dependent phosphorylation these Ser residues enable membrane targeting. Vice versa, 
localization of PKG1α at the plasma membrane was enhanced by RGS2 phosphorylation 
suggesting a thereby stabilized complex of these proteins. Thus, RGS2 is activated by 
PKG1α and hence Gq-triggered InsP3-synthesis is attenuated (Tang et al., 2003). Accordingly, 
the deletion of RGS2 in mice impairs cGMP-dependent reduction of calcium transients in 
vascular smooth muscle cells. Furthermore, NO-dependent reduction of blood pressure is 
suppressed in RGS2-deficient mice (Sun et al., 2005). Interestingly, the hypertensive 
phenotype was correlated to nitric oxide function only in inactive phases of mice (during the 
day). In contrast, sympathetic activation and increased vascular adrenergic responsiveness 
correlated with enhanced blood pressure of RGS2-deficient mice in the active phases 
(during the night) (Obst et al., 2006). Recent reports revealed that ANP-signalling is also 
transduced by the PKG1α-RGS2 complex mediating the suppression of angiotensin II-
induced cardiac hypertrophy (Klaiber et al., 2010). 

4.4 Further PKG-substrate complexes 

There are several further proteins which interact with the PKG1 isoforms. However, the 
elucidation of these PKG interacting proteins as PKG substrates was obtained only 
occasionally. The Cystein rich LIM protein CRP4 was identified as PKG1α- and PKG1β-
interacting protein by two hybrid analysis using a smooth muscle cDNA library. CRP4 is 
phosphorylated as substrate by PKG1 (Huber et al., 2000). The CRP4 protein interacts via its 
third zinc finger domain with PKG1 associating together in a complex with serum response 
factor (SRF). Upon cGMP/PKG1 activation CRP4 enhances SRF/DNA association and 
thereby regulates the expression of smooth muscle-specific genes (Zhang et al., 2007).  

A further PKG1β interacting protein is the general transcriptional regulator TFII-1 which 
resides as interface a R4 helix-loop-helix motif (aa 491-628). TFII-1 interacts with basic aa to 
the Leu/Ile domain of PKG1β similarly as reported for the IRAG protein. The TFII-1 
interaction is cGMP-independent. TFII-1 transactivation of a serum-response element was 
enhanced by PKG1β (Casteel et al., 2005).  

5. Conclusion 
The identification of PKG-interacting proteins by affinity chromatographic methods clarified 
several new signalling pathways of PKG1. Furthermore, the dissection of PKG1 isoform 
specific functions of PKG1α and PKG1β was substantiated by the identification of specific 
substrate proteins in several tissues e.g. in smooth muscle, in platelets and in osteoclasts as 
shown above. The advanced elucidation of the function of the known PKG-interacting and 
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phosphopeptides were identified and also quantified and it was shown, that phosphorylation 
of IRAG at Ser670 is reduced by 60% after incubation with collagen. Additionally, the 
autophosphorylation of PKG1β at Ser63 was reduced which presumably corresponded to a 
reduced kinase activity and lead to increased platelet activation after CRP stimulation.  

4. Function of PKG complexes 
4.1 IRAG-PKGIβ and the ternary PKG macrocomplex 

IRAG is a 125 kDa substrate of PKG1β which is located at the endoplasmic reticulum 
membrane anchored by a C-terminal tail. IRAG is expressed in high amounts in smooth 
muscle tissues including the vasculature, the gastrointestinal tract and the lung. 
Furthermore, IRAG is found in high concentration in platelets. IRAG expression is also 
found in lower quantity in further tissues including heart, osteoclasts and thalamus. The 
interaction of IRAG was identified by various methods including co-immunoprecipitation, 
cGMP affinity chromatography, two-hybrid analysis and mutagenesis studies. Thereby, an 
N-terminal located 33 aa IRAG domain (aa152-184) was identified which interacts with the 
Ile/Leu-zipper domain of PKG1β but not with PKG1α. Two arginines of the IRAG 
interaction domain (R124 and R125) are essential for the electrostatic interaction with acidic 
aa of PKG1β (D26, E29, E31) (Casteel et al., 2005). PKG1β and IRAG form a ternary complex 
together with InsP3R1 in smooth muscle, platelets and osteoclasts. IRAG is the core 
component of the complex which interacts with the InsP3R1 by its central coiled-coil 
domain. Deletion of this coiled-coil domain prevent the InsP3R1 interaction but does not 
alter IRAG-PKG1β binding. However, the deficiency of IRAG in IRAG-KO mice destructs 
the ternary complex showing that InsP3R1 does not stably interact with PKG1β. The 
function of IRAG in the ternary complex was revealed by targeted deletion of the coiled-coil 
domain or total deletion of IRAG in mice. Thereby, it was elucidated that IRAG is essential 
for NO- and ANP-mediated smooth muscle relaxation (Desch et al., 2010). IRAG deletion 
did not alter basal blood pressure but prevented the blood pressure drop upon LPS-induced 
sepsis (Desch et al., 2010). In platelets, IRAG deletion lead to hyperaggregability and an 
enhanced amount of platelets in the blood. The NO/cGMP-mediated inhibition of platelet 
activation was prevented upon IRAG deletion (Schinner et al., 2011). Concludingly, IRAG 
prevented arterial thrombosis (Antl et al., 2007). Recently, it was reported that IRAG is one of 
seven proteins which exhibited a polymorphism which was associated with enhanced platelet 
aggregability known to be a major factor for the incidence of cardiovascular diseases (Johnson 
et al., 2010). A recent study showed that IRAG might be involved in the activation and 
attachment of osteoclasts (Yaroslavskiy et al., 2010). Furthermore, it was reported that IRAG is 
also able to interact with further InsP3R isoforms, namely InsP3R2 and InsP3R3 (Masuda et al., 
2010). The exact mechanism of IRAG interaction with InsP3R and the inhibition of InsP3R 
gating was not established so far and remains a fundamental subject of IRAG function. 

4.2 MYPT1-PKG1α 

PKG1α interaction with MYPT1, a 130 kDa myosin-binding subunit of phosphatase 1, was 
revealed by co-immunopreciptation, two hybrid analysis and mutagenesis studies. The 
Ile/Leu-zipper domain of PKG1α (aa 1-59) interacts with MYPT1. There are two diverse 
developmentally regulated MYPT1 isoforms existing in vascular smooth muscle: an isoform 
containing a C-terminal leucine zipper (LZ+) which is sufficient to bind to PKG1α and 
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thereby sensitizes cGMP-dependent relaxation. Nitric oxide tolerance was related to 
enhanced degradation of the LZ+-isoform. Moreover, a decreased expression of LZ+ was 
correlated with congestive heart failure. The leucine-zipper deficient isoform (LZ-) 
alternatively interacts with PKG1α through its N1-N2 coiled-coil domain but is cGMP-
insensitive (Payne et al., 2006).  

4.3 RGS2-PKG1α 

The PKG1α-Ile/Leu-Zipper domain interacts with the N-terminal 79aa of RGS2. This RGS2-
domain includes an amphipathic α-helical domain with Ser46 and Ser 64. Upon cGMP-
dependent phosphorylation these Ser residues enable membrane targeting. Vice versa, 
localization of PKG1α at the plasma membrane was enhanced by RGS2 phosphorylation 
suggesting a thereby stabilized complex of these proteins. Thus, RGS2 is activated by 
PKG1α and hence Gq-triggered InsP3-synthesis is attenuated (Tang et al., 2003). Accordingly, 
the deletion of RGS2 in mice impairs cGMP-dependent reduction of calcium transients in 
vascular smooth muscle cells. Furthermore, NO-dependent reduction of blood pressure is 
suppressed in RGS2-deficient mice (Sun et al., 2005). Interestingly, the hypertensive 
phenotype was correlated to nitric oxide function only in inactive phases of mice (during the 
day). In contrast, sympathetic activation and increased vascular adrenergic responsiveness 
correlated with enhanced blood pressure of RGS2-deficient mice in the active phases 
(during the night) (Obst et al., 2006). Recent reports revealed that ANP-signalling is also 
transduced by the PKG1α-RGS2 complex mediating the suppression of angiotensin II-
induced cardiac hypertrophy (Klaiber et al., 2010). 

4.4 Further PKG-substrate complexes 

There are several further proteins which interact with the PKG1 isoforms. However, the 
elucidation of these PKG interacting proteins as PKG substrates was obtained only 
occasionally. The Cystein rich LIM protein CRP4 was identified as PKG1α- and PKG1β-
interacting protein by two hybrid analysis using a smooth muscle cDNA library. CRP4 is 
phosphorylated as substrate by PKG1 (Huber et al., 2000). The CRP4 protein interacts via its 
third zinc finger domain with PKG1 associating together in a complex with serum response 
factor (SRF). Upon cGMP/PKG1 activation CRP4 enhances SRF/DNA association and 
thereby regulates the expression of smooth muscle-specific genes (Zhang et al., 2007).  

A further PKG1β interacting protein is the general transcriptional regulator TFII-1 which 
resides as interface a R4 helix-loop-helix motif (aa 491-628). TFII-1 interacts with basic aa to 
the Leu/Ile domain of PKG1β similarly as reported for the IRAG protein. The TFII-1 
interaction is cGMP-independent. TFII-1 transactivation of a serum-response element was 
enhanced by PKG1β (Casteel et al., 2005).  

5. Conclusion 
The identification of PKG-interacting proteins by affinity chromatographic methods clarified 
several new signalling pathways of PKG1. Furthermore, the dissection of PKG1 isoform 
specific functions of PKG1α and PKG1β was substantiated by the identification of specific 
substrate proteins in several tissues e.g. in smooth muscle, in platelets and in osteoclasts as 
shown above. The advanced elucidation of the function of the known PKG-interacting and 
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substrate proteins will be a cue for the determination of pathophysiological consequences in 
cardiovascular, haematological and gastrointestinal diseases. Furthermore, the diverse 
signal transduction pathways of PKG1 isoforms and the detailed molecular analysis of their 
interactions and possible interferences will lead to new therapeutic horizons. However, the 
ubiquitous expression of PKG1 and the pleiotropic functions of the PKG1 isoforms require a 
very subtle intracellular signal regulation by probably a variety of further substrate proteins 
which were not elucidated so far. Particularly, in immunogical functions, in the renal system 
and in the central nervous system there are a variety of mechanisms which are not explained 
by the current knowledge about PKG signal transduction. The use of interaction assays 
including affinity chromatography methods is tempting to find new pathways which will 
aid in the identification of new (patho)physiological aspects of PKG signalling. 
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1. Introduction 
Separations in affinity chromatography are based on specific biological interactions between 
(bio)molecules and in many aspects resemble processes by which these species interact in a 
living organism. The technique is widely used in biomedical sciences to separate and detect 
certain molecules based on their defined specificity to other (bio)molecules immobilized on 
a stationary phase. Moreover,it can also be used for quantitative determination of affinity 
interactions and their physiological and pharmacological role in a living system. In both 
cases the same basic physico-chemical effects (hydrophobic interactions, electrostatic, 
hydrogen bonds etc.) lead to description of the equilibrium state between unbound, free-
floating molecules and those forming a complex with a target. This allows the use of affinity 
chromatography system as a model for analyzing interactions that normally occur in human 
body. This approach was suggested by analytical chemists over 50 years ago, e.g. 
Soczewinski and Bieganowska stated in 1969: 

"... If the body is regarded as an extremely complex chromatographic system, in which the blood plays 
the role of the developing solvent, a certain parallelism can be expected between the behaviour of 
drugs and their chromatographic parameters in common "simple" partition systems." 

Therefore, affinity chromatography is currently successfully employed in medicinal 
chemistry projects for detailed characterization of interactions between drug molecules and 
their protein targets. This type of liquid chromatography is referred to as analytical or 
quantitative affinity chromatography (QAC). 

In most applications the assay is performed in HPLC systems using a column with a protein 
immobilized on the surface of the stationary phase. Relatively simple and rapid procedures 
(time of a single assay average between 5 to 15 min.), ability to multiple use of the same 
column without significant loss of properties of immobilized protein (Jozwiak et al., 2004) 
and the possibility to automate the analysis process, make this technique a promising 
method for screening and determination of relative affinities of a series of analyzed drug 
molecules. Loun & Hage (1996) reported that theirs column was stable even to 500-1000 
injections of an analyte. Above mentioned advantages of this method additionally increase 
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reproducibility of obtained results. Thus, affinity chromatography is considered by many 
medicinal chemists as good alternative to tedious in vitro tests using cell cultures (Jozwiak et 
al., 2004). It also allows to reduce time needed to perform the assays (Jozwiak et al., 2005). 

Special procedures were developed in order to transform retention of a substance or it 
elution profiles to characterize the interaction between a drug and the target protein. 
Therefore, various protocols can be used to characterize binding equilibrium constants, the 
kinetics of drug-protein complex association/dissociation, relative amount of bound drug, 
number of binding sites in the system or forces responsible for complex formation. 
Simultaneous application of more than one active substance on the column allows defining 
interactions between them during binding to immobilized target. It is also possible to 
determine the affinity of various isomeric forms of the drug to immobilized protein, which 
is extremely important in a pharmaceutical research (Chen & Hage, 2006). Data obtained by 
QAC show high correlation with derived from reference methods and can be further used in 
studies of quantitative structure - activity relationships (QSAR) (Markuszewski & Kaliszan, 
2002; Jozwiak et al., 2004).  

This chapter reviews current aspects of application of QAC including basic issues of protein 
immobilization on the surface of the stationary phase, advantages and disadvantages of 
zonal and frontal elution techniques and vast information which can be provided by 
competition displacement in QAC studies. The last subsection provides short review of 
application of these techniques in medicinal chemistry investigations. 

2. Immobilization of target proteins on the surface of the stationary phase 
QAC assay requires a column where one of the partner of the drug-protein complex is 
immobilized on the surface of the stationary phase. Both, drug molecules and protein targets 
may be immobilized on the chromatographic bead particles. The latter option seems to be 
more versatile as it allows to investigate different types of active substances without having 
to change the column bead. It directly permits to compare properties of a series of 
substances on the basis of obtained chromatograms. The way in which the ligand is attached 
to its support is a key factor in any type of affinity chromatography. Immobilization 
methods for soluble cytosolic proteins are well established (Taylor, 1991; Turková, 1999; 
Kim & Hage, 2006; Scheil et al., 2006) and they are based mainly on chemical or physical 
mechanisms. Physical methods include protein adsorption (physical or ionic adsorption) or 
protein entrapment within insoluble gel matrix through which only small drug molecules 
can diffuse. The advantage of these methods is relatively small perturbation of the protein 
native structure, on the other hand immobilisation forces are weak and promotes the leak of 
adsorbed protein from the support during use, especially while temperature, pH or ionic 
strength is changed. Chemical immobilization methods mainly include protein attachment 
to the stationary phase by covalent bonds or cross-linking reactions. Covalent linkage may 
alter the native tertiary structure of the protein and cause a change in drug binding 
properties, but the target associates strongly with the support preventing the desorption 
phenomenon and increasing a column lifetime. The functional groups that usually take part 
in this binding are amino, epoxy, carboxyl, sulfhydryl, hydroxyl, diol and phenolic groups 
which according to the mode of linkage lead to a wide variety of binding reactions such as 
diazotization, amide bond formation, arylation, Schiff’s base formation and amination 
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(Girelli & Mattei, 2005). Another type of immobilization method is biospecic adsorption. It 
uses the binding between the ligand of interest and a secondary ligand attached to the 
support. Although a variety of secondary ligands can be used for this purpose, two of the 
most common are avidin and streptavidin for the adsorption of biotin-containing 
compounds, and protein A or protein G for the adsorption of antibodies (Akerstrom & 
Bjorck, 1986; Wilchek & Bayeras, 1990; Bayer & Wilchek, 1996; Wilchek & Bayeras, 1998; 
Page & Thorpe, 2002, as cited in: Kim & Hage, 2006). 

Various supports are commercially available or have been specically developed for the 
immobilization processes, including silica based derivatized matrices (Narayanan et al., 
1990; Ruhn et al., 1994; Mateo et al., 2000) and monoliths (Josic & Buchacher, 2001; Lebert, 
2008). An important factor is a structure of the support used in preparation of affinity 
column, since it determines accessibility of protein active sites to substrates. The ideal 
support must be inert, stable and resistant to mechanical strength, so it can retain its tertiary 
structure, and this ensures the substrate accessibility to interact with the active sites. Other 
physical properties, such as porosity, pore size distribution and charge are also important, 
because they inuence the kinetic process (Girelli & Mattei, 2005). Variety of available 
methods of protein connection with chromatographic beads, gives the opportunity to select 
and optimize right immobilization method for binding of our protein of interest. It should 
be noted that the immobilized ligand must as close as possible imitate the behaviour which 
it exhibits in natural conditions. The method chosen for protein binding should not disrupt 
the structure crucial for drug binding and provide proper orientation to eliminate any 
negative steric interactions. Proper immobilization allows retaining activity of the protein on 
the column, and even its conformational mobility (Beigi et al., 2004), which allows to study 
allosteric interactions (Chen et al., 2004). 

In last years new techniques were developed to immobilize membrane proteins on the surface 
of chromatographic bead particles to describe the nature of interactions between drug 
molecules and target receptors. This is very valuable from pharmacological point of view 
considering that the membrane and transmembrane receptor proteins are targets for almost 
75% of current pharmaceuticals (Landry & Gies, 2008). The first membrane protein that was 
analysed using QAC was glucose transporter present on the surface of red blood cells 
(GLUT1) (Yang and Lundahl, 1995). Two immobilization techniques were used in this system: 
in first proteoliposomes or cytoskeleton depleted membrane vesicles containing GLUT1 were 
immobilized in the pores of size exclusion chromatography beads (Superdex) (Gottschalk et 
al., 2000) by technique of repeated freezing - thawing (Lundqvist et al., 1998). In the second 
approach whole cells were immobilized on the surface of beads with positively charged 
groups (Zeng et al., 1997) or columns with wheat germ lectin agarose gel beads (Gottschalk & 
Lundahl, 2000). Currently, there are many reports in literature describing the columns with 
different immobilized receptors and membrane transporters. Most of them use silicon particles 
with immobilized phospholipids (IAM) (Pidgeon & Venkataram, 1989) which connect parts of 
the cell membranes of tissues showing high expression of the receptor or cultured cells 
transformed with receptor gene. It is known as cellular membrane affinity chromatography: 
CMAC, or CMC. Using this method columns with immobilized nicotinic receptor (nAChR) 
subtypes α3β4, α4β2, α3β2, α4β4, α7 and subunits β4 and α3 (Zhang et al., 1998; Wainer et al., 
1999; Moaddel et al., 2005; Moaddel et al., 2008) purinergic receptors, both acting as ion 
channels (P2X family) (Trujillo et al., 2007) as well as G-protein coupled receptors (P2Y family) 



 
Affinity Chromatography 

 

276 

reproducibility of obtained results. Thus, affinity chromatography is considered by many 
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(Girelli & Mattei, 2005). Another type of immobilization method is biospecic adsorption. It 
uses the binding between the ligand of interest and a secondary ligand attached to the 
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subtypes α3β4, α4β2, α3β2, α4β4, α7 and subunits β4 and α3 (Zhang et al., 1998; Wainer et al., 
1999; Moaddel et al., 2005; Moaddel et al., 2008) purinergic receptors, both acting as ion 
channels (P2X family) (Trujillo et al., 2007) as well as G-protein coupled receptors (P2Y family) 
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(Moaddel et al., 2007), the P2Y-like receptor GRP17 (Temporini et al., 2009), β2 adrenergic 
receptor (Beigi et al., 2004) or the μ and κ opioid receptors (Beigi & Wainer, 2003) were 
constructed. Multi-receptor columns containing nAChRs, γ-amino-butyric acid receptors 
(GABA) and N-methyl D-aspartate receptors (NMDA) (Moaddel et al., 2002) were also 
developed. Kitabatake and co-workers (2008) constructed multi-receptor column and 
confirmed presence of two types of nAChRs: α7 nAChR and heteromeric nAChRs but also 
GABA, and NMDA receptors on the surface of 1321N1 and A172 astrocytoma cell lines. The 
results indicate that the columns can be used to characterize binding affinities of small 
molecules to each of the receptors, and that this approach can be used to probe the expression 
of endogenous membrane receptors. With similar immobilization technique beads with 
transmembrane transport proteins such as P-glycoprotein (Zhang, 2000), human organic anion 
transporter protein (hOAT1 and hOAT2) (Kimura et al., 2007) and human organic cationic 
transporter protein (hOCT1) were prepared (Moaddel et al., 2005). 

Alternative method was used to immobilize α1 adrenergic receptor (Yu et al., 2005) or 
muscarinic receptor (Yuan et al., 2005). In this case, the membrane fragments with an 
interesting protein were subjected to adsorption on the surface of silica particles under 
vacuum and with use of ultrasounds. Since the phospholipid bilayer fragments show a 
spontaneous ability to connect, they enfold bead particles forming compact, durable coating 
of cell membrane. Same approach was used to construct multi-receptor column for the 
simultaneous determination of drug interactions with the purinergic, P2Y1 and histamine 1 
receptors (Moaddel et al., 2010) and multi-receptor column prepared using the glioma cell 
membranes in order to identify the types of receptors on the surface of these cells by their 
specific ligands (Kitabatake et al., 2008). 

Immobilization of membrane proteins on the inner surface of silica capillaries (open tubular 
column) is also applied. For this purpose, fragments of cell membrane containing membrane 
protein bind non-covalently with a capillary using the avidin-biotin pair. Capillaries with 
immobilized P-glycoprotein (Moaddel et al., 2004), and recently with immobilized 
cannabinoid receptors (CB1/CB2) (Moaddel et al., 2011) were developed using this approach. 

When a native structure of a target protein cannot be obtained during immobilization a drug 
can be used as an immobilized ligand. However, in this situation any steric interactions 
should be eliminated by connecting drug molecule to the bead using a spacer with adequate 
length and hydrophobicity, in order to secure free access to the binding site on the protein 
molecule. It is important not to connect the drug using functional groups that participate in 
binding to the target protein. Application of QAC with immobilized drug molecules is 
particularly useful for identifying biomolecules targets for substances with known 
therapeutic effect. It is also used as a pre-clinical method of detection of undesired 
interactions with other system biomolecules (Guiffant et al., 2007). 

3. Elution techniques 
3.1 Zonal chromatographic studies of drug-protein binding 

One method of QAC is a technique known as the zonal elution technique. It was first used 
by Dunn and Chaiken (1974) as modified low-pressure liquid chromatography method used 
to investigate the retention of Staphylococcus nuclease on the column with immobilized 
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thymidine-5'-phosphate-3'-aminophenylphosphate. Zonal elution method can also be 
applied using a standard HPLC apparatus equipped with temperature control unit. This 
method involves injection on the column small volume of analyte solution and then isocratic 
elution with mobile phase, which usually has a composition and pH reflecting the 
physiological conditions. Compared to frontal elution (described in subsection 3.2) small 
amount of analyte is needed to perform the assay in zonal format. Detection is carried out 
on-line, however there are applications with off-line detection when chromatographic 
systems has low efficiency (Dunn & Chaiken, 1974). 

In result of the analysis the retention factor also called capacity factor is determined. It is 
expressed by formula k = (tr/tm) - 1, where tr is the retention time of the test substance, and tm 
is the column dead time. Comparing the value of k for different substances, we can 
determine their relative affinity for the immobilized protein. Typical chromatogram 
obtained from zonal chromatography studies is shown in Figure 1. Studies on the affinity of 
benzodiazepines and related coumarins done by Noctor and colleagues using immobilized 
human serum albumin (HSA) (Noctor et al., 1993, as cited in Bertucci et al., 2003) have 
shown a strong correlation (r = 0.999) between the percentage of bounded drug measured 
by the standard method of ultrafiltration, and the data obtained from chromatographic 
studies expressed as k/(k + 1). 

 
Fig. 1. Typical chromatogram obtained from zonal AC. Comparison of elution peak profiles 
of ketamine (solid) and negative control phenylbutazon (dashed line) on the column with 
immobilized nicotinic receptor (nAChR), subtype α3β4. Adapted with permission from 
Jozwiak, K., Ravichandran, S., Collins, J. R., & Wainer, I. W. (2004). Interaction of 
noncompetitive inhibitors with an immobilized α3β4 nicotinic acetylcholine receptor 
investigated by affinity chromatography, quantitative-structure activity relationship 
analysis, and molecular docking. J Med Chem, Vol. 47, No. 16, pp. 4008-4021. Copyright 2011 
American Chemical Society. 

Similar results were reported by Cheng et al. (2004). In this case, the working curve between 
literature values of % drug bounded to HSA (by either ultrafiltration or dialysis method) 
and k/(k + 1) factor determined by chromatography method showed good linearity with the 
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coefficient of 0.96, which is acceptable considering diversity of drugs tested and the variety 
of %binding data resources used.  

According to the Equation 1 (Chaiken, 1987, as cited in Cheng et al., 2004): 

 a L

M

K mk =
V

 (1) 

compound retention factor is closely related with equilibrium constant of binding reaction 
to immobilized protein target. This allows to define an order relative binding strength of 
different compounds by comparing their retention factors (Xuan & Hage, 2005) In Equation 
1, VM is the void volume of the column (i.e., the elution volume of a non-retained solute), mL 
is the moles of active binding site and Ka is association equilibrium constant for the injected 
solute at this site . 

Zonal elution technique is also used to determine the forces that play a fundamental role in 
the formation of drug-protein complex. Changing assay conditions (e.g., pH, ionic strength, 
content of organic modifier) allows to determine which factors affect the most binding 
reaction. For example, retention dependence on mobile phase pH indicates a considerable 
contribution of Coulomb interactions in the binding of a drug. In turn, addition of organic 
modifier can accelerate the elution of analyte by disturbing the hydrophobic interactions 
(Hage & Chen, 2006). It also allows to examine the change in binding of drugs when 
standard physiological system conditions will be changed as a result of pathological lesions 
(Basiaga & Hage, 2010).  

Temperature studies allow to define changes in enthalpy and entropy of interactions 
between the drug and immobilized protein. It follows from the equilibrium constant 
depending on temperature, which can be described by the Equation 2: 

 ln a
ΔH ΔSK = +
RT R
  (2) 

where ΔH express a change of enthalpy and ΔS entropy change in a place of interaction, R is 
the gas constant and T is absolute temperature. So if the system meets the assumption that 
the number of binding sites (mL) does not change with temperature, and this is a single-site 
binding then lnKa plotted against 1/T should be linear with a slope equal to -ΔH/R, and 
intercept to ΔS. The total energy change can be calculated using Equation 3 (Kirkwood & 
Oppenheim, 1961, as cited in Yang & Hage, 1993): 

  ln aΔG = RT K  (3) 

The method, however, requires earlier determination of Ka at given temperature, for 
example, by conducting self-competition studies with test compound at different 
temperatures. It is also possible to designate the enthalpy and entropy of binding directly 
from the value of retention factor. In this case, if a binding has a single-site character, the 
plot of lnk against 1/T is linear with a slope equal to -ΔH/R and the intercept equal to 
[ΔS/R + ln(mL/VM)]. However, the calculation of the value of ΔH and ΔS requires the 
prior determination of concentration of binding sites for the analyte (mL/VM) (Yanda & 
Hage, 1993). 
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3.2 Frontal affinity chromatography (FAC) in drug-protein interaction investigations 

Another commonly used method of determining the drug-target protein affinity is the 
frontal technique. Although this elution format is practically no longer used in analytical 
applications of chromatography, it is still successfully applied in QAC assays, and has 
some advantages over zonal elution methods. For the first time it was used in 1975 by 
Kasai and Ishii. In contrast to zonal elution, a test substance is applied continuously on 
the column as an addition to the mobile phase in specified concentration. The result is 
essentially a titration of active sites within the column. As the mobile phase flows through 
the column, the analyte saturates binding sites on the immobilized protein and we can 
observe a gradual increase of the amount of unbound analyte leaving the column. This 
produces a vertical rise in the chromatographic trace, called breakthrough curve which 
ends or plateaus when the immobilized target is fully saturated. Initial, relatively at 
portion of the chromatographic traces represents the non-specic and specic binding of 
the tested compound to the cellular membranes and the target. Inflection points of 
breakthrough curves shift to shorter breakthrough times (volumes) as the ligand 
concentration increases (see Figure 2).  

 
Fig. 2. Typical breakthrough curves of two analyte concentration [A]1 (higher) and [A]2 (lower). 
Vo represents breakthrough volume of the ligand in the absence of the binding event.  

Extent and asymmetry of obtained chromatographic profile are related to the analyte-target 
protein binding kinetics. Measuring the breakthrough times for several concentrations and 
fitting the results to equations based on various reaction models allow to characterize a 
nature of binding affinity and the amount of immobilized target on a column. This is 
accomplished by plotting number of apparent moles of analyte required to reach the mean 
point of the breakthrough curve (1/mLapp) versus 1/[A] (where [A] is applied analyte 
concentration). According to Equation 4 (Loun & Hage, 1992), in case of single site reaction, 
plot (1/mLapp) versus 1/[A] should give a linear response (see Figure 3) with a slope equal to 
1/(KAmL) and an intercept of 1/mL. Dividing the intercept by the slope allows to obtain 
information about equilibrium binding constant of analysed interaction.  
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A similar approach, but using a combination of both nonlinear and linear fits, can be used 
for more complex systems that involve multisite interactions (Jacobson et al., 1993; Tweed et 
al., 1997, as cited in Hage & Chen, 2006). 

 
Fig. 3. Examples of double-reciprocal frontal analysis plots for systems with (a) single-site 
binding and (b) multisite binding. Reprinted with permission from: Loun, B., & Hage, D. S. 
(1994). Chiral separation mechanisms in protein-based HPLC columns. 1. Thermodynamic 
studies of (R)- and (S)-warfarin binding to immobilized human serum albumin. Anal Chem, 
Vol. 66, No. 21, pp. 3814-3822; Tweed, S. A., Loun, B., & Hage, D. S. (1997). Effects of ligand 
heterogeneity in the characterization of affinity columns by frontal analysis. Anal Chem, Vol. 
69, No. 23, pp. 4790-4798. Copyright 2011 American Chemical Society.  

The simplest binding event, involving the interaction of a ligand with a single type of 
binding site can also by described by Equation 5. There may be multiple, equivalent sites in 
a given target molecule but the model assumes their independence. 
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In this basic FAC equation (5), two variables are present: [A]0 (ligand infusion concentration) 
and V-V0 (breakthrough volume V for the ligand corrected by the breakthrough volume of 
the ligand in the absence of the binding event V0). This simple equation indicates that once 
Bt (corresponding to the dynamic capacity of the affinity column for the ligand) and the 
concentration of the analyte are known, the dissociation constant can be determined from a 
single measurement of its V-V0. In order to determine Bt, various concentrations of the 
compound are pumped through the column and the corresponding V-V0 values are 
measured. The analysis of changes in V-V0 versus [A]0 by means of Lineweaver–Burk type 
double reciprocal plot or standard nonlinear regression analysis, Bt (equal to the reciprocal 
of the y intercept) and dissociation constant Kd (in M, expressed as negative reciprocal of the x 
intercept) are obtained (Calleri et al., 2009). Reliable measurement of V0 requires a suppression 
of specific binding or application of a saturating ligand concentration. In case of membrane 
proteins it can be done by measuring retention of marker using a column constructed with 
membranes from cells that do not express the target protein (Moaddel et al., 2005). Other 
approach that can be employed to differentiate between specic and non-specic interactions 
is parallel chromatography system in which analysed compounds are simultaneously applied 
on a column with immobilized membranes containing target protein (experimental) and on a 
column with immobilized membranes from the same cell line that does not express the target 
protein (control). The assumption is that all of the non-target interactions between a test 
compound or protein and the cellular membranes will be the same for the control and 
experimental cell lines and will be reflected in the chromatographic retention on the control 
column. Then the difference in compound retention between control and experimental column 
will reflect only the specific binding. This system may be applied in both, zonal and frontal 
chromatographic studies (Baynham et al., 2002, as cited in Moaddel & Wainer, 2006). 

In frontal QAC connected with mass spectrometry (FAC-MS), ligand is sequentially infused 
at increasing concentrations, but with no washing steps between infusions. This allows to 
determine binding parameters in a single experiment. This is accomplished by infusing a 
FAC–MS column sequentially starting with the lowest of a series of concentrations of 
analyte. For this approach, referred to as a modified staircase, the summed concentrations 
([A]0+y) refer to initial concentration of the ligand for the first step of the staircase but for the 
second step of the staircase, it will be the sum of the initial concentration plus the 
concentration of the second step. Similarly, the concentration of the ligand for the third step 
of the staircase will be the sum of the initial, second and third steps, and so on for the 
remaining concentrations. A plot of [A]0+y versus reciprocal breakthrough volume supports 
the determination of Bt and Kd by linear regression analysis. This type of assays referred to 
as direct measurements might not always be advantageous, especially if each tested ligand 
required unique mass spectrometric conditions. (Chan et al., 2003; Slon-Usakiewicz et al., 
2005). Indirect methods will be described further (see subsection 3.3) since they require 
usage of known competitive marker ligand. Figure 4 illustrates an ideal chromatogram that 
would arise from the application of this procedure. Note that successively higher void 
marker (a compound that has no affinity for the immobilized protein target and gives the 
same elution front whether the target protein is present in the column or not) concentrations 
are applied as well, to ensure accurate measurement of V0. 
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A similar approach, but using a combination of both nonlinear and linear fits, can be used 
for more complex systems that involve multisite interactions (Jacobson et al., 1993; Tweed et 
al., 1997, as cited in Hage & Chen, 2006). 

 
Fig. 3. Examples of double-reciprocal frontal analysis plots for systems with (a) single-site 
binding and (b) multisite binding. Reprinted with permission from: Loun, B., & Hage, D. S. 
(1994). Chiral separation mechanisms in protein-based HPLC columns. 1. Thermodynamic 
studies of (R)- and (S)-warfarin binding to immobilized human serum albumin. Anal Chem, 
Vol. 66, No. 21, pp. 3814-3822; Tweed, S. A., Loun, B., & Hage, D. S. (1997). Effects of ligand 
heterogeneity in the characterization of affinity columns by frontal analysis. Anal Chem, Vol. 
69, No. 23, pp. 4790-4798. Copyright 2011 American Chemical Society.  

The simplest binding event, involving the interaction of a ligand with a single type of 
binding site can also by described by Equation 5. There may be multiple, equivalent sites in 
a given target molecule but the model assumes their independence. 
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the determination of Bt and Kd by linear regression analysis. This type of assays referred to 
as direct measurements might not always be advantageous, especially if each tested ligand 
required unique mass spectrometric conditions. (Chan et al., 2003; Slon-Usakiewicz et al., 
2005). Indirect methods will be described further (see subsection 3.3) since they require 
usage of known competitive marker ligand. Figure 4 illustrates an ideal chromatogram that 
would arise from the application of this procedure. Note that successively higher void 
marker (a compound that has no affinity for the immobilized protein target and gives the 
same elution front whether the target protein is present in the column or not) concentrations 
are applied as well, to ensure accurate measurement of V0. 
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Fig. 4. Depiction of a typical ‘modified staircase’ experiment to evaluate Kd for a protein 
target (immobilized in the column) and a small molecule ligand. (a) The ligand (blue) is 
infused at increasing concentrations starting from an initial (i) to a final (j) concentration 
along with a void marker (red). (b) The reciprocal of the breakthrough volumes, 1/(Vj-V0), 
are plotted against the summed ligand concentrations, [A]0+yj, to produce a linear 
correlation from which the Kd value can be determined from the y intercept. The total 
amount of immobilized protein (Bt) in the column is then obtained from the slope . 
Reprinted from Drug Discovery Today, Vol. 10, No. 6, Slon-Usakiewicz, J. J., Ng, W., Dai, J. R., 
Pasternak, A., & Redden, P. R. (2005). Frontal affinity chromatography with MS detection 
(FAC-MS) in drug discovery, pp. 409-416, Copyright 2011, with permission from Elsevier. 

The association constant measured from frontal chromatography can be directly related to the 
retention factor obtained from zonal elution chromatography using the same column. Kim & 
Wainer (2008) reported a linear relationship (r2 = 0.9993, n = 7) between the standard 
association constants from frontal analysis and retention factors from zonal elution using 
reference drugs analysed on a column with immobilized HSA. This standard plot was later 
used for rapid determination of association constants of various drugs which show low to 
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medium binding afnity to HSA. Determination of association constants was as fast as 1.5 min 
and showed a high correlation to equilibrium dialysis or ultrafiltration. The combination of 
frontal and zonal chromatography for determining association constants showed several 
advantages, one being rapid determination of association constant of drug to HSA. 

Other notable advantages include an ease of automation and simultaneous ability to 
distinguish association constants of chiral compounds at the same time. Authors suggested 
that the same approach could be used for studying interaction of other drugs and proteins 
and should further improve overall drug screening process. 

There are several advantages of frontal over zonal chromatographic method. In the FAC 
technique, the dynamic capacity of the affinity column for the ligand and the dissociation 
constant for the interaction can be obtained from a single set of experiments. In case of 
zonal elution technique to determine number of binding sites a separate assay or self- 
competition studies are required This makes this approach valuable in characterizing the 
properties of a column and in obtaining accurate measurements of binding affinity and 
activity. 

The direct methods described above are applicable for a broad Kd range from 
submicromolar to low millimolar. The lower limit to Kd determination is dictated by the 
detectability of a given ligand, and while this is both compound- and detector-dependent. 
Zonal chromatographic approach requires a protein stationary phase concentration much 
greater than the applied ligand concentration to ensure the experiment is conducted in the 
linear region of the binding isotherm. Thus consumption of target protein is increased and 
miniaturization capabilities are lower. Smaller column leads to lower amount of 
immobilized protein but also require lower ligand concentrations and this challenges the 
detectability of the ligand. From the same reasons application of zonal chromatography is 
limited to low and mid-micromolar Kd range because either strong (and thus difficult to 
remove from a column) or weak (and thus not well retained) interactions can lead to low 
concentrations of ligand at the detector (Chan et al., 2003 ). 

Frontal elution technique is particularly useful in studies on solvent and temperature 
influence on drug interaction with target molecule. As it was mentioned earlier, analyte 
retention shifts may be due to alterations in either the affinity or number of binding sites. In 
frontal chromatography this is not a problem, since data on both affinity and activity are 
provided in the same experiment. However, frontal techniques need to use much larger 
amount of analyte (Hage & Chen 2006). 

For more theoretical information and practical considerations about frontal and zonal 
elution techniques see comprehensive chapters about QAC in book “Handbook of Affinity 
Chromatography” (2006) edited by prof. David S. Hage. 

3.3 Competition displacement studies 

QAC allows to study relationships between different drugs interacting with the same target 
protein by observing the effect of the addition of one compound on the retention of the 
second. In zonal technique, the retention of a drug is measured in specially prepared mobile 
phase with addition of constant, known concentration of competitive agent. Consecutive 
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The direct methods described above are applicable for a broad Kd range from 
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greater than the applied ligand concentration to ensure the experiment is conducted in the 
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limited to low and mid-micromolar Kd range because either strong (and thus difficult to 
remove from a column) or weak (and thus not well retained) interactions can lead to low 
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phase with addition of constant, known concentration of competitive agent. Consecutive 
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injections of an analyte can be applied to a series of mobile phases with increasing 
concentration of competitive agent and changes in the retention as a function of competitor 
concentration allow describing its interaction with test analyte. In case of direct single site 
competitive interactions we should see direct, linear dependence of reciprocal of analyte 
retention factor (1/k) on concentration of competitor added to the mobile phase [I]. 
Increasing value of 1/k (drop in the retention) with an increase of additive concentration 
suggest positive competition of both molecules on the binding site. If this relationship is 
nonlinear, and the increase of competitive reagent in the mobile phase decreases the 
retention of the analyte (increasing 1/k), this suggests that there is negative allosteric 
interaction between them or multisite competitive interaction. The nonlinear nature of the 
dependence 1/k on [I] characterized by an increase in analyte retention as higher 
concentrations of compound are added to the mobile phase, indicates a positive allosteric 
interaction (Hage & Chen, 2006). Examples of such plots representing interactions above 
mentioned are shown in Figure 5. 

 
Fig. 5. Reciprocal plots prepared for analyte and competing agents with various types of 
competition on immobilized HSA columns . Reprinted from Journal of Chromatography B, Vol. 
768, No. 1, Hage, D. S. (2002). High-performance affinity chromatography: a powerful tool for 
studying serum protein binding, pp. 3-30, Copyright 2011, with permission from Elsevier. 

When the interaction is limited to a single binding site on the protein molecule, and 
analysed substances show no other interaction with the stationary phase, the Equation 6 
describes the observed retention: 
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In this equation, the VM determines the volume of eluted substances when they are not 
interacting with the ligand (the column dead volume) mL describes the number of moles of 
binding sites for the analyte (A) and competitive agent (I), [I] the concentration of added 
competitive agent, and Ka and KI binding equilibrium constants, respectively (Hage et al., 
2009). In this case, the ratio of the slope of a graph of 1/k dependence on [I] to its intercept will 
determine the KI. Determination of Ka requires separate measurement of the concentration of 
binding sites in the column (mL/VM). Similar approach can be used to define binding affinity 
of multisite and allosteric interaction by choosing the equation best describing the shape of the 
dependence 1/k on [I] (Hage & Chen, 2006; Joseph & David 2010). In case of simple allosteric 
interactions this Equation 7 will have the form (Chen & Hage, 2004): 
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In this equation, k0 defines the retention factor of an analyte without addition of compound I 
in the mobile phase, and the KIL equilibrium binding constant of I with the immobilized 
protein. In the case of allosteric interactions between compound A and I, the presence of 
compound I leads to increase or decrease in the binding of substance A, which in turn 
changes the equilibrium binding constant (KAL to K'AL). This change is represented in above 
equation as βA → I, which is equivalent to the ratio of K'AL/KAL. If the analysed interaction 
fulfill the assumption described by above equation (7), the plot of k0/(k0-k) against 1 / [I] 
should be linear. Intercept in this case is equivalent to 1/(βA → I - 1), and the slope is 1/[(βA → I -
 1)KIL]. Based on these values it is possible to calculate the βA → I and KIL. The value of βA → I > 1 
indicates a positive allosteric effect of compound I on binding of the analyte A, while βA → I < 1 
indicates a negative allosteric interaction between these two substances. The value of βA → I 
equal to zero suggests competitive interaction between I and A on the immobilized ligand, 
while the value of βA → I equal to unity indicates the absence of any effect of compound I on the 
binding of the substance A (Chen & Hage, 2004). Therefore, it is important that the retention of 
injected analyte resulted solely from its interaction with the immobilized ligand, and not from 
the column overload. In order to confirm this, the retention time should remain unchanged at 
different initial concentration of injected sample. If not, the amount should be decreased until 
the retention time remains constant and/or increase the volume of the column. Also number 
of injections at different flow rates should be done to confirm that the processes of 
association/dissociation are fast enough (compared to how much time analyte spends in the 
column) to create inside the column local state of a binding equilibrium (Loun & Hage, 1995). 
Considerations on the factors that need to be pointed out using the zonal QAC are described in 
publications by prof. D. S. Hage (2002). 

Competition and displacement technique allows to study drug-protein interactions 
occurring on a single binding site, which interacts with injected compound even though the 
drug is bound to several different sites on the protein. In this case, the analysed compound 
(drug) should be used as a competitive addition to the mobile phase, and as injected 
compound analyte with known, specific binding site on the protein. In addition, this 
approach allows to directly calculate the binding equilibrium constant of analysed drug 
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from the ratio of slope to intercept in plot 1/k against [I] (Loun & Hage, 1995; Chen et. al., 
2004; Yoo et al., 2009, Mallik et al., 2008). 

Knowing the location of specific binding site for a substance on the target protein and 
applying an analyte on the column in presence of it, becomes possible to define binding site 
of analysed drug (Yoo et al., 2009; Mallik et al., 2008). Carrying out series of this type of 
experiments we can draw a map of allosteric protein binding sites (Chen et al., 2004). 

It is also possible to use the same compound as an injected analyte and a competitive agent 
(self-competition studies). In this case the Equation 8 describing single site competitive 
interaction will take the form (Hage, 2002): 

  1 M m

L a L

V A V= +
k m K m

 (8) 

Plotting the dependence of 1/k on [A] we can obtain information about the number of 
binding sites for the analyte. In case of a single site interactions it should be a linear 
relationship with a slope equal to mL/VM, and the ratio of the slope to intercept will 
determine Ka (Xuan & Hage, 2005). 

As the zonal elution method, frontal chromatography can also be used in combination with 
competition-displacement technique. Increasing concentrations of the competitive ligand in 
the presence of constant concentration of a marker are added to the mobile phase and the 
effect on the breakthrough volumes of marker is measured. Decreasing breakthrough time 
of marker with increasing concentration of competing agent suggests direct competition 
between them. If positive or negative allosteric effect of displacement agent on binding 
reaction is occurring, shift to lower or higher marker breakthrough times should be 
observed. Using Equation 9 the relationship between displacer concentration [D] and 
marker retention volume can be used to determine the Kd value of the displacer as well as 
the number of active binding sites (Bt). 
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In above equation V is the retention volume of marker and V0 is the retention volume of 
marker when the specific interaction is completely suppressed. From the plot of [D](V-V0) 
versus [D], dissociation constant values for displacer ligand can be obtained (Moaddel & 
Wainer, 2006). 

Chan and co-workers (2003) reported an alternative ‘‘competitive’’ assay format for Kd 

determination of tested ligands. FAC column is equilibrated with increasing concentrations 
of test ligand, with no washing between infusions. Each equilibration is bracketed by an 
infusion of the indicator (marker ligand detectable by MS) and void marker, and the 
adjusted breakthrough volume (V-V0) of the indicator is monitored by mass spectrometry. 
At high indicator dilution relative to Kd of the particular interaction ([A]0 is negligible 
compared with Kd ), the breakthrough value is insensitive to slight changes in its 
concentration and achieves its maximum value (Vlimit). In this mode the indicator is not 
competing with test ligand, but merely quantitating uncomplexed immobilized protein 
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(column capacity). This operational mode is very practical because a weak ligand (i.e., with 
high Kd) can be applied at modest concentrations and still function in the linear region of its 
binding isotherm. Weak ligands break through the column quickly and are easily washed 
out, thus providing a rapid probe of column capacity. This method is referred to as the 
indirect staircase approach for Kd determination (Chan te al., 2003).  

The competition displacement methods are insensitive to non-specific binding since they are 
measuring a retention changes only due to allosteric or competitive interactions between 
drugs on a specific binding surface of target protein. 

Aside from the utility of the FAC technique to provide accurate dissociation constants 
measurements for individual ligands, combination of frontal QAC with mass spectrometry 
allows rapid screening of mixtures of substances for their pharmacological activity, and the 
results show a high correlation with those obtained by traditional methods. FAC-MS 
screenings can be done with and without an indicator. In the second case detection is 
performed at selected m/z values to detect individual ligands and void marker. This allows 
to evaluate set of ligands in a single experiment (Ng et al., 2007). 

In the indicator method, analysed compound is applied on the affinity column 
simultaneously with the indicator and the extent (or percentage) to which they shifts an 
indicator is determined. To compare the reductions in the breakthrough times for indicator 
in the presence of the ligands, the %shift is quantified from Equation 10. This FAC–MS 
readout can be used to rank the binding of a series of ligand or ligand mixtures: the greater 
the percentage shifts, the greater the degree of competition with the indicator. Mixtures in 
which a significant displacement (or shift) of the indicator is observed merit further 
investigation and deconvolution (Slon-Usakiewicz et al., 2004, as cited in Calleri et al., 2010). 
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from the ratio of slope to intercept in plot 1/k against [I] (Loun & Hage, 1995; Chen et. al., 
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absence of immobilized protein (and is a constant for the indicator used); and tI is the 
breakthrough time difference in the absence of any competing ligands. Typical FAC curves 
obtained using the indicator screen method is shown in Figure 6. 

For more detailed information about FAC-MS technique the readers are referenced to 
reviews (Chan et al., 2003; Slon-Usakiewicz et al., 2005; Calleri et al., 2009). 

3.4 Nonlinear chromatography for determination of kinetics parameters 

Peaks obtained in zonal AC differ from Gaussian shape observed frequently in classical 
chromatographic analyses. Because we have to deal with column overload and slow kinetics 
of adsorption/desorption during assays, peaks exhibit a strong tailing, which increases with 
increased concentration of an analyte. Observed asymmetry can arise from a variety of other 
factors-including extra column effects, heterogeneity of the stationary phase, heterogeneous 
mass transfer or a non-linear isotherm (Wade et al., 1987, as cited in Moaddel & Wainer, 
2006). The degree of deviation from a Gaussian distribution is a function of applied ligand 
concentration and the kinetics of ligand–receptor interactions occurring during the 
chromatographic process. An example of the effect of solute concentration on peak shape is 
presented in Figure 7, which shows the example of usage of nonlinear chromatography 
(NLC) for determination of kinetic parameters for the α3β4 nAChR allosteric inhibitors 
(Jozwiak et al., 2002). 

Fig. 7. The effect of increasing concentraions of mecamylamine, from 1 to 1,000 mM, on the 
chromatographic profiles of mecamylamine. For experimental details, see reference (Jozwiak 
et al., 2002). 

While peak tailing (or fronting) is a problem in analytical separations, concentration-
dependent asymmetry can be used with NLC techniques to characterize the separation 
processes occurring on the column. When the chromatographic process includes binding 
interactions between a ligand and an immobilized membrane bound receptor, the NLC 
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approach can be used to calculate the association rate constant (kon), dissociation rate 
constant (koff) for the ligand–receptor complex and the equilibrium constant for complex 
formation (K). One approach to the analysis of NLC data is the Impulse Input Solution for 
the mass balance equation developed in 1987 by Wade and collaborators (Wade et al., 1987, 
as cited in Moaddel & Wainer, 2006). This approach is based upon the observation that 
when adsorption/desorption rates are slow, band broadening is insensitive to a moderate 
degree of column overload. In contrast to numerical integration methods this approach uses 
the analytical solution, which can be applied directly to t experimental peak proles. The 
Impulse Input Equation has been included in commercially available deconvolution 
software, and can be easily applied to NLC studies. The peak area parameter (a0), peak 
center parameter (a1), its width (a2) and distortion (a3) are the parameters used to describe 
the chromatographic traces. Thermodynamic and kinetics parameters of a drug-receptor 
complex formation are then calculated on the basis of the relationship:  

k' = a1 the real thermodynamic capacity factor 

kd = 1/a2t0 desorption reaction rate constant 

Ka = a3/C0 adsorption equilibrium constants, where C0 is the concentration of solute injected 
multiplied by the width of the injection pulse (as a fraction of column dead volume)  

ka = kd Ka reaction rate constant of adsorption 

4. Examples of application 
QAC was successfully used to describe drug interactions with multiple different system 
proteins. In case of soluble proteins this approach was applied to determine binding of 
different active substances (drugs, hormones) with e.g. serum albumins (HSA), α1-acid 
glycoprotein (AGP) or nucleic estrogen receptors (hER). 

Xuan & Hage (2005) conducted research on immobilized α1-acid glycoprotein (AGP) 
demonstrating good correlation (0.954) of observed retention factors of several compounds 
with their equilibrium binding constants to AGP designated by other methods. In the same 
work authors, using the self-competition technique, confirmed the literature data on 
existence of one binding site for propranolol enantiomers on this protein. Determined values 
of Ka were also included in the range of values known from other experiments. Performing 
the analysis at different temperatures, changes in enthalpy and entropy of propranolol 
enantiomers binding to α1-acid glycoprotein, and their contribution in the total energy 
change in the process of binding were determined. It was found, that this reaction depends 
mainly on the enthalpy, but entropy change also significantly affects the binding of 
propranolol. Linearity of the plot confirmed the single-side character of binding of this 
compound by the AGP. 

Combination of zonal QAC with competition-displacement studies confirmed the negative 
allosteric nature of the interaction between verapamil and tamoxifen. It was determined that 
verapamil causes 41% decrease in binding constant of tamoxifen by immobilized HSA 
(Malik et al., 2008). As mentioned earlier, using compound of interest as a competitive 
addition to the mobile phase it is possible to define its interactions with target protein on a 
single binding site even though the drug is bound to several different sites on the protein. 
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when adsorption/desorption rates are slow, band broadening is insensitive to a moderate 
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Ka = a3/C0 adsorption equilibrium constants, where C0 is the concentration of solute injected 
multiplied by the width of the injection pulse (as a fraction of column dead volume)  

ka = kd Ka reaction rate constant of adsorption 

4. Examples of application 
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different active substances (drugs, hormones) with e.g. serum albumins (HSA), α1-acid 
glycoprotein (AGP) or nucleic estrogen receptors (hER). 
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demonstrating good correlation (0.954) of observed retention factors of several compounds 
with their equilibrium binding constants to AGP designated by other methods. In the same 
work authors, using the self-competition technique, confirmed the literature data on 
existence of one binding site for propranolol enantiomers on this protein. Determined values 
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enantiomers binding to α1-acid glycoprotein, and their contribution in the total energy 
change in the process of binding were determined. It was found, that this reaction depends 
mainly on the enthalpy, but entropy change also significantly affects the binding of 
propranolol. Linearity of the plot confirmed the single-side character of binding of this 
compound by the AGP. 

Combination of zonal QAC with competition-displacement studies confirmed the negative 
allosteric nature of the interaction between verapamil and tamoxifen. It was determined that 
verapamil causes 41% decrease in binding constant of tamoxifen by immobilized HSA 
(Malik et al., 2008). As mentioned earlier, using compound of interest as a competitive 
addition to the mobile phase it is possible to define its interactions with target protein on a 
single binding site even though the drug is bound to several different sites on the protein. 
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Such solution has been used in the study of binding of both; hormones (Loun & Hage, 1995) 
and drugs (Chen et. al., 2004; Yoo et al., 2009; Mallik et al., 2008) to different places in the 
HSA molecule. Simultaneous injection of imipramine with L-tryptophan on the column with 
immobilized HSA, showed a competitive interaction between those two drugs, confirming 
that imipramine specifically connects to the indole-benzodiazepine binding site on the 
molecule of albumin (Sudlow site II). This analysis also allowed to determine the 
equilibrium constant of this interaction (Yoo et al., 2009). Analogously was defined binding 
site for the verapamil on this protein, demonstrating in this case, competitive interaction 
with warfarin, specifically connecting to Sudlow site I. This was confirmed by elution in the 
presence of tamoxifen. Nonlinear dependence of retention of this compound on verapamil 
concentration showed a high correlation to the equation describing the allosteric interaction, 
characteristic for interaction that is observed between the tamoxifen binding site and the 
warfarin binding site (Sudlow I) (Mallik et al., 2008). Team of Chen and colleagues (2004) 
determined the nature of the interaction of phenytoin by drawing a map of interactions of 
the drug with the major binding sites on the surface of HSA on the basis of the relationship 
between 1/k of the compounds with confirmed specific binding site on albumin molecule, 
and various concentrations of phenytoin as a mobile phase additive during elution. Thus 
suggested the potential impact of other concomitant medications on the efficacy of therapy 
with phenytoin. 

The effect of different assay conditions on drug-protein interaction was used, for example to 
define the influence of long-chain fatty acids concentration in the plasma and glycation of 
plasma transport proteins on the binding of sulfonylurea drugs in diabetes. Experiments 
were carried out using columns with immobilized HSA (Basiaga & Hage, 2010). 

Recently Sanghvi and co-workers (2010) successfully immobilized the ligand binding 
domains of the estrogen related receptors ERRα and ERRγ onto the aminopropyl silica 
liquid chromatography stationary phase, as well as the surface of the open tubular 
capillaries, creating the ERR-silica and ERR-OT columns. Both types were characterized 
using frontal chromatographic techniques with diethylstibesterol and the binding affinities, 
expressed as Kd values, to the immobilized receptors were consistent with the literature 
data. Biochanin A, the ERRα agonist, was also used to further characterization of properties 
of the ERRα-silica column, and obtained Kd value was consistent with the previously 
reported data. The ERRγ-silica column was characterized using nonlinear chromatographic 
techniques using a series of tamoxifen derivatives (tamoxifen, 4-hydroxy tamoxifen and N-
desmethyl 4-hydroxytamoxifen, Endoxifen). The relative Kd values obtained for the 
derivatives were consistent with relative ability of the compounds to inhibit the cellular 
proliferation of the human-derived T98G glioma cell line, expressed as IC50 values. The 
results indicate that the relative retention of compounds on these columns reflects the 
magnitude of their inhibitory activity. Therefore columns containing immobilized ERRs can 
be used for a preliminary screen for anti-glioma agents, such as tamoxifen, which work as 
selective estrogen receptor modulator and that this method may replace current laborious 
and time consuming cellular uptake studies. 

QAC has been applied to study drug-receptor interactions in the α1 adrenergic receptor 
system. The results showed a positive correlation of chromatographic data (k') with 
literature data defining the affinity of ligands on the basis of radio ligand studies with cell 
membrane homogenates containing α1 adrenergic receptor (Yu et al., 2005).  
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QAC was also used in determination of binding site structure of the α3β4 nAChR. 
Comparing the retention time of tritium labelled epibatidine ([3H] EB) on four different 
columns: with immobilized either receptor subunit α3 or β4 subunit, both subunits 
immobilized on the same column and complete pentameric α3β4 receptor, it was found that 
the binding site for this compound is formed by several subunits of the complete receptor, 
and not on the individual subunits. This was confirmed by assays with nicotine as a 
competitive additive to the mobile phase. No impact of nicotine on the retention of [3H] EB 
on columns with immobilized subunits was observed, while the epibatidine retention on the 
column with complete receptor decreased from k = 8.4 to k = 1.5, which indicates the 
interaction of nicotine on [3H] EB binding site (Wainer et al., 1999). In the same work the 
effect of pH and ionic strength of mobile phase on the retention of [3H] epibatidine in the 
α3β4 nAChR column was also examined using zonal elution technique. Analyses showed an 
increase in epibatidine retention with increasing mobile phase pH from pH 4 to pH 7 and a 
significant decrease in the retention of this compound with increasing ionic strength of 
mobile phase (5-200 mM ammonium acetate concentration). These results showed that the 
binding of competitive agonists is mainly electrostatic interaction between drug molecule 
and the binding site on the nAChR. 

QAC in combination with displacement studies were used in case of α3β4 nAChR to 
confirm the location of binding sites of allosteric inhibitors of this receptor. Elution of 
bupropion, ketamine and dextromethorphan was conducted in the presence of 
mecamylamine (nAChR blocker) as an addition to the mobile phase. The linear dependence 
of eluted compounds 1/k' on the displacer concentration indicates that all tested inhibitors 
compete for the same binding site on the receptor molecule. Additional studies also showed 
no effect of mecamylamine in the mobile phase on epibatidine retention and no effect of 
nicotine in the mobile phase on the retention of ketamine and bupropion. It indicates that 
ketamine, bupropion, mecamylamine bind to other sites on the receptor surface than 
nicotine and epibatidine and do not compete for the binding site (Jozwiak et al., 2002). In the 
same work nonlinear chromatography (NLC) model was used to analyse interactions 
between the immobilized α3β4 nAChR, and its allosteric inhibitors. Peak profiles from zonal 
elution of allosteric inhibitors (ketamine, bupropion, mecamylamine, and dextrometorfan), 
recorded by the mass spectrometry were numerically fitted to Impulse Input Solution model 
using PeakFit v4.11 software (SPSS Inc., Chicago, IL). The results (kon, koff, K) were consistent 
with available literature data, thus confirming the effectiveness of the NLC in receptor drug 
binding kinetics study, in this case allosteric nAChR inhibitors. In further work 
enantioselectivity of the interaction of dextromethorphan (DM) and levomethorphan (LM) 
with an immobilized α3β4 nAChR subtype liquid chromatographic stationary phase has 
been compared to DM- and LM-induced non-competitive blockade of nicotine-stimulated 
86Rb+ efflux from cells expressing the α3β4 nAChR. Since DM and LM are enantiomers and 
have the same physicochemical properties, any chromatographic and pharmacological 
differences must be due to specific interactions with nAChR. Asymmetrical peaks were 
observed for both compounds and DM had signicantly longer retention time than LM 
(Figure 8). Determined by NLC kon values of both compounds did not significantly differ 
while koff of DM was significantly lower than koff value of LM. That was in good agreement 
with results of the functional inhibition studies which showed that DM and LM had 
equivalent potencies, i.e. the same IC50 values, but that DM inhibition lasted longer than the 
effect produced by LM. The effect of temperature on the chromatographic retention of DM 
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with results of the functional inhibition studies which showed that DM and LM had 
equivalent potencies, i.e. the same IC50 values, but that DM inhibition lasted longer than the 
effect produced by LM. The effect of temperature on the chromatographic retention of DM 
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and LM on the nAChR column was also determined using a sequence of temperature 
experiments ranging from 5 to 30°C. Respective k’s values of independently injected 
compound were determined and van’t Hoff plots were constructed by plotting ln k versus 
1/T. Results showed that the binding reaction is enthalpy driven. In addition, for DM and 
LM there was no significant difference in the ΔS° values, while the ΔH° value for the DM-
nAChR interaction was significantly lower than respective value for LM-nAChR interaction 
showing that the enantioselectivity of α3β4 nAChR is mostly enthalpy-based (Jozwiak et al., 
2003).The results of those studies demonstrated that non-linear chromatography approach 
of investigations of immobilized nAChRs can be useful in characterizing ligand–receptor 
binding interactions and predicting of properties of drugs and drug candidates. Additional 
NLC studies with this system were used to construct QSAR models of non-competitive 
inhibitors of the nAChR (Jozwiak et al., 2004), to develop a molecular model of these 
interactions (Jozwiak et al., 2004) and to predict IC50 values (Jozwiak et al., 2005) 

 
Fig. 8. The comparison of peak profiles of DM and LM obtained in independent experiments 
of consequent injections. Reprinted from Journal of Chromatography B, Vol. 797, No. 1-2, 
Jozwiak, K., Hernandez, S. C., Kellar, K. J., & Wainer, I. W. (2003). Enantioselective 
interactions of dextromethorphan and levomethorphan with the α3β4-nicotinic 
acetylcholine receptor: comparison of chromatographic and functional data, pp. 373-379, 
Copyright 2011, with permission from Elsevier 

Competition displacement studies with [3H]epibatidine and [125I]α-bungarotoxin as marker 
radioligands specific for α3β4 and α7 nAChRs subtypes respectively were applied to 
determine Ki values and check subtype selectivity of newly synthesized derivatives of 
epiboxidine, synthetic epibatidine-related compounds (Rizzi et al., 2008). 

Another interesting application of QAC is use of immobilized-enzyme reactors (IMERs). In 
medicinal chemistry research IMERs are applied to drug metabolism studies, 
enantioselective analyses and for the identification of substrates and inhibitors as potential 
drugs. Interestingly, the investigated enzymatic reaction took place directly on the column. 

Affinity Chromatography as a Tool for Quantification of  
Interactions Between Drug Molecules and Their Protein Targets 

 

295 

Attractive features of immobilized enzyme reactors are the increased enzyme stability and 
the reusability coupled to accuracy, automation and potential high throughput when they 
are inserted in a HPLC system (Bartolini et al., 2005). The approach requires neither highly 
purified enzyme nor use of labelled substrates (radio- or color labelled). In immobilized 
enzymes, inhibitors efficacies can be measured either as IC50 values or Ki values using 
numerical transformation. Enzyme kinetic parameters are determined by successive 
injection of a substrate at increasing concentrations and measuring the rate of enzymatic 
reaction (V) expressed as peak area of product formed after each injection. Fitting the data to 
Lineweaver–Burk double-reciprocal plot of 1/(V) against the substrate concentration [S] 
(what is a linear transformation of the Michaelis–Menten plot), Km and Vmax values can be 
obtained. The y-intercept of such graph is equivalent to the inverse of 1/Vmax, the x-intercept 
of the graph represents -1/Km. In order to obtain correct results the concentration of 
substrate should be normalized according to the formula 11. 

   inj injC V
S =

BV


 (11) 

where Cinj is the injected substrate concentration, Vinj is the injected volume and BV is the 
bed volume of the IMER. 

To determine the inhibition constant (Ki) for a test drug a set of inhibitor injections in several 
different concentrations ([I]) at two or more concentration of a substrate should be 
performed. As noted by Dixon in 1953, if 1/V is plotted against inhibitor concentration [I], a 
straight line plot is obtained for each substrate concentration [S]. The [I] value of a intersect 
of those lines is equal to -Ki. If curves obtained for several different [S] converge in the left 
upper quadrant of a chart, the inhibitor is competitive. If curves converge on the [I] axis, the 
inhibitor is non-competitive. For not competitive inhibition, the lines are parallel. 

Simultaneous injections of both a substrate at a xed saturating concentration and increasing 
concentration of an inhibitor, result in increasing reduction of the peak area (Ai) in comparison 
to area obtained for a substrate alone (A0). The percent inhibition (100 - (Ai/A0 x 100)) is then 
plotted against the inhibitor concentration to obtain the inhibition curves (Girelli & Mattei, 
2005; Nie & Wang, 2009). Recently this technique has been used for the kinetic characterization 
of inhibitors specific to brain-targeted butyrylcholinesterase (BuChE) (Bartolini et al., 2009), 
acetylocholinesterase (AchE) (Bartolini et al., 2004; Bartolini et al., 2005; He et al., 2010) and β-
secretase (human recombinant β-amyloid precursor protein cleaving enzyme, 
hrBACE1)(Mancini & Andrisano, 2010) as potential therapeutics for Alzheimer’s disease. 
IMER was also used for rapid and cost-effective on-line chromatographic screening of matrix 
metalloproteinases (MMP-9 (Ma & Chun Yong Chan, 2010) and MMP-8 (Mazzini et al., 2011)) 
inhibitors that may be useful in cancer therapy and for determining the role of some derived 
plant products for treating NO-dependent smooth disorders using monolithic micro-IMER 
with covalently bounded arginase (André et al., 2011). 

5. Conclusions 
The drive to bring innovative drugs to market faster, without compromising quality and 
safety, induced need for new experimental techniques and methodologies. It is crucial to 
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determine biological activity, drug-target interactions and physico-chemical properties of 
drug candidates as predictors of administration, distribution, metabolism, excretion 
(ADME) characteristics. In fact, development of rapid methodologies enabling to obtain 
those information is a key aspects of the drug discovery process. QAC as rapid, relatively 
simple technique with the possibility of automation proved to be useful alternative to 
conventional methods in the eld of drug discovery and analysis. This method is facilitated 
by multiple use of the same column with the immobilized target and as a consequence the 
reproducibility of assays is increased. Thanks to the above features QAC becomes popular 
method of measuring binding affinity of the drug-protein interactions. Variety of data that 
we can obtain via this technique allows characterization of binding reactions as well as 
description of the binding site. The development of techniques of high-yielding synthesis 
increases demand for technology that would allow pharmaceutical companies for efficient 
and rapid biological screening of thousands of synthesized compounds (Renaud & Delsuc, 
2009). Taking into account that approximately one drug is produced after 8000-10000 
compounds were subjected to primary and secondary drug screens, the classical approach, 
one compound-one assay, becomes unsatisfactory (Caldwell, 2000; as cited in Nie & Wang, 
2009) . Studies conducted by Ng and colleagues have shown that use of an automated high 
performance chromatographic system consisting of two affinity columns and a mass 
spectrometer as the detector, allow to analyse and rank activity of 10 000 compounds in just 
24 hours (Ng et al., 2007). Thus QAC techniques seem to be an promising method of 
preliminary verification of drug candidates, which is an alternative to expensive and tedious 
in vitro assays.  
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1. Introduction 
Proteolytic enzymes (also known as proteases, proteinases or peptidases) offer a wide range 
of applications. They are routinely used in detergent, leather, food and pharmaceutical 
industries, as well as in medical and basic research. Therefore, effective isolation procedures 
are of great importance. The chapter describes the use of recently discovered protease 
inhibitors from basidiomycetes as affinity chromatography ligands for isolating proteases. 
Affinity columns with serine and cysteine protease inhibitors immobilized to the natural 
polymer Sepharose have been prepared, the chromatography procedure optimized and 
used for isolating proteases from various bacterial, plant and animal sources. The cysteine 
protease inhibitor macrocypin showed superior characteristics as a ligand, so was selected 
for immobilization to CIM (Convective Interaction Media) monolithic disks. Different 
immobilization chemistries and process conditions were optimized to determine the best 
conditions for high capacity and selectivity. A very effective method for isolating cysteine 
proteases was developed using affinity chromatography with the fungal cysteine protease 
inhibitor macrocypin immobilized to a CIM monolithic disk. 

1.1 Proteases and their applications 

Proteases occur in all groups of organisms, including bacteria, archaea, protists, fungi, 
plants, animals and viruses. They are classified according to their catalytic type into aspartic, 
cysteine, glutamic, serine and threonine peptidases, based on the type of the amino acid 
residue at the active site, and metallopeptidases, that require a catalytic divalent metal ion 
within the active site. The MEROPS database (http://merops.sanger.ac.uk) further classifies 
peptidases according to their evolutionary relationships and encompasses information on all 
known proteases (Rawlings et al., 2010). 

Proteases offer a wide range of biotechnological applications. Alkaline proteases are 
routinely used in the detergent industry. Proteases with elastolytic and keratinolytic 
activities have been used in the leather industry for dehairing and baiting skins and hides. 
They are used in the food industry in cheese making and baking, in preparing the various 
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protein hydrolysates used as flavour enhancers, in meat tenderization and in manufacturing 
protein-rich diets. In the pharmaceutical industry proteases have found uses as therapeutic 
agents as well as additives in preparations of slow-release dosage forms. In addition to 
industrial and medical applications, proteases have found use also in basic research, for 
example proteases with very selective peptide bond cleavage are used in protein sequencing 
and proteome analyses. Furthermore, unselective proteases are also used, for example 
proteinase K is used in nucleic acid isolation, and trypsin is widely used in animal cell 
culture maintenance (Kumar & Takagi, 1999; Østergaard & Olsen, 2010; Rao et al., 1998). 

1.2 Protease inhibitors 

Proteases play essential metabolic and regulatory functions in many biological processes, 
therefore the regulation of their activity is essential. Interaction with protease inhibitors 
constitutes a very important mechanism of protease regulation (Lopez-Otin & Bond, 2008; 
Rawlings et al., 2010). Protease inhibitors are either small molecules or proteins. They can be 
classified according to the source organism (microbial, fungal, plant, animal), according to 
their structure (primary and three-dimensional), or according to their inhibitory profile (broad-
range, specific) and reaction mechanism (competitive, non-competitive, uncompetitive as well 
as reversible or irreversible). Commonly they are classified according to the class of protease 
they inhibit (for example: aspartic, cysteine or serine protease inhibitors) but a detailed 
classification of protein protease inhibitors based on their evolutionary relationship is available 
in the MEROPS database, together with a list of small molecule peptidase inhibitors 
(http://merops.sanger.ac.uk/inhibitors/). There are two general mechanisms by which 
protein inhibitors inhibit peptidases - irreversible “trapping” reaction, involving a 
conformational change of the inhibitor, and reversible tight-binding reactions, where the 
inhibitor forms a high-affinity interaction with the peptidase, most often at the active site 
(Christeller, 2005; Rawlings, 2010; Rawlings et al., 2004). The reversible protease inhibitors are 
used as ligands in affinity chromatography (Cuatrecasas et al., 1968). 

1.2.1 Protease inhibitors of fungal origin 

The only routinely used small molecule inhibitor of fungal origin is the irreversible inhibitor 
of cysteine proteases E-64, first isolated from the filamentous fungus Aspergillus japonicus 
(Hanada et al., 1978). Several other small molecule inhibitors with a broad inhibitory 
spectrum that are routinely used (e.g. pepstatin A, chymostatin, leupeptin, antipain, 
phosphoramidon, bestatin) were originally isolated from bacteria (Rawlings, 2010). 

Information on protein protease inhibitors of fungal origin is limited. No protein 
metalloprotease inhibitors has been described, and only one family of aspartic protease 
inhibitors (family I34), which includes the highly specific inhibitor of the yeast proteinase A 
or saccharopepsin (Phylip et al., 2001). There are four families of serine protease inhibitors, 
namely the inhibitors of serine carboxypeptidase Y (family I51), Aspergillus elastase inhibitor 
family (I78), inhibitors of subtilisin-like proteases homologous to the subtilisin propeptide 
(family I9) and trypsin-specific protease inhibitors (family I66). Representatives of the latter 
two have been identified from higher fungi or mushrooms as well as from filamentous fungi 
(Rawlings, 2010). Furthermore, only three families of cysteine protease inhibitors have been 
described, namely mycocypins (families I48 and I85), that are unique to higher fungi, and a 
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cysteine protease inhibitor family (I79) with only one representative found in one plant 
pathogenic fungal species (Rawlings, 2010). 

The serine protease inhibitor cnispin (family I66), identified in the mushroom Clitocybe 
nebularis, is a 16.4 kDa protein with acidic isoelectric point. It is a very stable protease 
inhibitor that resists short-term exposure to extremes of pH (between pH 2 and pH 11). It is 
a very strong inhibitor of trypsin (family S1) with Ki in the nanomolar range, and a weak 
inhibitor of chymotrypsin (family S1), with Ki in the micromolar range. Inhibition of 
kallikrein (family S1) and subtilisin (family S8) is very weak and other proteases are not 
inhibited (Avanzo et al., 2009). 

Mycocypins are cysteine protease inhibitors unique to basidiomycete mushrooms and 
belong to two MEROPS families (I48 and I85). Family I48 is represented by clitocypin, 
identified in Clitocybe nebularis (Brzin et al., 2000; Renko et al., 2010; Sabotič et al., 2006) and 
family I85 by macrocypins identified from Macrolepiota procera (Renko et al., 2010; Sabotič et 
al., 2009b). These are small (16.8 to 20 kDa) and exceptionally stable proteins, exhibiting high 
thermal and broad pH stability (Galeša et al., 2004; Kidrič et al., 2002; Sabotič et al., 2009b). 
They have the β-trefoil fold, which is composed of a core six-stranded β-barrel surrounded 
by 11 loops (Fig. 1) that provide a versatile surface for the inhibition of several types of 
proteases (Renko et al., 2010). They are very strong inhibitors of papain-like peptidases 
(family C1), including papain, cathepsins L, V, S, and K in the low nanomolar range and 
cathepsins B and H with higher inhibition constants. A second inhibitory reactive site is 
involved in the inhibition of the cysteine protease asparaginyl endopeptidase (AEP, 
legumain), of family C13 by clitocypin, macrocypins 1 and 3, and in the inhibition of the 
serine protease trypsin (family S1) by macrocypin 4 (Renko et al., 2010; Sabotič et al., 2007a; 
Sabotič et al., 2009b). 

 
Fig. 1. Three-dimensional structure of macrocypin 1. The two loops involved in inhibiting 
papain-like proteases (family C1) are indicated with #, and the loop involved in legumain 
(family C13) inhibition with *. 
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classified according to the source organism (microbial, fungal, plant, animal), according to 
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or saccharopepsin (Phylip et al., 2001). There are four families of serine protease inhibitors, 
namely the inhibitors of serine carboxypeptidase Y (family I51), Aspergillus elastase inhibitor 
family (I78), inhibitors of subtilisin-like proteases homologous to the subtilisin propeptide 
(family I9) and trypsin-specific protease inhibitors (family I66). Representatives of the latter 
two have been identified from higher fungi or mushrooms as well as from filamentous fungi 
(Rawlings, 2010). Furthermore, only three families of cysteine protease inhibitors have been 
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cysteine protease inhibitor family (I79) with only one representative found in one plant 
pathogenic fungal species (Rawlings, 2010). 

The serine protease inhibitor cnispin (family I66), identified in the mushroom Clitocybe 
nebularis, is a 16.4 kDa protein with acidic isoelectric point. It is a very stable protease 
inhibitor that resists short-term exposure to extremes of pH (between pH 2 and pH 11). It is 
a very strong inhibitor of trypsin (family S1) with Ki in the nanomolar range, and a weak 
inhibitor of chymotrypsin (family S1), with Ki in the micromolar range. Inhibition of 
kallikrein (family S1) and subtilisin (family S8) is very weak and other proteases are not 
inhibited (Avanzo et al., 2009). 

Mycocypins are cysteine protease inhibitors unique to basidiomycete mushrooms and 
belong to two MEROPS families (I48 and I85). Family I48 is represented by clitocypin, 
identified in Clitocybe nebularis (Brzin et al., 2000; Renko et al., 2010; Sabotič et al., 2006) and 
family I85 by macrocypins identified from Macrolepiota procera (Renko et al., 2010; Sabotič et 
al., 2009b). These are small (16.8 to 20 kDa) and exceptionally stable proteins, exhibiting high 
thermal and broad pH stability (Galeša et al., 2004; Kidrič et al., 2002; Sabotič et al., 2009b). 
They have the β-trefoil fold, which is composed of a core six-stranded β-barrel surrounded 
by 11 loops (Fig. 1) that provide a versatile surface for the inhibition of several types of 
proteases (Renko et al., 2010). They are very strong inhibitors of papain-like peptidases 
(family C1), including papain, cathepsins L, V, S, and K in the low nanomolar range and 
cathepsins B and H with higher inhibition constants. A second inhibitory reactive site is 
involved in the inhibition of the cysteine protease asparaginyl endopeptidase (AEP, 
legumain), of family C13 by clitocypin, macrocypins 1 and 3, and in the inhibition of the 
serine protease trypsin (family S1) by macrocypin 4 (Renko et al., 2010; Sabotič et al., 2007a; 
Sabotič et al., 2009b). 

 
Fig. 1. Three-dimensional structure of macrocypin 1. The two loops involved in inhibiting 
papain-like proteases (family C1) are indicated with #, and the loop involved in legumain 
(family C13) inhibition with *. 
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1.3 Affinity chromatography 

Affinity chromatography is a purification technique that exploits the unique biological 
properties of biomolecules to bind ligands specifically and reversibly (Cuatrecasas, 1970). It 
is exceptional in purification science as a tool for highly selective isolation of antigens 
(drugs, hormones, peptides, proteins, viruses, cell components), antibodies, enzymes, 
sugars, glycoproteins and glycolipids, immunoglobulins, nucleotide-binding and metal-
binding peptides and proteins (Mallik & Hage, 2006). The use of specific interactions makes 
affinity chromatography a powerful tool in isolation of a particular substance from a 
complex mixture. In theory, it is capable of giving absolute purification from a complex 
mixture in a single process and it eliminates the need for ammonium sulphate precipitation, 
ion exchange, and gel filtration steps in an isolation protocol (Hermanson et al., 1992). 

 
Fig. 2. Principle of affinity chromatography: a) Equilibration of the stationary phase in a 
binding buffer. b) Sample is applied to the column. Target molecules will bind specifically but 
reversibly to the ligand, non-specifically bound contaminants will pass through in the flow 
through during washing with binding buffer. c) The purified compound is released from the 
biospecific ligand by elution using specific competition or non-specific change in buffer 
composition. d) Stationary phase is re-equilibrated with a binding buffer. The different stages 
of affinity chromatography are represented in a typical chromatogram in the right panel. 

In affinity chromatography one of the two interacting molecules, called the affinity ligand, is 
immobilized on a stationary phase, either by covalent immobilization or by physical 
adsorption (Tetala & van Beek, 2010). The ligand can consist of an immobilized sequence of 
DNA or RNA, a protein or enzyme, lectin, amino acids, immunoglobulin, a biomimetic dye, 
an enzyme substrate or inhibitor, or a small molecule (Hage, 2006; Healthcare, 2007). Target 
molecules to be purified are applied in a mobile phase known as the application buffer to 
the column containing insoluble polymer or gel. The buffer is generally chosen to allow 
optimal binding of the immobilized ligand to its target while other sample components pass 
through with little or no retention (Mallik & Hage, 2006). Interaction between the ligand and 
the target molecule in a sample can be the result of electrostatic or hydrophobic interactions, 
van der Waals’ forces or hydrogen bonding. The retained target molecule is then eluted and 
several different methods are possible. If a ligand has a weak or moderate affinity for the 
target molecules, the elution can be performed under isocratic conditions, where 
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composition of the mobile phase remains unchanged during washing and elution. This 
technique is known as weak affinity chromatography. When a ligand has strong affinity to 
the target molecule, it can be released by changing the mobile phase or column conditions. 
For the most part, elution buffer differs from the application buffer in pH, ionic strength, 
temperature or polarity. This approach is known as nonspecific elution. Another possibility 
is biospecific elution, where a buffer with the same pH, ionic strength and polarity as the 
application buffer is used for elution but with a competing agent that can bind to either the 
retained target or the immobilized ligand (Tetala & van Beek, 2010). 

1.3.1 Supports in affinity chromatography 

The role of stationary phase or support in affinity chromatography is ligand immobilization 
(Hage, 2006). A support is any material to which a biospecific ligand may be covalently 
attached. Typically, the material to be used as an affinity support is insoluble in the system 
where the target molecule is found (Hermanson et al., 1992). The support main 
characteristics are: large specific area, high rigidity and suitable form of the particles, 
hydrophilic character and high permeability. The particle size and porosity are designed to 
maximize the surface area available for immobilization of ligand and consequently binding 
of target molecule. Supports in classical or low-performance affinity chromatography are 
usually non-rigid particles with large diameters like agarose, but also organic polymers like 
polyurethane or inorganic materials as large diameter silica particles (Hage, 2006). In 
column chromatography the adsorption rate is limited by slow particle diffusion for larger 
beads or low axial velocities and high pressure for smaller beads. The consequence is 
limited access for the biomolecules to small pores in the case of classical chromatographic 
supports. Good flow properties are desirable for rapid separations as they save considerable 
time during column equilibration, regeneration and cleaning (Champagne, 2007). The use of 
affinity supports with more rigid and effective materials that can be used in high 
performance liquid chromatography systems (HPLC) gives a technique known as high-
performance affinity chromatography (Hage, 2006). In comparison with low pressure 
chromatography, HPLC is basically an improved form of the technique, where a mobile 
phase is forced through the column under high pressure instead of being allowed to drip 
through under gravity. Another improvement is an extremely sensitive detection system 
and complete automation of the process. Development of more resistant stationary phases 
has resulted in faster and better resolution and explains why HPLC became the most 
powerful and versatile form of affinity chromatography (Wilson & Walker, 2005). 

Moreover, a chromatographic support should provide appropriate surface chemistry for the 
immobilization of affinity ligand and chemical stability for immobilization, adsorption, 
desorption and regeneration of the support itself (Champagne, 2007). Ability to withstand a 
wide range of thermal, mechanical, chemical and physical conditions and resistance to 
microbial and enzymatic cleavage are also desired (Tetala & van Beek, 2010). Different 
substances have been described and employed as affinity matrices to improve the separation 
and to overcome the limitations of particulate stationary phase. 

1.3.1.1 Natural supports 

Natural polysaccharides, such as agarose and cellulose, possess highly ionic or carboxylate 
residues and they require processing before being suitable as affinity supports (Hermanson 
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immobilized on a stationary phase, either by covalent immobilization or by physical 
adsorption (Tetala & van Beek, 2010). The ligand can consist of an immobilized sequence of 
DNA or RNA, a protein or enzyme, lectin, amino acids, immunoglobulin, a biomimetic dye, 
an enzyme substrate or inhibitor, or a small molecule (Hage, 2006; Healthcare, 2007). Target 
molecules to be purified are applied in a mobile phase known as the application buffer to 
the column containing insoluble polymer or gel. The buffer is generally chosen to allow 
optimal binding of the immobilized ligand to its target while other sample components pass 
through with little or no retention (Mallik & Hage, 2006). Interaction between the ligand and 
the target molecule in a sample can be the result of electrostatic or hydrophobic interactions, 
van der Waals’ forces or hydrogen bonding. The retained target molecule is then eluted and 
several different methods are possible. If a ligand has a weak or moderate affinity for the 
target molecules, the elution can be performed under isocratic conditions, where 
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composition of the mobile phase remains unchanged during washing and elution. This 
technique is known as weak affinity chromatography. When a ligand has strong affinity to 
the target molecule, it can be released by changing the mobile phase or column conditions. 
For the most part, elution buffer differs from the application buffer in pH, ionic strength, 
temperature or polarity. This approach is known as nonspecific elution. Another possibility 
is biospecific elution, where a buffer with the same pH, ionic strength and polarity as the 
application buffer is used for elution but with a competing agent that can bind to either the 
retained target or the immobilized ligand (Tetala & van Beek, 2010). 

1.3.1 Supports in affinity chromatography 

The role of stationary phase or support in affinity chromatography is ligand immobilization 
(Hage, 2006). A support is any material to which a biospecific ligand may be covalently 
attached. Typically, the material to be used as an affinity support is insoluble in the system 
where the target molecule is found (Hermanson et al., 1992). The support main 
characteristics are: large specific area, high rigidity and suitable form of the particles, 
hydrophilic character and high permeability. The particle size and porosity are designed to 
maximize the surface area available for immobilization of ligand and consequently binding 
of target molecule. Supports in classical or low-performance affinity chromatography are 
usually non-rigid particles with large diameters like agarose, but also organic polymers like 
polyurethane or inorganic materials as large diameter silica particles (Hage, 2006). In 
column chromatography the adsorption rate is limited by slow particle diffusion for larger 
beads or low axial velocities and high pressure for smaller beads. The consequence is 
limited access for the biomolecules to small pores in the case of classical chromatographic 
supports. Good flow properties are desirable for rapid separations as they save considerable 
time during column equilibration, regeneration and cleaning (Champagne, 2007). The use of 
affinity supports with more rigid and effective materials that can be used in high 
performance liquid chromatography systems (HPLC) gives a technique known as high-
performance affinity chromatography (Hage, 2006). In comparison with low pressure 
chromatography, HPLC is basically an improved form of the technique, where a mobile 
phase is forced through the column under high pressure instead of being allowed to drip 
through under gravity. Another improvement is an extremely sensitive detection system 
and complete automation of the process. Development of more resistant stationary phases 
has resulted in faster and better resolution and explains why HPLC became the most 
powerful and versatile form of affinity chromatography (Wilson & Walker, 2005). 

Moreover, a chromatographic support should provide appropriate surface chemistry for the 
immobilization of affinity ligand and chemical stability for immobilization, adsorption, 
desorption and regeneration of the support itself (Champagne, 2007). Ability to withstand a 
wide range of thermal, mechanical, chemical and physical conditions and resistance to 
microbial and enzymatic cleavage are also desired (Tetala & van Beek, 2010). Different 
substances have been described and employed as affinity matrices to improve the separation 
and to overcome the limitations of particulate stationary phase. 

1.3.1.1 Natural supports 

Natural polysaccharides, such as agarose and cellulose, possess highly ionic or carboxylate 
residues and they require processing before being suitable as affinity supports (Hermanson 
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et al., 1992). The most commonly used agarose is commercially available as a beaded form, 
known under the trademark Sepharose (GE Healthcare) and it has been further modified 
and developed to enhance properties required for an effective chromatographic material. It 
is an uncharged, hydrophilic matrix with an abundance of hydroxyl groups on the sugar 
residues which can be easily derivatized for covalent attachment of ligand (Healthcare, 
2007). The primary structure of agarose consists of alternating residues of D-galactose and 3-
anhydrogalactose. The secondary and tertiary structure forms a fabric with large accessible 
pores. The knitted porous structure of agarose is knotted at the juncture of the pores with 
strong hydrogen bonds. The large accessible pore structure of Sepharose yields affinity 
supports with sufficient capacity when the target molecule or ligand is a large protein or 
polysaccharide (Hermanson et al., 1992). 

1.3.1.2 Synthetic supports 

Synthetic supports, such as acrylamide derivatives, methacrylate derivatives, polystyrene 
and its derivatives and different membranes are produced by polymerization of functional 
monomers, to give matrices suitable for affinity-based separations. Commercially available 
synthetic materials have superior physical and chemical durability and can withstand the 
process of separation better than the natural soft gels. Synthetic supports are made with 
monomers that contain primary or secondary hydroxyl groups that maintain hydrophilicity 
and allow compatibility with most coupling methods (Hermanson et al., 1992). 

1.3.1.3 Monolithic supports 

To overcome the difficulties of slow mass transfer in different synthetic supports, a new 
generation of monolithic solid supports was introduced in affinity chromatography. 
Monolith is a name for the chromatographic stationary phase consisting of a single piece of 
highly porous material (Barut et al., 2008). They are prepared in various dimensions with 
agglomeration-type or fibrous microstructures. In recent years, the polymeric macroporous 
material, based on radical co-polymerization of glycidyl methacrylate and ethylene glycol 
dimethacrylate (GMA/EDMA) has been introduced under the trademark CIM® (Convective 
Interaction Media). There are several reasons for the popularity of monolithic supports in 
HPLC and affinity chromatography. The main advantage of CIM monolithic systems versus 
traditional chromatographic supports are much better mass transfer properties, ease of use, 
the ability to be manufactured with a wide range of pore sizes and shapes, simple scaling up 
and scaling down, and low back pressure even at very high volumetric flow rates (up to 10 
column volumes/min) without the loss of efficiency and capacity (Podgornik & Štrancar, 
2005). Monolithic supports can carry many specific ligands for affinity chromatography and 
the vast potential of monoliths for immobilization of affinity ligands has been recognized, 
resulting in an increase in experience in applying this technology to bioanalytical and 
biotechnological activities (Brne et al., 2009; Champagne, 2007; Švec et al., 2003). 

1.3.2 Support activation 

Support activation is the first step of ligand immobilization to a chromatographic support. It 
is a process of chemically modifying the support in a way to form a covalent bond with the 
ligand of choice. The reaction conditions and the proportion of the reagents will determine 
the number of ligand molecules that can be attached to the support surface (Wilson & 
Walker, 2005). The most common activation method for polysaccharide supports is with 
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Cyanogen Bromide (CNBr). At high pH CNBr introduces cyanate esters and imido 
carbonates into the matrix by reacting with the endogenous hydroxyl groups (Fig. 3). This 
activation works also with other synthetic polymers containing hydroxyl groups 
(Hermanson et al., 1992). 

 
Fig. 3. Mechanism of activation of polysaccharide matrix by CNBr and subsequent coupling 
of amine-containing ligands (modified from Hermanson et al., 1992). 

Alternative coupling procedures involve the use of bis-epoxides, N,N’-disubstituted 
carbodiimides, sulphonyl chloride, sodium periodate, N-hydroxysuccinimide esters and 
dichlorotriazines (Wilson & Walker, 2005). There are many different protocols for coupling a 
ligand to pre-activated supports and, as a consequence, it is easier to adjust the matrix and 
activation to suit the ligand than to adjust the ligand to suit the matrix and the activation. 
Moreover, many pre-activated matrices are commercially available. 

1.3.3 Ligand and ligand immobilization 

The ligand is a molecule that binds reversibly to a specific molecule, enabling separation by 
affinity chromatography. When a suitable ligand is available for the protein of interest, high 
selectivity, resolution and capacity of affinity chromatography are expected. Successful 
affinity separation requires a biospecific ligand that can be covalently attached to a solid 
support and retain its specific binding affinity for the target molecule after unbound 
material is washed away. Furthermore, the bond between the ligand and the target molecule 
must be reversible to allow the target molecule to be eluted in an active form. The most 
commonly used biological ligands are antibodies, antigens, inhibitors, substrates, cofactors 
and coenzymes, lectins, protein A and protein G, and, among non-biological ligands, 
tyrazine dyes and metal-chelates (Hermanson et al., 1992; Mallik & Hage, 2006; Turkova, 
1993; Wilson & Walker, 2005). 

The main criteria for the choice of an affinity ligand for target protein isolation are the 
functional groups of the ligand. To be immobilized, ligand must possess a functional group 
that will not be involved in the reversible binding of the ligand to the complementary target 
molecule, but which can be used to attach the ligand to the stationary support. The most 
common of such functional groups are -NH2, -COOH, -SH and –OH (Wilson & Walker, 
2005). In addition, the use of a long spacer arm is indispensable in the case of low-molecular 
weight affinity ligands, to provide accessibility to the binding site of the target molecule. For 
effective chromatography, an equilibrium dissociation constant, KD, in the range of 10-4 to 10-
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8 M in free solution is required for successful separation (Healthcare, 2007; Turkova, 1993). 
When the dissociation constant is outside this range, altering elution methods may however 
help to execute successful affinity chromatography (Healthcare, 2007). 

Ligands in biospecific chromatography can be classified into two types, monospecific and 
group specific. Monospecific ligands are those that bind only one molecule; an example is 
monoclonal antibody to a protein. In this case, a monospecific ligand is expected to bind the 
target molecules with large association constant, while binding weakly or not at all, to 
others (Miller, 2005). Group specific ligands have an affinity for a group of related 
substances rather than for a single type of molecule. The specificity derives from the 
selectivity of the ligand and the use of selective elution conditions. For example, a lectin can 
be used for affinity purification of glycoproteins, polysaccharides and glycolipids with the 
same glyco-signature (Healthcare, 2007; Miller, 2005). The plant lectin isolated from jack 
bean (Canavalia ensiformis) Concanavalin A (ConA) is a routinely used group specific ligand 
(Healthcare, 2007). 

Several approaches have been reported for placing ligands within supports for 
chromatography. Examples include various covalent immobilization methods, as well as 
biospecific adsorption, entrapment and cross-linking. Covalent binding is preferred among 
the other immobilization methods, because it prevents leaking and combines the high 
selectivity of the reaction with the chemical and mechanical properties of the support 
(Benčina et al., 2004). 

Introducing a spacer arm minimizes the risk of steric interference such as binding between 
support and target molecule or low accessibility of the ligand. Spacer arms are low-
molecular-weight molecules interposed between the ligand and the solid support. They 
usually consist of linear hydrocarbon chains with functionalities on both ends for easy 
coupling to the support and ligand. One end of the spacer is immobilized to the matrix 
using traditional immobilization chemistries, while the other end is connected to the ligand, 
using a secondary coupling procedure. The result is immobilized ligand that sticks out from 
the matrix by a distance equal to the length of spacer arm chosen, where the optimal length 
is up to 10 carbon atoms (Hermanson et al., 1992). In addition, ligands involved in 
interaction must be sufficiently distant from the solid support to minimize steric interference 
with the binding processes (Cuatrecasas et al., 1968; Hermanson et al., 1992). With rigid 
support materials, a spacer molecule may also provide greater flexibility, allowing the 
immobilized ligand to move into position to establish the correct binding orientation with a 
protein. Sometimes the chemical structure of a spacer arm is critical for the success of 
separation. It is also important to consider the hydrophilicity of the spacer molecule, as 
some spacers are purely hydrophobic, for example methylene groups; others are 
hydrophilic, possessing carbonyl or imido groups (Wilson & Walker, 2005). Several ready to 
use supports of agarose, cellulose and polyacrylamide with a variety of spacer arms and 
pre-attached ligands are commercially available. 

1.4 Affinity chromatography for purification of proteases 

For the affinity chromatography of proteases different ligands from substrates or their 
analogues to various synthetic or naturally occurring inhibitors have been immobilized. 
Appropriate ligands for protease purification can be immobilized enzyme substrates 
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themselves, but in practice, substrates are immediately converted to product after contact 
with the target enzyme (Healthcare, 2007; Polanowski et al., 2003). Therefore, the best results 
in protease purification may be gained by using highly specific inhibitors. 

Synthetic inhibitors present effective ligands for many proteases. The synthetic inhibitor 
para-aminobenzamidine is used as affinity ligand for trypsin, trypsin-like serine proteases 
and zymogens. Benzamidine-Sepharose is commercially available and frequently used for 
removing molecules from cell culture supernatants, bacterial lysates or serum (Healthcare, 
2007). Bovine basic pancreatic trypsin inhibitor (BPTI), or aprotinin, and inhibitors from 
legume seeds, such as soybean trypsin inhibitor (SBTI), are frequently employed protein 
ligands for serine protease isolation (Hewlett, 1990; Polanowski et al., 2003). Group specific 
inhibitors, that are selective and able to react with a protease from single class, are also 
effective ligands for specific classes of proteases. Egg white cystatin C coupled to Sepharose 
allows selective isolation of cysteine proteases from tissue or cell extracts, biological fluids 
and culture media (Tombaccini et al., 2001). Pepstatin A has been employed as a universal 
means of purifying aspartic proteases from a variety of sources. An example is isolation of 
an aspartic protease family from wild growing basidiomycete Clitocybe nebularis (Sabotič et 
al., 2009a). 

2. Materials and methods 
The protease inhibitors from mushrooms, cnispin and macrocypin, were selected as 
examples of application of fungal protease inhibitors in affinity chromatography for 
isolation of proteases. Similar protocols can be followed for other protease inhibitors.  

2.1 Preparation of ligands 

Recombinant protein protease inhibitors cnispin from Clitocybe nebularis and macrocypin 
from Macrolepiota procera were heterologously expressed in Escherichia coli BL21(DE3), 
refolded from inclusion bodies and purified as previously described (Avanzo et al., 2009; 
Sabotič et al., 2009b). 

2.2 Immobilization of ligands to the Sepharose matrix 

Recombinant cnispin and macrocypin were immobilized to the CNBr-activated Sepharose 
(GE Healthcare) according to the manufacturer’s recommendations. For each ligand a 15 ml 
Sepharose column was prepared. The inhibitory activity of the Sepharose immobilized 
protease inhibitors was confirmed by a trypsin inhibition assay for cnispin and papain 
inhibition assay for macrocypin as described (Avanzo et al., 2009; Sabotič et al., 2009b). 

2.3 Immobilization of ligands to monolith supports 

Convective Interaction Media (CIM) epoxy and CIM carbonyldiimidazole (CDI) disks with a 
diameter of 12 mm and thickness of 3 mm, equipped with a special cartridge, were obtained 
from BIA Separations (Ljubljana, Slovenia). The CIM epoxy monoliths are synthesized from 
glycidyl methacrylate (GMA) and ethylene dimethacrylate (EDMA) monomers in the presence 
of pore forming solvents dodecanol and cyclohexanol. The resulting rigid monolith bears 
epoxy groups. CDI monoliths are prepared from epoxy monoliths hydrolyzed to obtain 



 
Affinity Chromatography 

 

314 

8 M in free solution is required for successful separation (Healthcare, 2007; Turkova, 1993). 
When the dissociation constant is outside this range, altering elution methods may however 
help to execute successful affinity chromatography (Healthcare, 2007). 

Ligands in biospecific chromatography can be classified into two types, monospecific and 
group specific. Monospecific ligands are those that bind only one molecule; an example is 
monoclonal antibody to a protein. In this case, a monospecific ligand is expected to bind the 
target molecules with large association constant, while binding weakly or not at all, to 
others (Miller, 2005). Group specific ligands have an affinity for a group of related 
substances rather than for a single type of molecule. The specificity derives from the 
selectivity of the ligand and the use of selective elution conditions. For example, a lectin can 
be used for affinity purification of glycoproteins, polysaccharides and glycolipids with the 
same glyco-signature (Healthcare, 2007; Miller, 2005). The plant lectin isolated from jack 
bean (Canavalia ensiformis) Concanavalin A (ConA) is a routinely used group specific ligand 
(Healthcare, 2007). 

Several approaches have been reported for placing ligands within supports for 
chromatography. Examples include various covalent immobilization methods, as well as 
biospecific adsorption, entrapment and cross-linking. Covalent binding is preferred among 
the other immobilization methods, because it prevents leaking and combines the high 
selectivity of the reaction with the chemical and mechanical properties of the support 
(Benčina et al., 2004). 

Introducing a spacer arm minimizes the risk of steric interference such as binding between 
support and target molecule or low accessibility of the ligand. Spacer arms are low-
molecular-weight molecules interposed between the ligand and the solid support. They 
usually consist of linear hydrocarbon chains with functionalities on both ends for easy 
coupling to the support and ligand. One end of the spacer is immobilized to the matrix 
using traditional immobilization chemistries, while the other end is connected to the ligand, 
using a secondary coupling procedure. The result is immobilized ligand that sticks out from 
the matrix by a distance equal to the length of spacer arm chosen, where the optimal length 
is up to 10 carbon atoms (Hermanson et al., 1992). In addition, ligands involved in 
interaction must be sufficiently distant from the solid support to minimize steric interference 
with the binding processes (Cuatrecasas et al., 1968; Hermanson et al., 1992). With rigid 
support materials, a spacer molecule may also provide greater flexibility, allowing the 
immobilized ligand to move into position to establish the correct binding orientation with a 
protein. Sometimes the chemical structure of a spacer arm is critical for the success of 
separation. It is also important to consider the hydrophilicity of the spacer molecule, as 
some spacers are purely hydrophobic, for example methylene groups; others are 
hydrophilic, possessing carbonyl or imido groups (Wilson & Walker, 2005). Several ready to 
use supports of agarose, cellulose and polyacrylamide with a variety of spacer arms and 
pre-attached ligands are commercially available. 

1.4 Affinity chromatography for purification of proteases 

For the affinity chromatography of proteases different ligands from substrates or their 
analogues to various synthetic or naturally occurring inhibitors have been immobilized. 
Appropriate ligands for protease purification can be immobilized enzyme substrates 
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themselves, but in practice, substrates are immediately converted to product after contact 
with the target enzyme (Healthcare, 2007; Polanowski et al., 2003). Therefore, the best results 
in protease purification may be gained by using highly specific inhibitors. 

Synthetic inhibitors present effective ligands for many proteases. The synthetic inhibitor 
para-aminobenzamidine is used as affinity ligand for trypsin, trypsin-like serine proteases 
and zymogens. Benzamidine-Sepharose is commercially available and frequently used for 
removing molecules from cell culture supernatants, bacterial lysates or serum (Healthcare, 
2007). Bovine basic pancreatic trypsin inhibitor (BPTI), or aprotinin, and inhibitors from 
legume seeds, such as soybean trypsin inhibitor (SBTI), are frequently employed protein 
ligands for serine protease isolation (Hewlett, 1990; Polanowski et al., 2003). Group specific 
inhibitors, that are selective and able to react with a protease from single class, are also 
effective ligands for specific classes of proteases. Egg white cystatin C coupled to Sepharose 
allows selective isolation of cysteine proteases from tissue or cell extracts, biological fluids 
and culture media (Tombaccini et al., 2001). Pepstatin A has been employed as a universal 
means of purifying aspartic proteases from a variety of sources. An example is isolation of 
an aspartic protease family from wild growing basidiomycete Clitocybe nebularis (Sabotič et 
al., 2009a). 

2. Materials and methods 
The protease inhibitors from mushrooms, cnispin and macrocypin, were selected as 
examples of application of fungal protease inhibitors in affinity chromatography for 
isolation of proteases. Similar protocols can be followed for other protease inhibitors.  

2.1 Preparation of ligands 

Recombinant protein protease inhibitors cnispin from Clitocybe nebularis and macrocypin 
from Macrolepiota procera were heterologously expressed in Escherichia coli BL21(DE3), 
refolded from inclusion bodies and purified as previously described (Avanzo et al., 2009; 
Sabotič et al., 2009b). 

2.2 Immobilization of ligands to the Sepharose matrix 

Recombinant cnispin and macrocypin were immobilized to the CNBr-activated Sepharose 
(GE Healthcare) according to the manufacturer’s recommendations. For each ligand a 15 ml 
Sepharose column was prepared. The inhibitory activity of the Sepharose immobilized 
protease inhibitors was confirmed by a trypsin inhibition assay for cnispin and papain 
inhibition assay for macrocypin as described (Avanzo et al., 2009; Sabotič et al., 2009b). 

2.3 Immobilization of ligands to monolith supports 

Convective Interaction Media (CIM) epoxy and CIM carbonyldiimidazole (CDI) disks with a 
diameter of 12 mm and thickness of 3 mm, equipped with a special cartridge, were obtained 
from BIA Separations (Ljubljana, Slovenia). The CIM epoxy monoliths are synthesized from 
glycidyl methacrylate (GMA) and ethylene dimethacrylate (EDMA) monomers in the presence 
of pore forming solvents dodecanol and cyclohexanol. The resulting rigid monolith bears 
epoxy groups. CDI monoliths are prepared from epoxy monoliths hydrolyzed to obtain 
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hydroxyl group, which are then treated with 1,1’carbonyldiimidazole (Benčina et al., 2004). 
Macrocypin was immobilized on CIM monoliths using these two different activation 
chemistries and, additionally, to a monolith that contained short functional spacers (see 2.3.3). 

2.3.1 Immobilization on a CIM epoxy disk 

Macrocypin was covalently immobilized to the original epoxy groups of the GMA/EDMA 
material. After conditioning the CIM epoxy disk with 0.5 M phosphate buffer pH 7.0 for 1 h, 
2 ml of 2.5 mg/ml macrocypin in the same buffer was applied to the disk with a syringe. 
The monolithic disk was then incubated for 24 h at pH 7.0 at 45°C with gentle shaking. 
Afterwards, the monolith was washed for 1 h with water to remove unbound material, and 
then incubated for 1 h in 0.5 M H2SO4 at 50°C to inactivate the remaining epoxy groups. The 
disk was then washed with the mobile phase 0.1 M Tris-HCl, 0.6 M NaCl, pH 7.0 for 1 h at 1 
ml/min flow, and stored in the same buffer at 4°C. 

2.3.2 Immobilization on a CIM CDI disk 

Macrocypin was covalently immobilized to a CIM CDI disk. The disk was first washed with 
0.5 M phosphate buffer pH 7 for 1 h, and then permeated with 2 ml of macrocypin at 2.5 
mg/ml in the same phosphate buffer. Afterwards, the disk was incubated with macrocypin 
solution for 24 h at pH 7.0 at 45°C under gentle shaking. The disk was then rinsed with 
distilled water for 1 h at 1 ml/min flow and stored in 0.5 M phosphate buffer pH 7 at 4°C. 

2.3.3 Immobilization on CIM disk by a short spacer arm 

A CIM ethylene diamine (EDA) disk containing (free) amine groups was first incubated in 50 
mM phosphate buffer, pH 8.0 for 1 h and then derivatized with 10% (v/v) glutaraldehyde 
solution in the same buffer overnight in the dark at room temperature and under gentle 
shaking. The disk was washed with 50 mM phosphate buffer, pH 8.0 to remove the reagent 
and then with 0.5 mM phosphate buffer, pH 3.0. To immobilize macrocypin, the derivatized 
disk was permeated with 1 ml of macrocypin (2.5 mg/ml in 50 mM phosphate buffer pH 3.0) 
and allowed to react for 24 h in the dark, at room temperature and under gentle shaking. The 
disk was then washed with 0.5 M phosphate buffer, pH 3.0 for 1h. To reduce the formed 
Schiff’s bases, the disk was additionally washed with 0.1 M sodium cyanoborohydride in 0.5 
M phosphate buffer, pH 8.0, for 2 h. Free remaining groups were end-capped with 1 M 
monoethanolamine in phosphate buffer (0.5 M, pH 8.0) for 3 h. Finally, the disk was washed 
with distilled water for 1 h at 1 ml/min flow and stored in 0.01 M phosphate buffer at 4°C. 

2.4 Protein extracts and enzymes 

Crude protein extracts of papain-like cysteine proteases and legumain were prepared from 
plant (kiwi fruit and germinated bean seeds) and animal (pig kidney cortex) sources, and of 
the appropriate bacterial source for isolation of serine proteases. The above natural sources 
were selected based on previous experience and literature data as appropriate sources for 
target proteases. In addition, partially purified, commercially available bovine serine 
proteases and purified plant papain were used for characterization of the prepared affinity 
columns. The extracts were prepared in the appropriate binding buffers for direct 
application to the affinity chromatography column. 
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2.4.1 Kiwi fruit 

Kiwi fruits (Actinidia deliciosa), previously stored at -20°C, were thawed and homogenized in 
0.1 M Na acetate buffer pH 6.5 with 0.1 % Na2S2O3 and 0.3 M NaCl. Before application to the 
affinity column the crude protein extract was cleared by centrifugation for 15 min at 16000 g 
and 4°C. 

2.4.2 Germinated bean seeds 

Bean seeds (Phaseolus vulgaris L.) were germinated aseptically at 28°C in the dark. After 3 
days the cuticle was removed and the seeds homogenized at 4°C in 0.1 M Na acetate buffer, 
pH 6.5 supplemented with 0.5 M NaCl, 1.5 mM EDTA and 2 mM DTT using an ultraturax 
homogenizer (IKA-Labortechnik). The insoluble material was removed by centrifugation for 
30 min at 12000 g and 4°C. Proteins in the supernatant were precipitated by ammonium 
sulphate at 80% saturation overnight at 4°C. The precipitate was collected by centrifugation 
(20 min, 16000 g), dissolved in 0.1 M Na acetate buffer, 0.5 M NaCl, pH 6.5, and dialyzed (7 
kDa cut-off) against the same buffer. The extract was cleared by centrifugation (30 min, 
16000 g) and applied to a Sephacryl S200 column (GE Healthcare) equilibrated with 0.1 M 
Na acetate, 0.5 M NaCl, pH 6.5 for size exclusion chromatography. Protein containing 
fractions (determined by measurement of absorbance at 280 nm) were pooled and 
concentrated by ultrafiltration (UM-10, Amicon). 

2.4.3 Pig kidney cortex 

Cortical tissue was dissected from pig kidney and homogenized in 0.1 M phosphate buffer, 
pH 6 supplemented with 0.3 M NaCl, 60 mM EDTA and 15 mM DTT using an ultraturax 
homogenizer (IKA-Labortechnik). The insoluble material was removed by centrifugation at 
4 °C for 20 min at 8000 g and the supernatant cleared by centrifugation for 20 min at 16000 g 
and 4°C. 

2.4.4 Bacillus subtilis culture supernatant 

Bacillus subtilis was cultivated (0.5 % yeast extract, 1 % powdered milk) at 37°C and 220 rpm 
for 24 h. Bacteria were removed by centrifugation at 7000 g for 20 min at 4°C. Proteins in the 
culture supernatant were precipitated with ammonium sulphate at 80% saturation 
overnight at 4°C. After dialysis against 0.1 M Na acetate, 0.3 M NaCl, 1 mM EDTA, pH 6.5, 
the protein extract was cleared by centrifugation at 16000 g for 10 min at 4°C.  

2.4.5 Enzymes 

Partially purified bovine trypsin and chymotrypsin mixture (Fluka) was dissolved at 1 
mg/ml in 0.1 M Na acetate, 0.3 M NaCl, 1 mM EDTA, pH 6.5. Papain from Carica papaya 
(Sigma) was dissolved at 1 mg/ml in 0.1 M Tris-HCl, 0.6 M NaCl, pH 7.0. 

2.5 Affinity chromatography 

2.5.1 Sepharose matrix affinity chromatography 

A cnispin-affinity column was used to isolate subtilisin from the B. subtilis culture 
supernatant and trypsin from the partially purified bovine serine protease mixture. 
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hydroxyl group, which are then treated with 1,1’carbonyldiimidazole (Benčina et al., 2004). 
Macrocypin was immobilized on CIM monoliths using these two different activation 
chemistries and, additionally, to a monolith that contained short functional spacers (see 2.3.3). 

2.3.1 Immobilization on a CIM epoxy disk 

Macrocypin was covalently immobilized to the original epoxy groups of the GMA/EDMA 
material. After conditioning the CIM epoxy disk with 0.5 M phosphate buffer pH 7.0 for 1 h, 
2 ml of 2.5 mg/ml macrocypin in the same buffer was applied to the disk with a syringe. 
The monolithic disk was then incubated for 24 h at pH 7.0 at 45°C with gentle shaking. 
Afterwards, the monolith was washed for 1 h with water to remove unbound material, and 
then incubated for 1 h in 0.5 M H2SO4 at 50°C to inactivate the remaining epoxy groups. The 
disk was then washed with the mobile phase 0.1 M Tris-HCl, 0.6 M NaCl, pH 7.0 for 1 h at 1 
ml/min flow, and stored in the same buffer at 4°C. 

2.3.2 Immobilization on a CIM CDI disk 

Macrocypin was covalently immobilized to a CIM CDI disk. The disk was first washed with 
0.5 M phosphate buffer pH 7 for 1 h, and then permeated with 2 ml of macrocypin at 2.5 
mg/ml in the same phosphate buffer. Afterwards, the disk was incubated with macrocypin 
solution for 24 h at pH 7.0 at 45°C under gentle shaking. The disk was then rinsed with 
distilled water for 1 h at 1 ml/min flow and stored in 0.5 M phosphate buffer pH 7 at 4°C. 

2.3.3 Immobilization on CIM disk by a short spacer arm 

A CIM ethylene diamine (EDA) disk containing (free) amine groups was first incubated in 50 
mM phosphate buffer, pH 8.0 for 1 h and then derivatized with 10% (v/v) glutaraldehyde 
solution in the same buffer overnight in the dark at room temperature and under gentle 
shaking. The disk was washed with 50 mM phosphate buffer, pH 8.0 to remove the reagent 
and then with 0.5 mM phosphate buffer, pH 3.0. To immobilize macrocypin, the derivatized 
disk was permeated with 1 ml of macrocypin (2.5 mg/ml in 50 mM phosphate buffer pH 3.0) 
and allowed to react for 24 h in the dark, at room temperature and under gentle shaking. The 
disk was then washed with 0.5 M phosphate buffer, pH 3.0 for 1h. To reduce the formed 
Schiff’s bases, the disk was additionally washed with 0.1 M sodium cyanoborohydride in 0.5 
M phosphate buffer, pH 8.0, for 2 h. Free remaining groups were end-capped with 1 M 
monoethanolamine in phosphate buffer (0.5 M, pH 8.0) for 3 h. Finally, the disk was washed 
with distilled water for 1 h at 1 ml/min flow and stored in 0.01 M phosphate buffer at 4°C. 

2.4 Protein extracts and enzymes 

Crude protein extracts of papain-like cysteine proteases and legumain were prepared from 
plant (kiwi fruit and germinated bean seeds) and animal (pig kidney cortex) sources, and of 
the appropriate bacterial source for isolation of serine proteases. The above natural sources 
were selected based on previous experience and literature data as appropriate sources for 
target proteases. In addition, partially purified, commercially available bovine serine 
proteases and purified plant papain were used for characterization of the prepared affinity 
columns. The extracts were prepared in the appropriate binding buffers for direct 
application to the affinity chromatography column. 
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2.4.1 Kiwi fruit 

Kiwi fruits (Actinidia deliciosa), previously stored at -20°C, were thawed and homogenized in 
0.1 M Na acetate buffer pH 6.5 with 0.1 % Na2S2O3 and 0.3 M NaCl. Before application to the 
affinity column the crude protein extract was cleared by centrifugation for 15 min at 16000 g 
and 4°C. 

2.4.2 Germinated bean seeds 

Bean seeds (Phaseolus vulgaris L.) were germinated aseptically at 28°C in the dark. After 3 
days the cuticle was removed and the seeds homogenized at 4°C in 0.1 M Na acetate buffer, 
pH 6.5 supplemented with 0.5 M NaCl, 1.5 mM EDTA and 2 mM DTT using an ultraturax 
homogenizer (IKA-Labortechnik). The insoluble material was removed by centrifugation for 
30 min at 12000 g and 4°C. Proteins in the supernatant were precipitated by ammonium 
sulphate at 80% saturation overnight at 4°C. The precipitate was collected by centrifugation 
(20 min, 16000 g), dissolved in 0.1 M Na acetate buffer, 0.5 M NaCl, pH 6.5, and dialyzed (7 
kDa cut-off) against the same buffer. The extract was cleared by centrifugation (30 min, 
16000 g) and applied to a Sephacryl S200 column (GE Healthcare) equilibrated with 0.1 M 
Na acetate, 0.5 M NaCl, pH 6.5 for size exclusion chromatography. Protein containing 
fractions (determined by measurement of absorbance at 280 nm) were pooled and 
concentrated by ultrafiltration (UM-10, Amicon). 

2.4.3 Pig kidney cortex 

Cortical tissue was dissected from pig kidney and homogenized in 0.1 M phosphate buffer, 
pH 6 supplemented with 0.3 M NaCl, 60 mM EDTA and 15 mM DTT using an ultraturax 
homogenizer (IKA-Labortechnik). The insoluble material was removed by centrifugation at 
4 °C for 20 min at 8000 g and the supernatant cleared by centrifugation for 20 min at 16000 g 
and 4°C. 

2.4.4 Bacillus subtilis culture supernatant 

Bacillus subtilis was cultivated (0.5 % yeast extract, 1 % powdered milk) at 37°C and 220 rpm 
for 24 h. Bacteria were removed by centrifugation at 7000 g for 20 min at 4°C. Proteins in the 
culture supernatant were precipitated with ammonium sulphate at 80% saturation 
overnight at 4°C. After dialysis against 0.1 M Na acetate, 0.3 M NaCl, 1 mM EDTA, pH 6.5, 
the protein extract was cleared by centrifugation at 16000 g for 10 min at 4°C.  

2.4.5 Enzymes 

Partially purified bovine trypsin and chymotrypsin mixture (Fluka) was dissolved at 1 
mg/ml in 0.1 M Na acetate, 0.3 M NaCl, 1 mM EDTA, pH 6.5. Papain from Carica papaya 
(Sigma) was dissolved at 1 mg/ml in 0.1 M Tris-HCl, 0.6 M NaCl, pH 7.0. 

2.5 Affinity chromatography 

2.5.1 Sepharose matrix affinity chromatography 

A cnispin-affinity column was used to isolate subtilisin from the B. subtilis culture 
supernatant and trypsin from the partially purified bovine serine protease mixture. 
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Macrocypin-affinity chromatography was used for isolation of actinidin from kiwi fruit, 
legumain from germinated bean seeds and cysteine proteases from pig kidney cortex. 

The Sepharose column was equilibrated with 10 volumes of the binding buffer appropriate 
for each protein extract (see 2.4). The protein sample was applied by gravity flow and the 
unbound proteins washed with the same binding buffer until the absorbance at 280 nm of 
the effluent approached zero. The bound proteins were eluted by a pH change using first 10 
mM HCl and then 10 mM NaOH. Fractions were neutralized with 2 M Tris-HCl, pH 6.5, 
pooled and concentrated by ultrafiltration (UM-10, Amicon).  

For isolation of cysteine proteases from germinated bean seeds and pig kidney cortex, an 
additional elution step was included before the pH change, namely the increased ionic 
strength using 0.7 M NaCl in a corresponding binding buffer. 

2.5.2 CIM monoliths 

Chromatographic experiments with papain were carried out with a high performance liquid 
chromatography system (Knauer). Papain (1 mg/ml in 0.1 M Tris-HCl, 0.6 M NaCl, pH 7.0) 
was pumped through the monolith coupled with macrocypin for 10 min at a flow rate of 1 
ml/min. Bound proteins were eluted by a stepwise gradient, using 0.1 M glycine pH 2.0 at a 
flow rate of 1 ml/min. Fractions were collected in neutralization buffer 2 M Tris-HCl pH 8.0 
to maintain papain stability and activity for further analyses. 

The binding capacity of immobilized macrocypin was determined by pumping a 1 mg/ml 
papain solution in 0.1 M Tris-HCl, 0.6 M NaCl, pH 7.0 through the monolith for 10 min at a 
flow rate of 1 ml/min. During this experiment an early breakthrough of the papain was 
observed. However, when the experiment was continued and more sample was loaded onto 
the column, a substantial amount of papain was bound and eluted afterwards with 0.1 M 
glycine pH 2.0 and neutralized. The amount of papain bound was to a certain degree 
dependent on the amount of sample loaded. Based on this fact, we speculated that papain 
might exist in at least two different forms – one that is binding to the immobilized 
macrocypin and one that does not under the selected conditions. To obtain the papain form 
that binds to macrocypin, the eluted fraction was collected, desalted with PD-10 desalting 
columns (GE Healthcare) and re-applied to the monolithic disk. In this case, a typical 
breakthrough curve was obtained – the loaded papain bound to the column until a 
breakthrough was achieved. After that, the column was washed and the bound papain 
eluted in the same way as before. The dynamic binding capacity was calculated from this 
breakthrough curve at 50% breakthrough as previously described (Hage, 2006). 

Legumain isolation experiments were performed on a fast protein liquid chromatography 
(FPLC) system (GE Healthcare). This technique is a type of high performance liquid 
chromatography, with lower operating pressure (1 – 2 MPa), adjusted for separation of 
amino acids, peptides and proteins (Wilson & Walker, 2005). The protein sample of 
germinated bean seeds (200 µl) was loaded onto a CIM epoxy disk, in a solution of 0.1 M 
Tris-HCl, 0.6 M NaCl, pH 7.0 - also used as mobile phase - at 0.2 ml/min. Bound proteins 
were eluted from disk with 0.1 M glycine, pH 2.0 and neutralized with 2 M Tris-HCl, pH 8.0 
to prevent self-degradation. 

 
The Value of Fungal Protease Inhibitors in Affinity Chromatography 

 

319 

2.6 Protein characterization 

2.6.1 SDS-PAGE 

Eluted proteins were separated on 12 % polyacrylamide gels using Low Molecular Weight 
(LMW) markers of 14.4 - 97 kDa (GE Healthcare). Proteins were visualized with Coomassie 
Brilliant Blue R-250 or silver staining, as appropriate, following the standard protocols. 

2.6.2 Immunoblot analysis 

Proteins separated by SDS-PAGE were transferred to a polyvinylidene difluoride membrane 
(Immobilon-P, Millipore) in a tank transfer system (Bio-Rad). The membrane was blocked 
for 1h in blocking buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl and 5 % milk powder) and 
then incubated with anti-recombinant macrocypin serum (dilution 1:10000) overnight at 
4°C. After washing at room temperature five times for 15 min in washing buffer (50 mM 
Tris-HCl, pH 7.5, 150 mM NaCl, 0.05 % Tween 20) the membrane was incubated with 
horseradish peroxidase conjugated goat anti-rabbit IgG (Dianova) secondary antibodies 
(dilution 1:20000) for 1 h at room temperature. The membrane was washed as above and the 
chemiluminescence detection performed with Lumi-LightPLUS (Roche). 

2.6.3 Protein sequencing 

For N-terminal sequence analysis, proteins separated by SDS-PAGE were electro-transferred 
to an Immobilon-P membrane (Millipore) as described above, and visualized by Coomassie 
staining. Bands were excised and sequencing was performed on a Procise 492A Automated 
Sequencing System (Applied Biosystems). Alternatively, bands excised from a Coomassie 
Brilliant Blue stained SDS-PAGE were, after in-gel digestion with trypsin, analysed by mass 
spectrometry using electrospray ionization (LC-MS-MS) on MSD Trap XCT Ultra (Agilent). 

2.6.4 Enzyme activity assays 

The substrate Suc-Ala-Ala-Pro-Phe-7-amido-4-methylcoumarin (Suc-Ala-Ala-Pro-Phe-AMC) 
(Bachem) was used for the analysis of serine protease activity. Different amounts of samples 
were mixed with the buffer (0.1 M phosphate buffer, pH 8) and the reaction initiated by the 
addition of Suc-Ala-Ala-Pro-Phe-AMC substrate (30 µM). After 15 min incubation at 37°C 
the reaction was stopped by the addition of HCl and product formation monitored on a 
Luminescence Spectrometer LS30 (Perkin Elmer) using 370 nm for excitation and 460 nm for 
emission. 

The substrate Z-Phe-Arg-AMC (Bachem) was used for measuring papain-like cysteine 
protease activity in a fluorimetric assay. Different amounts of samples were mixed with the 
buffer (0.1 M Na phosphate, pH 6.5, 3 mM DTT, 2 mM EDTA) and the reaction initiated 
with the addition of the substrate to a final concentration of 100 µM and incubated for 10 
min at 37 °C. The reaction was stopped with iodoacetic acid and the release of the 
fluorescent product monitored at 370 nm excitation and 460 nm emission using 
Luminescence Spectrometer LS30 (Perkin Elmer). 

The substrate Z-Ala-Ala-Asn-AMC (Bachem) was used for analysis of legumain activity. 
Different amounts of samples were mixed with the buffer (0.1 M phosphate-citrate buffer, 
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Macrocypin-affinity chromatography was used for isolation of actinidin from kiwi fruit, 
legumain from germinated bean seeds and cysteine proteases from pig kidney cortex. 

The Sepharose column was equilibrated with 10 volumes of the binding buffer appropriate 
for each protein extract (see 2.4). The protein sample was applied by gravity flow and the 
unbound proteins washed with the same binding buffer until the absorbance at 280 nm of 
the effluent approached zero. The bound proteins were eluted by a pH change using first 10 
mM HCl and then 10 mM NaOH. Fractions were neutralized with 2 M Tris-HCl, pH 6.5, 
pooled and concentrated by ultrafiltration (UM-10, Amicon).  

For isolation of cysteine proteases from germinated bean seeds and pig kidney cortex, an 
additional elution step was included before the pH change, namely the increased ionic 
strength using 0.7 M NaCl in a corresponding binding buffer. 

2.5.2 CIM monoliths 

Chromatographic experiments with papain were carried out with a high performance liquid 
chromatography system (Knauer). Papain (1 mg/ml in 0.1 M Tris-HCl, 0.6 M NaCl, pH 7.0) 
was pumped through the monolith coupled with macrocypin for 10 min at a flow rate of 1 
ml/min. Bound proteins were eluted by a stepwise gradient, using 0.1 M glycine pH 2.0 at a 
flow rate of 1 ml/min. Fractions were collected in neutralization buffer 2 M Tris-HCl pH 8.0 
to maintain papain stability and activity for further analyses. 

The binding capacity of immobilized macrocypin was determined by pumping a 1 mg/ml 
papain solution in 0.1 M Tris-HCl, 0.6 M NaCl, pH 7.0 through the monolith for 10 min at a 
flow rate of 1 ml/min. During this experiment an early breakthrough of the papain was 
observed. However, when the experiment was continued and more sample was loaded onto 
the column, a substantial amount of papain was bound and eluted afterwards with 0.1 M 
glycine pH 2.0 and neutralized. The amount of papain bound was to a certain degree 
dependent on the amount of sample loaded. Based on this fact, we speculated that papain 
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2.6 Protein characterization 

2.6.1 SDS-PAGE 

Eluted proteins were separated on 12 % polyacrylamide gels using Low Molecular Weight 
(LMW) markers of 14.4 - 97 kDa (GE Healthcare). Proteins were visualized with Coomassie 
Brilliant Blue R-250 or silver staining, as appropriate, following the standard protocols. 

2.6.2 Immunoblot analysis 

Proteins separated by SDS-PAGE were transferred to a polyvinylidene difluoride membrane 
(Immobilon-P, Millipore) in a tank transfer system (Bio-Rad). The membrane was blocked 
for 1h in blocking buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl and 5 % milk powder) and 
then incubated with anti-recombinant macrocypin serum (dilution 1:10000) overnight at 
4°C. After washing at room temperature five times for 15 min in washing buffer (50 mM 
Tris-HCl, pH 7.5, 150 mM NaCl, 0.05 % Tween 20) the membrane was incubated with 
horseradish peroxidase conjugated goat anti-rabbit IgG (Dianova) secondary antibodies 
(dilution 1:20000) for 1 h at room temperature. The membrane was washed as above and the 
chemiluminescence detection performed with Lumi-LightPLUS (Roche). 

2.6.3 Protein sequencing 

For N-terminal sequence analysis, proteins separated by SDS-PAGE were electro-transferred 
to an Immobilon-P membrane (Millipore) as described above, and visualized by Coomassie 
staining. Bands were excised and sequencing was performed on a Procise 492A Automated 
Sequencing System (Applied Biosystems). Alternatively, bands excised from a Coomassie 
Brilliant Blue stained SDS-PAGE were, after in-gel digestion with trypsin, analysed by mass 
spectrometry using electrospray ionization (LC-MS-MS) on MSD Trap XCT Ultra (Agilent). 

2.6.4 Enzyme activity assays 

The substrate Suc-Ala-Ala-Pro-Phe-7-amido-4-methylcoumarin (Suc-Ala-Ala-Pro-Phe-AMC) 
(Bachem) was used for the analysis of serine protease activity. Different amounts of samples 
were mixed with the buffer (0.1 M phosphate buffer, pH 8) and the reaction initiated by the 
addition of Suc-Ala-Ala-Pro-Phe-AMC substrate (30 µM). After 15 min incubation at 37°C 
the reaction was stopped by the addition of HCl and product formation monitored on a 
Luminescence Spectrometer LS30 (Perkin Elmer) using 370 nm for excitation and 460 nm for 
emission. 

The substrate Z-Phe-Arg-AMC (Bachem) was used for measuring papain-like cysteine 
protease activity in a fluorimetric assay. Different amounts of samples were mixed with the 
buffer (0.1 M Na phosphate, pH 6.5, 3 mM DTT, 2 mM EDTA) and the reaction initiated 
with the addition of the substrate to a final concentration of 100 µM and incubated for 10 
min at 37 °C. The reaction was stopped with iodoacetic acid and the release of the 
fluorescent product monitored at 370 nm excitation and 460 nm emission using 
Luminescence Spectrometer LS30 (Perkin Elmer). 

The substrate Z-Ala-Ala-Asn-AMC (Bachem) was used for analysis of legumain activity. 
Different amounts of samples were mixed with the buffer (0.1 M phosphate-citrate buffer, 



 
Affinity Chromatography 

 

320 

pH 5.8, 0.1 % w/v CHAPS, 1 mM EDTA, 3 mM DTT), the reaction was initiated by the 
addition of the substrate (50 µM) and incubated for 15 min at 37°C. The reaction was 
stopped by the addition of iodoacetic acid and product formation (370/460 nm) monitored 
on a Luminescence Spectrometer LS30 (Perkin Elmer). 

2.6.5 Zymogram analysis 

Gelatin zymography was performed as described (Sabotič et al., 2007b) using developing 
solution at pH 8.0 (100 mM Tris–HCl, 200 mM NaCl, 5 mM CaCl2) to analyse the general 
proteolytic activity of serine and cysteine proteases in samples. Following Coomassie 
Brilliant Blue staining the proteolytic activities are seen as white bands on a dark 
background. 

Native PAGE, followed by detection of proteolytic activity using fluorescent substrate Z-
Phe-Arg-AMC, was used for analysis of proteolytic activity of mammalian papain-like 
cysteine proteases as described (Budič et al., 2009). 

3. Results and discussion 
3.1 Cnispin-affinity chromatography for isolation of serine proteases 

The serine protease inhibitor cnispin was used for the isolation of secreted proteases of 
Bacillus subtilis, which are mainly of the serine catalytic type. Bacterial secreted alkaline 
proteases are an indispensable detergent additive (Rao et al., 1998). Since their expression 
increases during the stationary growth phase (Priest, 1977), proteolytic activity in the culture 
supernatant was monitored for 24 h (Fig. 4a) to determine the optimal time of harvest. The 
culture supernatant after 24 h incubation that showed the highest proteolytic activity was 
used for precipitation of secreted proteins. They were applied to cnispin-affinity 
chromatography and unbound proteins washed off, followed by elution of the bound 
proteins by a change in pH (from pH 6.5 during application to pH 2 for elution). SDS-PAGE 
analysis revealed three bands in the pooled eluted fractions (23, 24 and 27 kDa), which also 
showed proteolytic activity on a gelatin zymogram (Fig. 4b). Furthermore, the specific 
activity against the chromogenic substrate Suc-Ala-Ala-Pro-Phe-AMC increased in the 
bound fractions relative to the unbound and applied sample (Fig. 4c). This activity was 
abolished by chymostatin, a broad-range inhibitor of serine proteases of families S1 (e.g. 
trypsin and chymotrypsin) and S8 (e.g. subtilisin). 

Commercially obtained partially purified bovine trypsin mixture was further purified using 
the cnispin-affinity chromatography. Highly purified trypsin is for example used in protein 
digestion preceding mass spectrometry analyses. Cnispin is a very strong inhibitor of 
trypsin and a weak inhibitor of chymotrypsin, therefore trypsin purification was expected. 
The trypsin mixture (1 mg/ml) was applied to the column and bound proteins were eluted 
by lowering the pH. SDS-PAGE analysis revealed that a less contaminated trypsin was 
obtained with this additional step, seen as a predominant band at 23 kDa, which 
corresponds to the theoretical molecular mass of the bovine trypsin (Fig. 5). 

Although cnispin affinity chromatography was successful in purifying serine proteases from 
the bacterial culture supernatant and the high trypsin specificity of cnispin enabled 
purification of trypsin from a mixture of similar enzymes, the amount of isolated proteases 
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was very small. This indicates either a low capacity for protease binding to the immobilized 
inhibitor or ineffective elution of the protease from it and makes the described cnispin-
affinity chromatography useful mainly for laboratory or analytical scale experiments. 

 
Fig. 4. Purification of secreted B. subtilis proteases by cnispin-affinity chromatography. (a) 
Gelatin zymogram of the B. subtilis culture supernatant collected at different times after 
inoculation. (b) SDS-PAGE (left) and gelatine zymogram (right) analysis of serine proteases 
isolated from the B. subtilis culture supernatant by cnispin-affinity chromatography. Lane 1, 
the applied precipitated secreted proteins; lane 2, unbound proteins; lane 3, eluted bound 
proteins. (c) Specific activity with standard deviation measured against the subtilisin 
substrate Suc-Ala-Ala-Pro-Phe-AMC. Sample numbers correspond to lanes in panel (b).  

 
Fig. 5. Trypsin purification with cnispin-affinity chromatography. SDS-PAGE analysis of the 
trypsin mixture further purified by cnispin-affinity chromatography. Lane 1, the applied 
trypsin mixture; lane 2, unbound proteins; lane 3, eluted bound proteins. 

3.2 Macrocypin-affinity chromatography for isolation of cysteine proteases 

The cysteine protease inhibitor macrocypin 1 from Macrolepiota procera inhibits two families 
of cysteine proteases, utilizing different reactive loops (Fig. 1), namely papain-like proteases 
(family C1) and legumain (family C13). To determine whether macrocypin-affinity 
chromatography would be applicable for isolation of these proteases from plant and animal 
sources, we tested kiwi fruits as a source of papain-like protease actinidin, germinated bean 
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inhibitor or ineffective elution of the protease from it and makes the described cnispin-
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seeds as a source of plant legumain and pig kidney cortex as a source of both papain-like 
cysteine proteases and legumain. 

Actinidin (also called actinidain) is a papain-like cysteine protease abundant in kiwi fruits 
(Actinidia deliciosa). Several applications of actinidin have been considered, such as in meat 
tenderization (Aminlari et al., 2009), in cheese making (Lo Piero et al., 2011) and for isolation 
of various cell types from human and animal tissues (Mostafaie et al., 2008).  

 
Fig. 6. Partial purification of actinidin from kiwi fruit using macrocypin-affinity 
chromatography. SDS-PAGE (a) and gelatine zymogram (b) analysis of actinidin 
purification by macrocypin affinity chromatography. Lane 1, kiwi fruit extract; lane 2, 
unbound proteins; lane 3, eluted bound proteins. 

Macrocypin-affinity chromatography was used as a one-step purification procedure for 
actinidin from crude protein extracts of kiwi fruits, where a change in pH (from pH 6.5 
during application to pH 11 for elution) was used for elution of bound proteins. SDS-PAGE 
analysis revealed a partial purification of actinidin, as a 24 kDa band corresponding to a 
mature actinidin was predominant (Fig. 6a). The presence of mature actinidin in the 24 kDa 
band was confirmed by N-terminal sequencing (H2N-LPSYVDWRSA) and zymogram 
analysis confirmed its proteolytic activity (Fig. 6b). 

Legumain-like proteases (also called vacuolar-processing enzymes) are abundant in seeds of 
leguminous plants and, in kidney bean seeds (Phaseolus vulgaris) legumain performs controlled 
hydrolysis of storage protein phaseolin during and after germination (Senyuk et al., 1998). A 
protein extract of germinating bean seeds was first purified by size exclusion chromatography 
and then applied to the macrocypin-affinity chromatography. Three different means of elution 
were performed to determine the optimal purification procedure, namely higher ionic strength 
(0.7 M NaCl in binding buffer), and elution by low pH (10 mM HCl) and high pH (10 mM 
NaOH). Purification of legumain was achieved and confirmed by mass spectrometry, where it 
was present in the 48 kDa band (Fig. 7a, arrow) that corresponds to the mature enzyme, in 
addition to phaseolin (47.5 kDa), which was probably retained on the column because of its 
abundance in the extract. The activity, measured against the legumain substrate Suc-Ala-Ala-
Asn-AMC, in the applied sample, flow-through and eluted fractions confirmed the 
purification of legumain with elution by lowering the buffer pH (Fig. 7b). The change of ionic 
strength was not sufficient to elute the protease, while high pH causes its denaturation. 

 
The Value of Fungal Protease Inhibitors in Affinity Chromatography 

 

323 

 
Fig. 7. Legumain purification from germinated bean seeds. (a) SDS-PAGE analysis of the 
macrocypin-affinity chromatography process. Lane 1, the applied crude protein extract; lane 
2, unbound proteins; lane 3, bound proteins eluted by high ionic strength (0.7 M NaCl); lane 
4, bound proteins eluted by low pH (10 mM HCl); lane 5 bound proteins eluted by high pH 
(10 mM NaOH). (b) Specific activity with standard deviation measured against the legumain 
specific substrate Z-Ala-Ala-Asn-AMC. Sample numbers correspond to lanes in panel (a). 

Since isolation of plant legumain was successful with the macrocypin-affinity column, we 
wanted to confirm its applicability for animal legumain as well. Mammalian legumain is 
most abundant in kidneys (Chen et al., 1997), therefore, pig kidney cortex was used as a 
source material. Since many papain-like proteases are also present in mammalian tissues, 
their co-purification on the macrocypin-affinity column was expected. Two versions of the 
elution procedure were employed. First, for purification of papain-like proteases, the 
bound proteins were eluted (experiment A) by a change of pH only (from pH 6.0 in the 
application buffer to pH 12 in elution). Secondly, for purification of legumain and papain-
like proteases (experiment B), elution with higher ionic strength (0.7 M NaCl in 
application buffer) was followed by low (10 mM HCl) and high pH (10 mM NaOH) 
elution. Papain-like proteases were isolated by both procedures, as seen by zymogram 
analysis (Fig. 8, lanes A3 and B4), however their specific activity was not increased (Fig. 
8c, white bars). On the contrary, legumain isolation was, as with plant legumain, achieved 
optimally by elution with low pH, resulting in higher specific activity (Fig. 8c, black bars). 
However, as seen in the SDS-PAGE analysis (Fig. 8a), further purification steps would be 
required to obtain pure enzyme. 

We have shown the applicability of macrocypin-affinity chromatography for isolation of 
cysteine proteases from plant and animal sources. The affinity chromatography purification 
procedure would have to be complemented by one other purification step to obtain a 
purified protein. Furthermore, the capacity of the macrocypin-affinity column was very low, 
possibly due to steric hindrance to protease binding to the immobilized inhibitor, making 
the protease inhibitor immobilized to the Sepharose matrix applicable only on the 
laboratory or analytical scale. Both of these issues were addressed by development of 
macrocypin-affinity chromatography on monolithic support. 
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Since isolation of plant legumain was successful with the macrocypin-affinity column, we 
wanted to confirm its applicability for animal legumain as well. Mammalian legumain is 
most abundant in kidneys (Chen et al., 1997), therefore, pig kidney cortex was used as a 
source material. Since many papain-like proteases are also present in mammalian tissues, 
their co-purification on the macrocypin-affinity column was expected. Two versions of the 
elution procedure were employed. First, for purification of papain-like proteases, the 
bound proteins were eluted (experiment A) by a change of pH only (from pH 6.0 in the 
application buffer to pH 12 in elution). Secondly, for purification of legumain and papain-
like proteases (experiment B), elution with higher ionic strength (0.7 M NaCl in 
application buffer) was followed by low (10 mM HCl) and high pH (10 mM NaOH) 
elution. Papain-like proteases were isolated by both procedures, as seen by zymogram 
analysis (Fig. 8, lanes A3 and B4), however their specific activity was not increased (Fig. 
8c, white bars). On the contrary, legumain isolation was, as with plant legumain, achieved 
optimally by elution with low pH, resulting in higher specific activity (Fig. 8c, black bars). 
However, as seen in the SDS-PAGE analysis (Fig. 8a), further purification steps would be 
required to obtain pure enzyme. 

We have shown the applicability of macrocypin-affinity chromatography for isolation of 
cysteine proteases from plant and animal sources. The affinity chromatography purification 
procedure would have to be complemented by one other purification step to obtain a 
purified protein. Furthermore, the capacity of the macrocypin-affinity column was very low, 
possibly due to steric hindrance to protease binding to the immobilized inhibitor, making 
the protease inhibitor immobilized to the Sepharose matrix applicable only on the 
laboratory or analytical scale. Both of these issues were addressed by development of 
macrocypin-affinity chromatography on monolithic support. 
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Fig. 8. Purification of cysteine proteases from pig kidney cortex using macrocypin-affinity 
chromatography. (a) SDS-PAGE analysis of applied, washed and eluted fractions: lane 1, the 
applied crude protein extract; lane 2, unbound proteins; lane A3, bound proteins eluted by 
high pH in experiment A; lane B3, bound proteins eluted by high ionic strength (0.7 M 
NaCl); lane B4, bound proteins eluted by low pH (10 mM HCl); and lane B5 bound proteins 
eluted by high pH (10 mM NaOH) in experiment B. (b) Zymogram analysis with the 
substrate Z-Phe-Arg-AMC for detection of papain-like cysteine protease activities in 
applied, washed and eluted fractions. Lane numbers correspond to those in panel (a). (c) 
Specific activity with standard deviation measured against the legumain specific substrate 
Z-Ala-Ala-Asn-AMC and papain-like protease substrate Z-Phe-Arg-AMC. Sample numbers 
correspond to lanes in panels (a) and (b). 

3.3 Optimization of macrocypin-affinity chromatography on monolithic disk support 

Three monolithic disks (CIM epoxy, CIM CDI and CIM with glutaraldehyde spacer arm) 
were used as supports for macrocypin immobilization (Fig. 9). Covalent binding of 
macrocypin to solid monolithic support was verified with immunoblot analysis (Fig. 10b). 
Results indicated that macrocypin immobilization was stable and macrocypin was not 
leaking from the support during experiments in all three versions of prepared disks. 
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Fig. 9. Macrocypin immobilization on a: (a) CIM epoxy disk; (b) CIM CDI disk; (c) CIM with 
glutaraldehyde spacer arm. 

3.3.1 Immobilization on CIM epoxy disk 

The majority of the immobilizations on glycidyl methacrylate monolith supports were 
performed via epoxy groups, since they are formed in situ during the polymerization 
process and thus readily available for chemical modification. Macrocypin was immobilized 
on a CIM epoxy disk (Fig. 9a) as described in 2.3.1. Macrocypin solution was syringed 
through the disk to completely fill all the monolith pores. pH 7.0 was used as the optimal 
pH for coupling reaction between the epoxy groups and amino residues of macrocypin. A 
solution of 0.5 M H2SO4 at 50°C was employed for end-capping the remaining free epoxy 
groups and preventing side reactions. To analyze the CIM epoxy macrocypin affinity disk, 
10 mg of crude papain solution was applied at 1 ml/min and eluted at lower pH. SDS-
PAGE analysis (Fig. 10a) of eluted samples revealed more concentrated papain (23.4 kDa) in 
flow-through (Fig. 10a, lane C2) than from elution (Fig. 10a, lane C3).  

 
Fig. 10. Papain purification with monolith macrocypin-affinity chromatography. (a) SDS-
PAGE analysis of papain purification on (A) CIM disk with glutaraldehyde spacer arm, (B) 
CIM CDI disk and (C) CIM epoxy disk; lane 1, the applied papain; lane 2, unbound papain; 
lane 3, eluted bound papain. (b) Immunoblot analysis of the same samples as in panel (a); 
polyclonal anti-macrocypin antibodies were used and immunoreactive bands visualized by 
chemiluminescent detection; lane C, macrocypin as positive control. 
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Fig. 10. Papain purification with monolith macrocypin-affinity chromatography. (a) SDS-
PAGE analysis of papain purification on (A) CIM disk with glutaraldehyde spacer arm, (B) 
CIM CDI disk and (C) CIM epoxy disk; lane 1, the applied papain; lane 2, unbound papain; 
lane 3, eluted bound papain. (b) Immunoblot analysis of the same samples as in panel (a); 
polyclonal anti-macrocypin antibodies were used and immunoreactive bands visualized by 
chemiluminescent detection; lane C, macrocypin as positive control. 
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Although this method of immobilization was easily achieved, the active site of macrocypin 
was probably not accessible to the binding sites on papain, therefore macrocypin 
immobilization to CIM epoxy disk did not demonstrate the desired characteristics. Chemical 
modification of the epoxy groups to imidazole carbamate groups is one alternative to 
overcome the limitations of the epoxy method, so a macrocypin CIM CDI disk was prepared. 

3.3.2 Immobilization on a CIM CDI disk 

Imidazole carbamate groups that react with N-nucleophiles give an N-alkyl carbamate 
linkage, resulting from the reaction between hydroxyl groups obtained by hydrolysis of 
epoxy groups and 1,1’-carbonyldiimidazole (Hermanson et al., 1992). This activated support 
was used in macrocypin immobilization by means of nucleophilic substitution between the 
activated sites and primary amines on the protein, resulting in a stable amide linkage (Fig. 
9b). This method is faster than the epoxy method and involves fewer steps (Mallik & Hage, 
2006). In addition, the remaining free imidazole groups of the supports are rapidly self-
deactivated after the immobilization process in aqueous solution, forming the original 
hydroxyl groups and releasing CO2 and imidazole (Benčina et al., 2004; Nicoli et al., 2008).  

To assess the performance of the CIM CDI macrocypin affinity disk, 10 mg of papain 
solution was loaded in 10 min to the disk and bound papain was eluted at low pH. SDS-
PAGE analysis (Fig. 10a, lanes B) revealed better separation than with the CIM epoxy disk 
for the same amount of papain.  

The CIM CDI disk demonstrated sufficient accessibility for protease to immobilized 
inhibitor, probably due to different steric orientation of the macrocypin on the support. 

3.3.3 Immobilization on a CIM disk with spacer arm 

Even better accessibility for the protease active site was achieved with the introduction of a 
spacer arm, which removes the inhibitor from the solid phase surface and minimizes steric 
interference during binding (Cuatrecasas, 1970). Polymer aldehyde groups formed after 
activation allow fast covalent binding of amino group bearing ligands under mild 
conditions, with elimination of water as the only side product (Ponomareva et al., 2010). The 
glutaraldehyde spacer (Fig. 9c) presumably provides greater flexibility, allowing the 
macrocypin to move into the right position to establish the correct binding orientation with 
protein. Affinity chromatography with 10 mg of papain solution was accomplished in 10 
min and bound papain was eluted by lowering the pH. Compared with CDI and the epoxy 
immobilized disk, glutaraldehyde spacer revealed superior properties for papain separation, 
as seen on SDS-PAGE analysis (Fig. 10a, lanes A). 

Macrocypin was also covalently immobilized on CIM disks with three different spacer arms: 
Ethylenediamine, 1,6-diaminohexane, and 1,4-butanediol diglycidyl ether. However, 
improved binding characteristics for papain were not observed (not shown). 

3.4 Determination of binding capacities of CIM disks  

The binding capacity of papain to macrocypin immobilized via glutaraldehyde and 
imidazole carbamate groups was found to be higher than to macrocypin immobilized via 
epoxy groups. Dynamic binding capacities were determined by measuring the 
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breakthrough curve (Fig. 11). For CIM epoxy disk, the capacity was 0.34 mg/ml, for CIM 
CDI disk 5.1 mg/ml and for CIM disk with glutaraldehyde spacer arm 9.2 mg/ml. 

 
Fig. 11. Comparison of papain separations on CIM epoxy, CIM CDI and CIM with 
glutaraldehyde spacer arm (left). Chromatographic conditions: flow rate 1 ml/min; 
concentration of papain 1 mg/ml in 0.1 M Tris-HCl, 0.6 M NaCl, pH 7.0; elution with 0.1 M 
glycine pH 2.0; detection wavelength 280 nm. Eluted bound proteins were collected together 
and applied again to the disks to determine the 50% breakthrough. (right) An example of 
the breakthrough curve with papain bound to the CIM disk with macrocypin immobilized 
via a glutaraldehyde spacer arm. 

3.5 Monolith macrocypin-affinity chromatography for isolation of plant cysteine 
protease 

To explore the possibility of wider applications of macrocypin affinity disks, legumain from 
a crude protein extract of germinated bean seeds (Phaseolus vulgaris) was subjected to 
purification. 

 
Fig. 12. SDS-PAGE analysis of legumain purification from germinated bean seeds with a 
CIM epoxy monolith disk. Lane 1, the applied crude protein extract; lane 2, unbound 
proteins; lane 3, bound proteins eluted with 0.1 M glycine, pH 2.0.  
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According to the experiences with plant and animal legumain isolation, a similar 
experiment was performed with a macrocypin CIM epoxy disk. The protein sample of 
germinated bean seeds was loaded onto a CIM epoxy disk and bound proteins were eluted 
by lowering the pH. Separation of legumain was confirmed by SDS-PAGE analysis, where a 
band at 48 kDa is visible (Fig. 12, lane 3). Isolation of proteolytically active legumain 
(determined by hydrolysis of the legumain specific substrate Z-Ala-Ala-Asn-AMC) using 
macrocypin immobilized to the monolith support confirms the latter’s applicability for 
separation of cognate proteases from complex protein mixtures. 

4. Conclusion 
Protein protease inhibitors from mushrooms bound to solid matrices proved to be a useful 
tool for isolation of proteases from various natural sources. Protease inhibitors from higher 
fungi offer inhibitory patterns different from those from other sources, together with 
superior characteristics as affinity chromatography ligands, in terms of pH and temperature 
stability. They withstand the harsh conditions during immobilization procedures and retain 
their inhibitory activity through several elution cycles of extreme pH changes.  

In most cases, the ligands of interest are immobilized onto conventional particle based 
chromatographic supports. This represents a widely used and well established technique 
used for selective isolation and purification of proteases. The Sepharose immobilized 
inhibitors were effective in isolating several different target proteases from various sources, 
however the method is applicable only on the analytical or laboratory scale. The well-known 
drawbacks of this type of matrix are their low intrinsic velocity of operation and mass 
transfer limitations. These can be effectively overcome by using monolith supports. 
Monolith supports are characterized by an open pore structure where the mass transfer 
between the mobile and the stationary phases is greatly enhanced by the convective flow. In 
this work, the monolith support with immobilized macrocypin provided a convenient 
approach for isolation of various target proteases. Selectivity of the columns was tested by 
SDS-PAGE and the best results were obtained with a glutaraldehyde spacer arm, indicating 
that steric hindrance was one of the reasons for low efficacy of the other systems tested. 
Thus the steric interference of analyte binding to the immobilized ligand is important to 
consider when designing an affinity column or disk. In conclusion, the CIM disk with 
macrocypin immobilized through the glutaraldehyde spacer arm could be used for rapid 
and effective purification of cysteine proteases from various sources. 

5. Acknowledgements 
This work was supported by the Slovenian Research Agency Grant No. P4-0127 (J.K.) and 
P4-0369 (A.P.). We are grateful to Dr Roger H. Pain for critical reading and language editing 
of the chapter. The authors gratefully acknowledge the help of Katarina Mustar and Manca 
Kocjančič with Sepharose-based affinity chromatography columns, dr. Adrijana Leonardi 
with protein N-terminus analysis and dr. Marko Fonović with mass spectrometry analysis. 

6. References 
Aminlari, M., Shekarforoush, S. S., Gheisari, H. R. & Golestan, L. (2009). Effect of actinidin 

on the protein solubility, water holding capacity, texture, electrophoretic pattern of 

 
The Value of Fungal Protease Inhibitors in Affinity Chromatography 

 

329 

beef, and on the quality attributes of a sausage product. Journal of Food Science, Vol. 
74, No. 3, (April 2009), pp. C221-226, ISSN 1750-3841  

Avanzo, P., Sabotič, J., Anžlovar, S., Popovič, T., Leonardi, A., Pain, R. H., Kos, J. & Brzin, J. 
(2009). Trypsin-specific inhibitors from the basidiomycete Clitocybe nebularis with 
regulatory and defensive functions. Microbiology, Vol. 155, No. 12, (December 2009), 
pp. 3971-3981, ISSN 1465-2080  

Barut, M., Podgornik, A., Urbas, L., Gabor, B., Brne, P., Vidič, J., Plevčak, S. & Štrancar, A. 
(2008). Methacrylate-based short monolithic columns: enabling tools for rapid and 
efficient analyses of biomolecules and nanoparticles. Journal of separation science, 
Vol. 31, No. 11, (June 2008), pp. 1867-1880, ISSN 1615-9314  

Benčina, K., Podgornik, A., Štrancar, A. & Benčina, M. (2004). Enzyme immobilization on 
epoxy- and 1,1'-carbonyldiimidazole-activated methacrylate-based monoliths. 
Journal of separation science, Vol. 27, No. 10-11, (July 2004), pp. 811-818, ISSN 1615-
9306  

Brne, P., Lim, Y. P., Podgornik, A., Barut, M., Pihlar, B. & Štrancar, A. (2009). Development 
and characterization of methacrylate-based hydrazide monoliths for oriented 
immobilization of antibodies. Journal of Chromatography A, Vol. 1216, No. 13, (March 
2009), pp. 2658-2663, ISSN 1873-3778  

Brzin, J., Rogelj, B., Popovič, T., Štrukelj, B. & Ritonja, A. (2000). Clitocypin, a new type of 
cysteine proteinase inhibitor from fruit bodies of mushroom Clitocybe nebularis. The 
Journal of biological chemistry, Vol. 275, No. 26, (June 2000), pp. 20104-20109, ISSN 
0021-9258  

Budič, M., Kidrič, M., Meglič, V. & Cigič, B. (2009). A quantitative technique for determining 
proteases and their substrate specificities and pH optima in crude enzyme extracts. 
Analytical biochemistry, Vol. 388, No. 1, (May 2009), pp. 56-62, ISSN 1096-0309  

Champagne, J., Delattre, C., Shanthi, C., Satheesh, B., Duverneuil, L., Vijayalakshmi, M. A. 
(2007). Pseudoaffinity Chromatography Using a Convective Interaction media - 
Disk Monolithic Column. Chromatographia, Vol. 65, No. 11/12, (May 2007), pp. 639-
648, ISSN 0009-5893  

Chen, J. M., Dando, P. M., Rawlings, N. D., Brown, M. A., Young, N. E., Stevens, R. A., 
Hewitt, E., Watts, C. & Barrett, A. J. (1997). Cloning, isolation, and characterization 
of mammalian legumain, an asparaginyl endopeptidase. Journal of Biological 
Chemistry, Vol. 272, No. 12, (March 1997), pp. 8090-8098, ISSN 0021-9258  

Christeller, J. T. (2005). Evolutionary mechanisms acting on proteinase inhibitor variability. 
FEBS Journal, Vol. 272, No. 22, (November 2005), pp. 5710-5722, ISSN 1742-464X  

Cuatrecasas, P. (1970). Protein purification by affinity chromatography. Derivatizations of 
agarose and polyacrylamide beads. The Journal of biological chemistry, Vol. 245, No. 
12, (June 1970), pp. 3059-3065, ISSN 0021-9258  

Cuatrecasas, P., Wilchek, M. & Anfinsen, C. B. (1968). Selective enzyme purification by 
affinity chromatography. Proceedings of the National Academy of Sciences of the United 
States of America, Vol. 61, No. 2, (October 1968), pp. 636-643, ISSN 0027-8424  

Galeša, K., Thomas, R. M., Kidrič, M. & Pain, R. H. (2004). Clitocypin, a new cysteine 
proteinase inhibitor, is monomeric: impact on the mechanism of folding. 
Biochemical and Biophysical Research Communications, Vol. 324, No. 2, (November 
2004), pp. 576-578, ISSN 0006-291X  



 
Affinity Chromatography 

 

328 

According to the experiences with plant and animal legumain isolation, a similar 
experiment was performed with a macrocypin CIM epoxy disk. The protein sample of 
germinated bean seeds was loaded onto a CIM epoxy disk and bound proteins were eluted 
by lowering the pH. Separation of legumain was confirmed by SDS-PAGE analysis, where a 
band at 48 kDa is visible (Fig. 12, lane 3). Isolation of proteolytically active legumain 
(determined by hydrolysis of the legumain specific substrate Z-Ala-Ala-Asn-AMC) using 
macrocypin immobilized to the monolith support confirms the latter’s applicability for 
separation of cognate proteases from complex protein mixtures. 

4. Conclusion 
Protein protease inhibitors from mushrooms bound to solid matrices proved to be a useful 
tool for isolation of proteases from various natural sources. Protease inhibitors from higher 
fungi offer inhibitory patterns different from those from other sources, together with 
superior characteristics as affinity chromatography ligands, in terms of pH and temperature 
stability. They withstand the harsh conditions during immobilization procedures and retain 
their inhibitory activity through several elution cycles of extreme pH changes.  

In most cases, the ligands of interest are immobilized onto conventional particle based 
chromatographic supports. This represents a widely used and well established technique 
used for selective isolation and purification of proteases. The Sepharose immobilized 
inhibitors were effective in isolating several different target proteases from various sources, 
however the method is applicable only on the analytical or laboratory scale. The well-known 
drawbacks of this type of matrix are their low intrinsic velocity of operation and mass 
transfer limitations. These can be effectively overcome by using monolith supports. 
Monolith supports are characterized by an open pore structure where the mass transfer 
between the mobile and the stationary phases is greatly enhanced by the convective flow. In 
this work, the monolith support with immobilized macrocypin provided a convenient 
approach for isolation of various target proteases. Selectivity of the columns was tested by 
SDS-PAGE and the best results were obtained with a glutaraldehyde spacer arm, indicating 
that steric hindrance was one of the reasons for low efficacy of the other systems tested. 
Thus the steric interference of analyte binding to the immobilized ligand is important to 
consider when designing an affinity column or disk. In conclusion, the CIM disk with 
macrocypin immobilized through the glutaraldehyde spacer arm could be used for rapid 
and effective purification of cysteine proteases from various sources. 

5. Acknowledgements 
This work was supported by the Slovenian Research Agency Grant No. P4-0127 (J.K.) and 
P4-0369 (A.P.). We are grateful to Dr Roger H. Pain for critical reading and language editing 
of the chapter. The authors gratefully acknowledge the help of Katarina Mustar and Manca 
Kocjančič with Sepharose-based affinity chromatography columns, dr. Adrijana Leonardi 
with protein N-terminus analysis and dr. Marko Fonović with mass spectrometry analysis. 

6. References 
Aminlari, M., Shekarforoush, S. S., Gheisari, H. R. & Golestan, L. (2009). Effect of actinidin 

on the protein solubility, water holding capacity, texture, electrophoretic pattern of 

 
The Value of Fungal Protease Inhibitors in Affinity Chromatography 

 

329 

beef, and on the quality attributes of a sausage product. Journal of Food Science, Vol. 
74, No. 3, (April 2009), pp. C221-226, ISSN 1750-3841  

Avanzo, P., Sabotič, J., Anžlovar, S., Popovič, T., Leonardi, A., Pain, R. H., Kos, J. & Brzin, J. 
(2009). Trypsin-specific inhibitors from the basidiomycete Clitocybe nebularis with 
regulatory and defensive functions. Microbiology, Vol. 155, No. 12, (December 2009), 
pp. 3971-3981, ISSN 1465-2080  

Barut, M., Podgornik, A., Urbas, L., Gabor, B., Brne, P., Vidič, J., Plevčak, S. & Štrancar, A. 
(2008). Methacrylate-based short monolithic columns: enabling tools for rapid and 
efficient analyses of biomolecules and nanoparticles. Journal of separation science, 
Vol. 31, No. 11, (June 2008), pp. 1867-1880, ISSN 1615-9314  

Benčina, K., Podgornik, A., Štrancar, A. & Benčina, M. (2004). Enzyme immobilization on 
epoxy- and 1,1'-carbonyldiimidazole-activated methacrylate-based monoliths. 
Journal of separation science, Vol. 27, No. 10-11, (July 2004), pp. 811-818, ISSN 1615-
9306  

Brne, P., Lim, Y. P., Podgornik, A., Barut, M., Pihlar, B. & Štrancar, A. (2009). Development 
and characterization of methacrylate-based hydrazide monoliths for oriented 
immobilization of antibodies. Journal of Chromatography A, Vol. 1216, No. 13, (March 
2009), pp. 2658-2663, ISSN 1873-3778  

Brzin, J., Rogelj, B., Popovič, T., Štrukelj, B. & Ritonja, A. (2000). Clitocypin, a new type of 
cysteine proteinase inhibitor from fruit bodies of mushroom Clitocybe nebularis. The 
Journal of biological chemistry, Vol. 275, No. 26, (June 2000), pp. 20104-20109, ISSN 
0021-9258  

Budič, M., Kidrič, M., Meglič, V. & Cigič, B. (2009). A quantitative technique for determining 
proteases and their substrate specificities and pH optima in crude enzyme extracts. 
Analytical biochemistry, Vol. 388, No. 1, (May 2009), pp. 56-62, ISSN 1096-0309  

Champagne, J., Delattre, C., Shanthi, C., Satheesh, B., Duverneuil, L., Vijayalakshmi, M. A. 
(2007). Pseudoaffinity Chromatography Using a Convective Interaction media - 
Disk Monolithic Column. Chromatographia, Vol. 65, No. 11/12, (May 2007), pp. 639-
648, ISSN 0009-5893  

Chen, J. M., Dando, P. M., Rawlings, N. D., Brown, M. A., Young, N. E., Stevens, R. A., 
Hewitt, E., Watts, C. & Barrett, A. J. (1997). Cloning, isolation, and characterization 
of mammalian legumain, an asparaginyl endopeptidase. Journal of Biological 
Chemistry, Vol. 272, No. 12, (March 1997), pp. 8090-8098, ISSN 0021-9258  

Christeller, J. T. (2005). Evolutionary mechanisms acting on proteinase inhibitor variability. 
FEBS Journal, Vol. 272, No. 22, (November 2005), pp. 5710-5722, ISSN 1742-464X  

Cuatrecasas, P. (1970). Protein purification by affinity chromatography. Derivatizations of 
agarose and polyacrylamide beads. The Journal of biological chemistry, Vol. 245, No. 
12, (June 1970), pp. 3059-3065, ISSN 0021-9258  

Cuatrecasas, P., Wilchek, M. & Anfinsen, C. B. (1968). Selective enzyme purification by 
affinity chromatography. Proceedings of the National Academy of Sciences of the United 
States of America, Vol. 61, No. 2, (October 1968), pp. 636-643, ISSN 0027-8424  

Galeša, K., Thomas, R. M., Kidrič, M. & Pain, R. H. (2004). Clitocypin, a new cysteine 
proteinase inhibitor, is monomeric: impact on the mechanism of folding. 
Biochemical and Biophysical Research Communications, Vol. 324, No. 2, (November 
2004), pp. 576-578, ISSN 0006-291X  



 
Affinity Chromatography 

 

330 

Hage, D. S. Handbook of affinity chromatography (2nd ed.), Taylor & Francis, ISBN 
9780824740573, Boca Raton ; London 

Hanada, K., Tamai, M., Yamagishi, M., Ohmura, S., Sawada, J. & Tanaka, I. (1978). Isolation 
and Characterization of E-64, a New Thiol Protease Inhibitor. Agricultural and 
Biological Chemistry, Vol. 42, No. 3, (August 1978), pp. 523-528, ISSN 0002-1369  

GE Healthcare. (October 2007). Affinity chromatography- principles and methods,GE Healthcare, 
Retrieved from: <http://www.gelifesciences.com/aptrix/upp00919.nsf/content/ 
LD_149605979-F640> 

Hermanson, G. T., Mallia, A. K. & Smith, P. K. Immobilized affinity ligand techniques Academic 
Press, ISBN 0123423309 San Diego 

Hewlett, G. (1990). Apropos aprotinin: a review. Nature Biotechnology, Vol. 8, No. 6, (June 
1990), pp. 565-568, ISSN 0733-222X  

Kidrič, M., Fabian, H., Brzin, J., Popovič, T. & Pain, R. H. (2002). Folding, stability, and 
secondary structure of a new dimeric cysteine proteinase inhibitor. Biochemical and 
Biophysical Research Communications, Vol. 297, No. 4, (October 2002), pp. 962-967, 
ISSN 0006-291X  

Kumar, C. G. & Takagi, H. (1999). Microbial alkaline proteases: from a bioindustrial 
viewpoint. Biotechnology advances, Vol. 17, No. 7, (December 1999), pp. 561-594, 
ISSN 0734-9750  

Lo Piero, A., Puglisi, I. & Petrone, G. (2011). Characterization of the purified actinidin as a 
plant coagulant of bovine milk. European Food Research and Technology, Vol. 233, No. 
3, (May 2011), pp. 517-524, ISSN 1438-2377  

Lopez-Otin, C. & Bond, J. S. (2008). Proteases: Multifunctional Enzymes in Life and Disease. 
Journal of Biological Chemistry, Vol. 283, No. 45, (November 2008), pp. 30433-30437, 
ISSN 0021-9258  

Mallik, R. & Hage, D. S. (2006). Affinity monolith chromatography. Journal of Separation 
Science, Vol. 29, No. 12, (August 2006), pp. 1686-1704, ISSN 1615-9306  

Miller, J. M. Chromatography : concepts and contrasts (2nd ed.), Wiley-Interscience, ISBN 
0471472077, Hoboken 

Mostafaie, A., Bidmeshkipour, A., Shirvani, Z., Mansouri, K. & Chalabi, M. (2008). Kiwifruit 
actinidin: a proper new collagenase for isolation of cells from different tissues. 
Applied Biochemistry and Biotechnology, Vol. 144, No. 2, (February 2008), pp. 123-131, 
ISSN 0273-2289  

Nicoli, R., Gaud, N., Stella, C., Rudaz, S. & Veuthey, J. L. (2008). Trypsin immobilization on 
three monolithic disks for on-line protein digestion. Journal of pharmaceutical and 
biomedical analysis, Vol. 48, No. 2, (September 2008), pp. 398-407, ISSN 0731-7085  

Østergaard, L. H. & Olsen, H. S., 2010. Industrial Applications of Fungal Enzymes, In: The 
Mycota X Industrial Applications, Hofrichter, M. (Ed.), pp. (269-290), Springer, ISBN 
978-3-642-11458-8, Berlin Heidelberg 

Phylip, L. H., Lees, W. E., Brownsey, B. G., Bur, D., Dunn, B. M., Winther, J. R., Gustchina, 
A., Li, M., Copeland, T., Wlodawer, A. & Kay, J. (2001). The potency and specificity 
of the interaction between the IA3 inhibitor and its target aspartic proteinase from 
Saccharomyces cerevisiae. Journal of Biological Chemistry, Vol. 276, No. 3, (Janary 2001), 
pp. 2023-2030, ISSN 0021-9258  

 
The Value of Fungal Protease Inhibitors in Affinity Chromatography 

 

331 

Podgornik, A. & Štrancar, A. (2005). Convective Interaction Media (CIM)--short layer 
monolithic chromatographic stationary phases. Biotechnology annual review, Vol. 11, 
No. (October 2005), pp. 281-333, ISSN 1387-2656  

Polanowski, A., Wilimowska-Pelc, A., Kowalska, J., Grybel, J., Zelazko, M. & Wilusz, T. 
(2003). Non-conventional affinity chromatography of serine proteinases and their 
inhibitors. Acta biochimica Polonica, Vol. 50, No. 3, (September 2003), pp. 765-773, 
ISSN 0001-527X  

Ponomareva, E. A., Kartuzova, V. E., Vlakh, E. G. & Tennikova, T. B. (2010). Monolithic 
bioreactors: effect of chymotrypsin immobilization on its biocatalytic properties. 
Journal of chromatography B, Vol. 878, No. 5-6, (February 2010), pp. 567-574, ISSN 
1873-376X  

Priest, F. G. (1977). Extracellular enzyme synthesis in the genus Bacillus. Bacteriological 
Reviews, Vol. 41, No. 3, (September 1977), pp. 711-753, ISSN 0005-3678  

Rao, M. B., Tanksale, A. M., Ghatge, M. S. & Deshpande, V. V. (1998). Molecular and 
biotechnological aspects of microbial proteases. Microbiology and Molecular Biology 
Reviews, Vol. 62, No. 3, (September 1998), pp. 597-635, ISSN 1092-2172  

Rawlings, N. D. (2010). Peptidase inhibitors in the MEROPS database. Biochimie, No. (April 
2010), ISSN 1638-6183  

Rawlings, N. D., Barrett, A. J. & Bateman, A. (2010). MEROPS: the peptidase database. 
Nucleic Acids Research, Vol. 38, No. Database issue, (January 2009), pp. 227-233, 
ISSN 1362-4962  

Rawlings, N. D., Tolle, D. P. & Barrett, A. J. (2004). Evolutionary families of peptidase 
inhibitors. Biochemical Journal, Vol. 378, No. 3, (March 2004), pp. 705-716, ISSN 1470-
8728  

Renko, M., Sabotič, J., Mihelič, M., Brzin, J., Kos, J. & Turk, D. (2010). Versatile loops in 
mycocypins inhibit three protease families. The Journal of Biological Chemistry, Vol. 
285, No. 1, (Jan 1), pp. 308-316, 1083-351X  

Sabotič, J., Galeša, K., Popovič, T., Leonardi, A. & Brzin, J. (2007a). Comparison of natural 
and recombinant clitocypins, the fungal cysteine protease inhibitors. Protein 
Expression and Purification, Vol. 53, No. 1, (May 2007), pp. 104-111, ISSN 1046-5928  

Sabotič, J., Gaser, D., Rogelj, B., Gruden, K., Štrukelj, B. & Brzin, J. (2006). Heterogeneity in 
the cysteine protease inhibitor clitocypin gene family. The Journal of Biological 
Chemistry, Vol. 387, No. 12, (December 2006), pp. 1559-1566, ISSN 1431-6730  

Sabotič, J., Popovič, T. & Brzin, J. (2009a). Aspartic Proteases from Basidiomycete Clitocybe 
nebularis. Croatica chemica acta, Vol. 82, No. 4, (January 2009), pp. 739-745, ISSN 
0011-1643  

Sabotič, J., Popovič, T., Puizdar, V. & Brzin, J. (2009b). Macrocypins, a family of cysteine 
protease inhibitors from the basidiomycete Macrolepiota procera. FEBS Journal, Vol. 
276, No. 16, (August 2009), pp. 4334-4345, ISSN 1742-4658  

Sabotič, J., Trček, T., Popovič, T. & Brzin, J. (2007b). Basidiomycetes harbour a hidden 
treasure of proteolytic diversity. Journal of Biotechnology, Vol. 128, No. 2, (February 
2006), pp. 297-307, ISSN 0168-1656  

Senyuk, V., Rotari, V., Becker, C., Zakharov, A., Horstmann, C., Muntz, K. & Vaintraub, I. 
(1998). Does an asparaginyl-specific cysteine endopeptidase trigger phaseolin 
degradation in cotyledons of kidney bean seedlings? European Journal of 
Biochemistry, Vol. 258, No. 2, (December 1999), pp. 546-558, ISSN 0014-2956  



 
Affinity Chromatography 

 

330 

Hage, D. S. Handbook of affinity chromatography (2nd ed.), Taylor & Francis, ISBN 
9780824740573, Boca Raton ; London 

Hanada, K., Tamai, M., Yamagishi, M., Ohmura, S., Sawada, J. & Tanaka, I. (1978). Isolation 
and Characterization of E-64, a New Thiol Protease Inhibitor. Agricultural and 
Biological Chemistry, Vol. 42, No. 3, (August 1978), pp. 523-528, ISSN 0002-1369  

GE Healthcare. (October 2007). Affinity chromatography- principles and methods,GE Healthcare, 
Retrieved from: <http://www.gelifesciences.com/aptrix/upp00919.nsf/content/ 
LD_149605979-F640> 

Hermanson, G. T., Mallia, A. K. & Smith, P. K. Immobilized affinity ligand techniques Academic 
Press, ISBN 0123423309 San Diego 

Hewlett, G. (1990). Apropos aprotinin: a review. Nature Biotechnology, Vol. 8, No. 6, (June 
1990), pp. 565-568, ISSN 0733-222X  

Kidrič, M., Fabian, H., Brzin, J., Popovič, T. & Pain, R. H. (2002). Folding, stability, and 
secondary structure of a new dimeric cysteine proteinase inhibitor. Biochemical and 
Biophysical Research Communications, Vol. 297, No. 4, (October 2002), pp. 962-967, 
ISSN 0006-291X  

Kumar, C. G. & Takagi, H. (1999). Microbial alkaline proteases: from a bioindustrial 
viewpoint. Biotechnology advances, Vol. 17, No. 7, (December 1999), pp. 561-594, 
ISSN 0734-9750  

Lo Piero, A., Puglisi, I. & Petrone, G. (2011). Characterization of the purified actinidin as a 
plant coagulant of bovine milk. European Food Research and Technology, Vol. 233, No. 
3, (May 2011), pp. 517-524, ISSN 1438-2377  

Lopez-Otin, C. & Bond, J. S. (2008). Proteases: Multifunctional Enzymes in Life and Disease. 
Journal of Biological Chemistry, Vol. 283, No. 45, (November 2008), pp. 30433-30437, 
ISSN 0021-9258  

Mallik, R. & Hage, D. S. (2006). Affinity monolith chromatography. Journal of Separation 
Science, Vol. 29, No. 12, (August 2006), pp. 1686-1704, ISSN 1615-9306  

Miller, J. M. Chromatography : concepts and contrasts (2nd ed.), Wiley-Interscience, ISBN 
0471472077, Hoboken 

Mostafaie, A., Bidmeshkipour, A., Shirvani, Z., Mansouri, K. & Chalabi, M. (2008). Kiwifruit 
actinidin: a proper new collagenase for isolation of cells from different tissues. 
Applied Biochemistry and Biotechnology, Vol. 144, No. 2, (February 2008), pp. 123-131, 
ISSN 0273-2289  

Nicoli, R., Gaud, N., Stella, C., Rudaz, S. & Veuthey, J. L. (2008). Trypsin immobilization on 
three monolithic disks for on-line protein digestion. Journal of pharmaceutical and 
biomedical analysis, Vol. 48, No. 2, (September 2008), pp. 398-407, ISSN 0731-7085  

Østergaard, L. H. & Olsen, H. S., 2010. Industrial Applications of Fungal Enzymes, In: The 
Mycota X Industrial Applications, Hofrichter, M. (Ed.), pp. (269-290), Springer, ISBN 
978-3-642-11458-8, Berlin Heidelberg 

Phylip, L. H., Lees, W. E., Brownsey, B. G., Bur, D., Dunn, B. M., Winther, J. R., Gustchina, 
A., Li, M., Copeland, T., Wlodawer, A. & Kay, J. (2001). The potency and specificity 
of the interaction between the IA3 inhibitor and its target aspartic proteinase from 
Saccharomyces cerevisiae. Journal of Biological Chemistry, Vol. 276, No. 3, (Janary 2001), 
pp. 2023-2030, ISSN 0021-9258  

 
The Value of Fungal Protease Inhibitors in Affinity Chromatography 

 

331 

Podgornik, A. & Štrancar, A. (2005). Convective Interaction Media (CIM)--short layer 
monolithic chromatographic stationary phases. Biotechnology annual review, Vol. 11, 
No. (October 2005), pp. 281-333, ISSN 1387-2656  

Polanowski, A., Wilimowska-Pelc, A., Kowalska, J., Grybel, J., Zelazko, M. & Wilusz, T. 
(2003). Non-conventional affinity chromatography of serine proteinases and their 
inhibitors. Acta biochimica Polonica, Vol. 50, No. 3, (September 2003), pp. 765-773, 
ISSN 0001-527X  

Ponomareva, E. A., Kartuzova, V. E., Vlakh, E. G. & Tennikova, T. B. (2010). Monolithic 
bioreactors: effect of chymotrypsin immobilization on its biocatalytic properties. 
Journal of chromatography B, Vol. 878, No. 5-6, (February 2010), pp. 567-574, ISSN 
1873-376X  

Priest, F. G. (1977). Extracellular enzyme synthesis in the genus Bacillus. Bacteriological 
Reviews, Vol. 41, No. 3, (September 1977), pp. 711-753, ISSN 0005-3678  

Rao, M. B., Tanksale, A. M., Ghatge, M. S. & Deshpande, V. V. (1998). Molecular and 
biotechnological aspects of microbial proteases. Microbiology and Molecular Biology 
Reviews, Vol. 62, No. 3, (September 1998), pp. 597-635, ISSN 1092-2172  

Rawlings, N. D. (2010). Peptidase inhibitors in the MEROPS database. Biochimie, No. (April 
2010), ISSN 1638-6183  

Rawlings, N. D., Barrett, A. J. & Bateman, A. (2010). MEROPS: the peptidase database. 
Nucleic Acids Research, Vol. 38, No. Database issue, (January 2009), pp. 227-233, 
ISSN 1362-4962  

Rawlings, N. D., Tolle, D. P. & Barrett, A. J. (2004). Evolutionary families of peptidase 
inhibitors. Biochemical Journal, Vol. 378, No. 3, (March 2004), pp. 705-716, ISSN 1470-
8728  

Renko, M., Sabotič, J., Mihelič, M., Brzin, J., Kos, J. & Turk, D. (2010). Versatile loops in 
mycocypins inhibit three protease families. The Journal of Biological Chemistry, Vol. 
285, No. 1, (Jan 1), pp. 308-316, 1083-351X  

Sabotič, J., Galeša, K., Popovič, T., Leonardi, A. & Brzin, J. (2007a). Comparison of natural 
and recombinant clitocypins, the fungal cysteine protease inhibitors. Protein 
Expression and Purification, Vol. 53, No. 1, (May 2007), pp. 104-111, ISSN 1046-5928  

Sabotič, J., Gaser, D., Rogelj, B., Gruden, K., Štrukelj, B. & Brzin, J. (2006). Heterogeneity in 
the cysteine protease inhibitor clitocypin gene family. The Journal of Biological 
Chemistry, Vol. 387, No. 12, (December 2006), pp. 1559-1566, ISSN 1431-6730  

Sabotič, J., Popovič, T. & Brzin, J. (2009a). Aspartic Proteases from Basidiomycete Clitocybe 
nebularis. Croatica chemica acta, Vol. 82, No. 4, (January 2009), pp. 739-745, ISSN 
0011-1643  

Sabotič, J., Popovič, T., Puizdar, V. & Brzin, J. (2009b). Macrocypins, a family of cysteine 
protease inhibitors from the basidiomycete Macrolepiota procera. FEBS Journal, Vol. 
276, No. 16, (August 2009), pp. 4334-4345, ISSN 1742-4658  

Sabotič, J., Trček, T., Popovič, T. & Brzin, J. (2007b). Basidiomycetes harbour a hidden 
treasure of proteolytic diversity. Journal of Biotechnology, Vol. 128, No. 2, (February 
2006), pp. 297-307, ISSN 0168-1656  

Senyuk, V., Rotari, V., Becker, C., Zakharov, A., Horstmann, C., Muntz, K. & Vaintraub, I. 
(1998). Does an asparaginyl-specific cysteine endopeptidase trigger phaseolin 
degradation in cotyledons of kidney bean seedlings? European Journal of 
Biochemistry, Vol. 258, No. 2, (December 1999), pp. 546-558, ISSN 0014-2956  



 
Affinity Chromatography 

 

332 

Švec, F., Tennikova, T. B. & Deyl, Z. Monolithic materials : preparation, properties, and 
applications (1st), Elsevier, ISBN 0444508791, Amsterdam ; Boston 

Tetala, K. K. R. & van Beek, T. A. (2010). Bioaffinity chromatography on monolithic 
supports. Journal of Separation Science, Vol. 33, No. 3, (January 2010), pp. 422-438, 
ISSN 1615-9314  

Tombaccini, D., Mocali, A., Weber, E. & Paoletti, F. (2001). A cystatin-based affinity 
procedure for the isolation and analysis of papain-like cysteine proteinases from 
tissue extracts. Analytical biochemistry, Vol. 289, No. 2, (February 2001), pp. 231-238, 
ISSN 0003-2697  

Turkova, J. Bioaffinity chromatography (2nd ed.), Elsevier, ISBN 0444890300, Amsterdam, New 
York 

Wilson, K. & Walker, J. M. Principles and techniques of biochemistry and molecular biology (6th 
ed.), Cambridge University Press, ISBN 978521828895, Cambridge, New York 

16 

Affinity-Based Methods for the 
 Separation of Parasite Proteins 

C.R. Alves, F.S. Silva, F.O. Oliveira Jr, B.A.S. Pereira, 
F.A. Pires and M.C.S. Pereira  

Instituto Oswaldo Cruz – Fundação Oswaldo Cruz, 
 Rio de Janeiro, RJ, 

Brasil  

1. Introduction 
Affinity chromatography-based techniques have been developed to purify parasite proteins 
and improve our understanding of the parasite life cycle. These advances can be translated 
into concrete proposals for new drugs, diagnostic methods and vaccines for parasite 
diseases and help to reduce social inequality. 

Affinity chromatography has been demonstrated to be a powerful tool for the isolation and 
purification of parasite proteins and has potential applications for diagnosis and therapy. 
Many studies have focused on parasite proteins that modulate host cell defense, as gp63, a 
glycoprotein from Leishmania spp., that is involved in the cleavage of the complement factor 
C3b to iC3b, which promotes adhesion of promastigotes to macrophages via complement 
receptor 3 (Brittgham et al., 1995). This route of internalization does not lead to production 
of oxygen radicals or NO and favors parasite subsistence within the host cell. Another 
example is the cysteine protease B (CPB), an important virulence factor of the Leishmania (L.) 
mexicana complex, that inhibits lymphocytes Th1 and/or promotes the Th2 response either 
through proteolytic activity or through epitopes derived from its COOH-terminal extension 
(Pereira et al., 2011). 

Due to the important role of these molecules, many researchers seek to develop specific and 
potent inhibitors for therapeutic strategies. Aspartic protease, a potential target for 
antiparasitic therapies, has been isolated from Trypanosoma cruzi by affinity chromatography 
using a specific inhibitor of this enzyme (Pinho et al., 2009); this enzyme is target for 
treatment of infections caused by HIV (Wlodawer & Vondrasek, 1998) and Candida (Hoegl 
et al., 1999). This enzyme has also been reported in Plasmodium spp. and Schistosoma mansoni, 
where it plays an important role in host hemoglobin degradation (Klemba & Goldberg, 
2002). Additionally, specific inhibitors of plasmepsins and renin are viable drugs for the 
treatment of patients with malaria and high blood pressure. 

These parasite proteins, along with others, have been tested as new targets for chemo- and 
immunotherapies for parasite diseases. They have been assessed by lectins or protease 
inhibitor affinity chromatography. The separation of sugars based on lectin affinity is one of 
main procedure that has been used. This technique is based on the ability of lectins to bind 
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specifically to certain oligosaccharide structures on glycoconjugates isolated from parasites. 
Parasite proteins are processed through a multi-lectin affinity column, and they bind to the 
immobilized lectins through their sugar chains. Certain glycoconjugates are important for 
the parasite life cycle, and lectin affinity chromatography can help to reveal their roles 
(Guha-Niyogi et al., 2001). 

The use of protease inhibitors in affinity chromatography is another important approach for 
assessing parasite proteins. Proteases hydrolyze peptide bonds and can therefore degrade 
proteins and peptides that influence a broad range of biological functions, including the 
process of parasite infection (Mackeron et al., 2006). The specificity of the protease inhibitor 
used is an important aspect of this methodology; L- trans-epoxy-succinylleucylamido-(4-
guanidino) butane (specific to cysteine-protease), pepstatin A (to aspartyl-protease) and 
aprotinin (to serine-protease) are frequently immobilized on a solid matrix for this 
technique. 

Glycosaminoglycan (GAG) affinity is the only affinity chromatography method that is based 
on the sugar chains of lectin-like proteins. Some of these molecules (such as heparin sulfate, 
heparan sulfate, dermatan sulfate, keratan sulfate and chondroitin sulfate) contain complex 
oligosaccharide structures, which may be displayed on cell surfaces, incorporated into the 
extracellular matrix or attached to secreted glycoproteins, suggesting that they play 
structural roles (Dreyfuss et al., 2010). GAGs have been reported as potential candidates for 
therapeutic intervention against parasitic infections, such as leishmaniasis and Chagas 
diseases (Azevedo-Pereira et al., 2007; Oliveira-Jr et al., 2008). 

According to the general principle of affinity chromatography (Fig. 1), a protein of interest is 
recovered based on its capacity to bind a specific functional group (ligand) that is 
immobilized on a bead material (matrix) that has been packed into a solid support (column). 
Although many ligands (enzymatic substrates, inhibitors of an enzyme, lectin, sugar 
residues, vitamins, enzyme cofactors, monoclonal antibodies) have been used to isolate 
proteins based on affinity, only lectin, an enzyme inhibitor and glycosaminoglycans have 
been used to obtain parasite proteins. The most commonly used matrix materials for the 
attachment of the ligand are polysaccharide derivatives (cellulose, dextran and agarose) and 
polyacrylamide. 

 
Fig. 1. The principle of affinity chromatography. The ligand is covalently bound to a matrix 
(A). The functionalized matrix is then able to bind to a target protein aided by a binding 
buffer (B). Afterwards, the bound proteins are eluted with a different buffer (C). 
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In these procedures, the soluble proteins are prepared from crude parasite lysates (or sub-
cellular fractions) and loaded onto a column under chemical (buffer) and physical 
(temperature and pressure) conditions that promote the specific binding of the protein to the 
immobilized ligand (affinity) in what is known as the binding phase. Proteins that do not 
bind to the immobilized ligand under these conditions are removed from the solid phase by 
application of a constant liquid phase, which is referred to as the wash phase. Then, the 
bound protein can be recovered by changing the buffer conditions to favor desorption 
during the elution phase. 

In this chapter, we describe the use of affinity chromatography to assess parasite proteins 
and the importance of these methods for public health. Several affinity chromatography 
protocols are considered. Additionally, we discuss our experience using affinity 
chromatography to obtain parasite proteins, and we include some unpublished results 
related to Dermatobia hominis third (L3) instar larvae proteases. 

2. The use of affinity chromatography in parasite protein studies 
2.1 Lectin affinity-based separation of parasite proteins 

There are relatively few studies available in the current literature describing the use of 
lectins to affinity-purify glycosylated proteins from parasites. However, the reports on this 
subject demonstrate that this technique is useful for the retrieval of putative virulence 
factors or potential protective immunogens from a large array of parasites, including 
apicomplexan, trypanosomatids and nematodes (e.g., Fauquenoy et al., 2008, Gardiner et al., 
1996, Smith et al., 2000). In addition to its utility in the isolation of parasite factors, lectin-
based affinity chromatography is also a valuable resource for characterization of the 
structure of carbohydrates bound to proteins from these organisms due to the distinct 
specificities of the lectins that are available for this type of analysis. 

Lectins are proteins that specifically bind to sugars, and they have been used for many types 
of studies, ranging from blood typing to immune regulation analysis (Rüdiger & Gabius, 
2001). These proteins are generally isolated from plants (mostly legume seeds), where they 
can be found in abundance. Their usage is determined by the particular sugar structures 
that they are able to bind (Rüdiger & Gabius, 2001). The surveyed literature the use of six 
plant lectins [concanavalin A (Con A), ricin, jacalin, peanut agglutinin (PNA), wheat germ 
agglutinin (WGA) and Wisteria floribunda agglutinin (WFA)] in studies of parasites 
glycoproteins. Furthermore, one report described the use of Biomphalaria alexandrina lectin 
(BaSII), which in contrast to the others is a lectin obtained from an animal. 

Con A is a lectin that can be extracted from jack beans of the species Canavalia ensiformis 
(family Fabaceae). It binds to mannose or glucose residues and is thus characterized as a 
mannose-binding lectin. This lectin presents a high affinity for the oligosaccharide 
GlcNAcβ2Manα6(GlcNAcβ2Manα3)-Manβ4GlcNAc. It is also known to be a potent mitogen 
(Beckert & Sharkey, 1970; Rüdiger & Gabius, 2001).  

Ricin, along with jacalin and PNA, is a lectin that binds to galactose. Specifically, it binds 
with high affinity to the motif Galβ4GlcNAcβ2Manα6 (Galβ4-GlcNAcβ2Manα3) 
Manβ4GlcNAc. Ricin is highly toxic because it can impair ribosome activity through 
cleavage of the nucleobases of ribosomal RNA, and it has potential to be used as a biological 
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agglutinin (WGA) and Wisteria floribunda agglutinin (WFA)] in studies of parasites 
glycoproteins. Furthermore, one report described the use of Biomphalaria alexandrina lectin 
(BaSII), which in contrast to the others is a lectin obtained from an animal. 

Con A is a lectin that can be extracted from jack beans of the species Canavalia ensiformis 
(family Fabaceae). It binds to mannose or glucose residues and is thus characterized as a 
mannose-binding lectin. This lectin presents a high affinity for the oligosaccharide 
GlcNAcβ2Manα6(GlcNAcβ2Manα3)-Manβ4GlcNAc. It is also known to be a potent mitogen 
(Beckert & Sharkey, 1970; Rüdiger & Gabius, 2001).  

Ricin, along with jacalin and PNA, is a lectin that binds to galactose. Specifically, it binds 
with high affinity to the motif Galβ4GlcNAcβ2Manα6 (Galβ4-GlcNAcβ2Manα3) 
Manβ4GlcNAc. Ricin is highly toxic because it can impair ribosome activity through 
cleavage of the nucleobases of ribosomal RNA, and it has potential to be used as a biological 
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weapon. This lectin is extracted from Ricinus communis (Family Euphorbiaceae) (Rüdiger & 
Gabius, 2001; Lord et al., 2003).  

Jacalin binds to galactose and N-acetylgalactosamine, and presents a high affinity for the 
motif Galβ3GalNAcα. It is obtained from Artocarpus integrifolia (Family Moraceae). It is 
commonly used to isolate IgA from human plasma (Kabir, 1998, André et al., 2007).  

Like Con A, PNA is a legume lectin and is isolated from plants that belong to the family 
Fabaceae. It is extracted from Arachis hypogea and binds specifically to the monosaccharide 
galactose and to the motif Galβ3GalNAcα, similarly to the binding motif of jacalin. PNA is 
used as a marker of T-cell subpopulations and to differentiate between the stages of the 
Leishmania parasites life cycle (Dumont & Nardelli, 1979, Wilson & Pearson, 1984, Rüdiger 
& Gabius, 2001). 

WGA is obtained from the species Triticum vulgare. It presents a low affinity for N-
acetylgalactosamine, but it binds to the sialic acid N-acetylneuraminic and to the motif 
GlcNAcβ4GlcNAcβ4GlcNAcβ4-GlcNAcβ4GlcNAc. This lectin has been shown to bind more 
avidly to activated human T lymphocytes (Hellström et al., 1976, Rüdiger & Gabius, 2001). 

WFA is isolated from Wisteria floribunda, a woody liana of the family Fabaceae. Although 
some uncertainty regarding its binding specificity remains, it seems that this agglutinin 
binds preferentially to the monosaccharide N-acetylgalactosamine and to the motif 
GalNAcα6GalNAc. WFA is used to fractionate lymphocyte populations, and although it is 
not mitogenic like Con A, it can induce lymphokine production in murine splenocytes 
(Jacobs & Poretz, 1980; Rüdiger & Gabius, 2001). 

BaSII is a lectin that can be isolated from the snail B. alexandrina, an intermediate host of the 
trematoda parasite Schistosoma mansoni, the causative agent of schistosomiasis. It specifically 
binds to the motif Fucα1,2Galβ1,4Glc (Mansour, 1996). 

2.1.1 General procedures for the isolation of parasite proteins by lectin affinity 

The rational for lectin-based affinity chromatography is the same as for other types of 
affinity-based fractionation: a sample is exposed to a solid phase that has been coupled to an 
affinity separation molecule (a lectin, in this case) under conditions that are adequate for 
binding (Fig. 2A). The unbound material from the sample is washed away (generally using 
the same buffer applied to equilibrate the solid-phase), and in the final step, the affinity-
bound fraction is recovered by altering the equilibrium conditions of the solid phase (by 
changing the system pH or salt concentration) or by adding a molecules that competes for 
the binding site of the ligand.  

To provide several practical examples, a collection of lectin affinity-based methodologies used 
to isolate and/or characterize glycoproteins from distinct parasites is listed in the Table 1. 

It is important to note that some techniques, such as metabolic radioactive labeling (by [3H]-
myristic acid or [3H]-glucosamine, for example) and cell disruption (by Triton X-100, 
dioxane or hypotonic solution), must be applied prior to lectin chromatography to allow for 
the identification of molecules eluted from the column or the preparation of suitable 
samples for the chromatography column, respectively. 
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weapon. This lectin is extracted from Ricinus communis (Family Euphorbiaceae) (Rüdiger & 
Gabius, 2001; Lord et al., 2003).  

Jacalin binds to galactose and N-acetylgalactosamine, and presents a high affinity for the 
motif Galβ3GalNAcα. It is obtained from Artocarpus integrifolia (Family Moraceae). It is 
commonly used to isolate IgA from human plasma (Kabir, 1998, André et al., 2007).  

Like Con A, PNA is a legume lectin and is isolated from plants that belong to the family 
Fabaceae. It is extracted from Arachis hypogea and binds specifically to the monosaccharide 
galactose and to the motif Galβ3GalNAcα, similarly to the binding motif of jacalin. PNA is 
used as a marker of T-cell subpopulations and to differentiate between the stages of the 
Leishmania parasites life cycle (Dumont & Nardelli, 1979, Wilson & Pearson, 1984, Rüdiger 
& Gabius, 2001). 

WGA is obtained from the species Triticum vulgare. It presents a low affinity for N-
acetylgalactosamine, but it binds to the sialic acid N-acetylneuraminic and to the motif 
GlcNAcβ4GlcNAcβ4GlcNAcβ4-GlcNAcβ4GlcNAc. This lectin has been shown to bind more 
avidly to activated human T lymphocytes (Hellström et al., 1976, Rüdiger & Gabius, 2001). 

WFA is isolated from Wisteria floribunda, a woody liana of the family Fabaceae. Although 
some uncertainty regarding its binding specificity remains, it seems that this agglutinin 
binds preferentially to the monosaccharide N-acetylgalactosamine and to the motif 
GalNAcα6GalNAc. WFA is used to fractionate lymphocyte populations, and although it is 
not mitogenic like Con A, it can induce lymphokine production in murine splenocytes 
(Jacobs & Poretz, 1980; Rüdiger & Gabius, 2001). 

BaSII is a lectin that can be isolated from the snail B. alexandrina, an intermediate host of the 
trematoda parasite Schistosoma mansoni, the causative agent of schistosomiasis. It specifically 
binds to the motif Fucα1,2Galβ1,4Glc (Mansour, 1996). 

2.1.1 General procedures for the isolation of parasite proteins by lectin affinity 

The rational for lectin-based affinity chromatography is the same as for other types of 
affinity-based fractionation: a sample is exposed to a solid phase that has been coupled to an 
affinity separation molecule (a lectin, in this case) under conditions that are adequate for 
binding (Fig. 2A). The unbound material from the sample is washed away (generally using 
the same buffer applied to equilibrate the solid-phase), and in the final step, the affinity-
bound fraction is recovered by altering the equilibrium conditions of the solid phase (by 
changing the system pH or salt concentration) or by adding a molecules that competes for 
the binding site of the ligand.  

To provide several practical examples, a collection of lectin affinity-based methodologies used 
to isolate and/or characterize glycoproteins from distinct parasites is listed in the Table 1. 

It is important to note that some techniques, such as metabolic radioactive labeling (by [3H]-
myristic acid or [3H]-glucosamine, for example) and cell disruption (by Triton X-100, 
dioxane or hypotonic solution), must be applied prior to lectin chromatography to allow for 
the identification of molecules eluted from the column or the preparation of suitable 
samples for the chromatography column, respectively. 
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During the affinity chromatography procedure, other methods, such as isoelectric focusing, 
may be used instead of the application of competing carbohydrates to elude the column-
bound material. Furthermore, distinct affinity columns can be used in sequence to purify 
fractions with specific characteristics from a single sample. 

As for the handling of the material that is eluted from an affinity column, many options for 
further purification are available, depending on the analysis method chosen for the study. 
Some of these options include: anion exchange chromatography, size exclusion 
chromatography and dialysis.  

The combination of these accessible approaches allows for a vast array of study possibilities. 
Several examples of the results obtained by applying lectin-affinity chromatography in 
association with other techniques are described in the following paragraphs. 

2.1.2 Parasite proteins isolated by lectin affinity chromatography 

The structure of an N-linked oligosaccharide from a surface glycoprotein of Trypanosoma 
cruzi, an important human parasite that causes Chagas disease, was defined in a study using 
lectin chromatography (Couto et al., 1990). It was determined that the structure of this 
oligosaccharide is comprised of complex carbohydrate chains that possess a terminal sialic 
acid, α-L-fucose and a galactosyl(α1,3)galactose unit. 

The cellular localization of glycoproteins of Trypanosoma brucei rodhesiense, a subspecies of 
the parasite responsible for the African sleeping sickness, was analyzed using ricin-based 
chromatrography (Brickman & Balber, 1993). It was observed that the ricin-binding proteins 
were primarily located in the vesicles of the lysosomal /endosomal system. 

Gardiner et al., (1996) characterized small glycoproteins isolated from the surface of 
Trypanosoma vivax, which causes bovine trypanosomiasis. That study was the first to detail 
the characteristics of a T. vivax Variable Surface Glycoprotein (VSG). The isolated protein, 
designated ILDat 2.1 VSG, presented a molecular mass of 40 kDa and contained mannose 
(or a derivative sugar) in small quantities, and it was poorly retained by the lectin affinity 
column. It is possible that carbohydrates comprise only the C-terminal anchoring structure 
of this protein.  

The characteristics of a fucosyllactose determinant of a S. mansoni glycoprotein were 
identified using affinity chromatography based on a lectin that was isolated from a host of 
this parasite, B. alexandrina. This determinant is expressed in the outer chain of a single unit 
of complex type N-linked oligosaccharides (Mansour, 1996). 

Additionally, the VSG glycosyl-phosphatidylinositol membrane anchors of Trypanosoma 
congolense, another trypanosomatide species that causes bovine trypanosomiasis, were 
studied by lectin affinity (Gerold et al., 1996) using a modification of the technique in which 
the bound proteins are electrophoretically desorbed (Reinwald et al., 1981). This analysis 
allowed for description of the VSG GPI-anchor in this parasite: it contains a β1,6-linked 
galactose as the terminal hexose of the branch and an N-acetyl-glucosamine residue. Also, it 
was observed that T. congolense synthesizes two potential GPI-anchor precursors, one of 
which is insensitive to phospholipase C activity. 
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During the affinity chromatography procedure, other methods, such as isoelectric focusing, 
may be used instead of the application of competing carbohydrates to elude the column-
bound material. Furthermore, distinct affinity columns can be used in sequence to purify 
fractions with specific characteristics from a single sample. 

As for the handling of the material that is eluted from an affinity column, many options for 
further purification are available, depending on the analysis method chosen for the study. 
Some of these options include: anion exchange chromatography, size exclusion 
chromatography and dialysis.  

The combination of these accessible approaches allows for a vast array of study possibilities. 
Several examples of the results obtained by applying lectin-affinity chromatography in 
association with other techniques are described in the following paragraphs. 

2.1.2 Parasite proteins isolated by lectin affinity chromatography 

The structure of an N-linked oligosaccharide from a surface glycoprotein of Trypanosoma 
cruzi, an important human parasite that causes Chagas disease, was defined in a study using 
lectin chromatography (Couto et al., 1990). It was determined that the structure of this 
oligosaccharide is comprised of complex carbohydrate chains that possess a terminal sialic 
acid, α-L-fucose and a galactosyl(α1,3)galactose unit. 

The cellular localization of glycoproteins of Trypanosoma brucei rodhesiense, a subspecies of 
the parasite responsible for the African sleeping sickness, was analyzed using ricin-based 
chromatrography (Brickman & Balber, 1993). It was observed that the ricin-binding proteins 
were primarily located in the vesicles of the lysosomal /endosomal system. 

Gardiner et al., (1996) characterized small glycoproteins isolated from the surface of 
Trypanosoma vivax, which causes bovine trypanosomiasis. That study was the first to detail 
the characteristics of a T. vivax Variable Surface Glycoprotein (VSG). The isolated protein, 
designated ILDat 2.1 VSG, presented a molecular mass of 40 kDa and contained mannose 
(or a derivative sugar) in small quantities, and it was poorly retained by the lectin affinity 
column. It is possible that carbohydrates comprise only the C-terminal anchoring structure 
of this protein.  

The characteristics of a fucosyllactose determinant of a S. mansoni glycoprotein were 
identified using affinity chromatography based on a lectin that was isolated from a host of 
this parasite, B. alexandrina. This determinant is expressed in the outer chain of a single unit 
of complex type N-linked oligosaccharides (Mansour, 1996). 

Additionally, the VSG glycosyl-phosphatidylinositol membrane anchors of Trypanosoma 
congolense, another trypanosomatide species that causes bovine trypanosomiasis, were 
studied by lectin affinity (Gerold et al., 1996) using a modification of the technique in which 
the bound proteins are electrophoretically desorbed (Reinwald et al., 1981). This analysis 
allowed for description of the VSG GPI-anchor in this parasite: it contains a β1,6-linked 
galactose as the terminal hexose of the branch and an N-acetyl-glucosamine residue. Also, it 
was observed that T. congolense synthesizes two potential GPI-anchor precursors, one of 
which is insensitive to phospholipase C activity. 
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Nolan et al., (1997) identified a new invariant surface glycoprotein that is heavily N-
glycosylated in the bloodstream forms of Trypanosoma brucei and designated it as ISG100. 
This glycoprotein presents a large internal domain composed of a serine-rich repetitive 
motif, which was previously undescribed, and N-glycosylation sites on the N-terminal 
domain. Additionally, ISG100 is encoded by a single gene, whereas the trypanosomal plasma 
membrane proteins are commonly encoded by tandemly repeated genes that are part of a 
multigene family. 

Potentially protective glycoprotein fractions from Haemonchus contortus, a parasitic 
nematode in ruminants, were also obtained by lectin chromatography (Smith et al., 2000). 
The findings from that study confirmed the potential of the H. contortus PNA-binding 
glycoprotein fraction as an efficacious antigen against this parasite infection in sheep. 
Furthermore, this study identified another highly protective fraction that binds to jacalin. 
This second protective fraction presents sialyted versions of the same oligosaccharides that 
bound to the PNA column. 

Another study on the protective properties of the glycoproteins of H. contortus was 
performed by the same group (Smith et al., 2003). The results showed that the four purified 
glycosylated zinc metalloproteinases from this parasite were such an efficacious antigen 
that, to an extent, they could account for most of the protection conferred by the urea-
dissociated whole glycoproteins fraction. However, the role for the glycan moieties of these 
enzymes in the protection process was not clear. 

The capacity of glycoproteins from Caenorhabditis elegans, a free living nematode, to induce 
protection from a challenge with H. contortus in sheep was assayed by Redmond et al. 
(2004). The lectin affinity methodology was able to identify glycoproteins with molecular 
masses between 25 and 200 kDa in extracts prepared from C. elegans, but the fractionated 
glycoproteins were not able to confer protection against an H. contortus challenge. These 
findings suggest that the conserved glycan moieties between these two species of worm are 
not solely responsible for the protections levels observed when native H. contortus antigens 
are used. 

Trypanosoma brucei glycoproteins were shown to present distinctive structural features, such 
as the presence of giant poly-N-acetyllactosamine carbohydrate chains (Atrih et al., 2005). 
The recovered affinity-bound molecules were predominantly, but not exclusively, from the 
flagellar pocket. These glycoproteins carry massive glycans, representing the largest poly-
LacNAc structures reported to that date, and they may produce a gel-like matrix in the 
lumen of the flagellar pocket and/or the endosomal/lysosomal system. Despite their 
remarkable size, these glycans present a very simple neutral structure, containing only 
mannose, galactose and N-acetylglycosamine. 

Important glycoproteins from the apicomplexan parasite Toxoplasma gondii have also been 
analyzed by lectin affinity methods. It was shown that these components are pivotal factors 
for host invasion and intracellular development of parasites (Fauquenoy et al., 2008). 

Cysteine proteinases from promastigostes of Leishmania (Viannia) braziliensis were shown to 
be anchored to the membrane by glysoylphosphatidylinositol structures in an analysis of the 
hydrophobic fraction of promastigote forms. These enzymes are suggested to play a role in 
the process of parasite survival inside its hosts (Rebello et al., 2009). 
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2.1.3 Remarks on the isolation of proteins by lectin affinity chromatography 

These reports provide examples of the uses of lectin affinity chromatography to identify 
potentially antigenic fractions of parasites that could be used for vaccine development. Also, 
they point to the potential of this method to characterize glyconjugates, such as the 
glycoproteins that are present on the parasite surface or secreted by these organisms. 
However, apart from these purely structural or clinically oriented applications, this method 
may also be relevant in other investigations, including studies of host-parasite interactions. 
This hypothesis is reinforced by reports indicating that lectin-glycan binding is important 
for the infection and virulence processes of some parasites, e.g. Acanthamoeba castellanii 
(Garate et al., 2006), H. contortus (Turner et al., 2008), L. (V.) braziliensis (Rebello et al., 2009) 
and T. gondii (Fauquenoy et al., 2008) 

 
Fig. 2. Illustration of the affinity chromatography methodologies. The target molecules are 
bound to their ligands immobilized on a solid phase matrix. (A) Lectin affinity 
chromatography, (B) Protease inhibitor affinity chromatography and (C) 
Glycosaminoglycan affinity chromatography. Proteins = blue circle; carbohydrates = red 
pentagon and hexagon; protease inhibitors = green drop-like form; ions =yellow circles; and 
solid phase matrix beads = gray circle. 

2.2 Protease inhibitors affinity-based separation of parasite proteins 

Methodologies for the purification of parasite proteases have been applied in studies 
investigating the biological roles of these enzymes in parasite, including their participation in 
the infection process and in the survival of the parasites inside their hosts (McKerrow et al, 
2006). Inhibitor affinity chromatography consists of the fractionation of parasite samples based 
on the reversible interactions between proteases and their specific inhibitors while the latter 
are covalently attached to a matrix (Fig. 2B). This technique can also be performed using 
irreversible inhibitors under particular conditions that will be described further in this section. 

It is also interesting to note that, based on the specificity of the inhibitor used in the affinity 
chromatography, it is possible to suggest the enzyme class of the isolated protein. However, 
complementary analyses, such as characterization of the proteolytic activity, are often 
necessary to confirm these findings. Nevertheless, this purification strategy presents an 
initial advantage when compared to other methodologies. 

In this section, fractionation approaches for serine-, aspartic acid- and cysteine proteases in 
specific parasites will be described. These approaches must take the class of the studied 
enzyme into consideration, as well as the inhibitor to be used and the characteristics of the 
mobile phase used for chromatography. 
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Nolan et al., (1997) identified a new invariant surface glycoprotein that is heavily N-
glycosylated in the bloodstream forms of Trypanosoma brucei and designated it as ISG100. 
This glycoprotein presents a large internal domain composed of a serine-rich repetitive 
motif, which was previously undescribed, and N-glycosylation sites on the N-terminal 
domain. Additionally, ISG100 is encoded by a single gene, whereas the trypanosomal plasma 
membrane proteins are commonly encoded by tandemly repeated genes that are part of a 
multigene family. 

Potentially protective glycoprotein fractions from Haemonchus contortus, a parasitic 
nematode in ruminants, were also obtained by lectin chromatography (Smith et al., 2000). 
The findings from that study confirmed the potential of the H. contortus PNA-binding 
glycoprotein fraction as an efficacious antigen against this parasite infection in sheep. 
Furthermore, this study identified another highly protective fraction that binds to jacalin. 
This second protective fraction presents sialyted versions of the same oligosaccharides that 
bound to the PNA column. 

Another study on the protective properties of the glycoproteins of H. contortus was 
performed by the same group (Smith et al., 2003). The results showed that the four purified 
glycosylated zinc metalloproteinases from this parasite were such an efficacious antigen 
that, to an extent, they could account for most of the protection conferred by the urea-
dissociated whole glycoproteins fraction. However, the role for the glycan moieties of these 
enzymes in the protection process was not clear. 

The capacity of glycoproteins from Caenorhabditis elegans, a free living nematode, to induce 
protection from a challenge with H. contortus in sheep was assayed by Redmond et al. 
(2004). The lectin affinity methodology was able to identify glycoproteins with molecular 
masses between 25 and 200 kDa in extracts prepared from C. elegans, but the fractionated 
glycoproteins were not able to confer protection against an H. contortus challenge. These 
findings suggest that the conserved glycan moieties between these two species of worm are 
not solely responsible for the protections levels observed when native H. contortus antigens 
are used. 

Trypanosoma brucei glycoproteins were shown to present distinctive structural features, such 
as the presence of giant poly-N-acetyllactosamine carbohydrate chains (Atrih et al., 2005). 
The recovered affinity-bound molecules were predominantly, but not exclusively, from the 
flagellar pocket. These glycoproteins carry massive glycans, representing the largest poly-
LacNAc structures reported to that date, and they may produce a gel-like matrix in the 
lumen of the flagellar pocket and/or the endosomal/lysosomal system. Despite their 
remarkable size, these glycans present a very simple neutral structure, containing only 
mannose, galactose and N-acetylglycosamine. 

Important glycoproteins from the apicomplexan parasite Toxoplasma gondii have also been 
analyzed by lectin affinity methods. It was shown that these components are pivotal factors 
for host invasion and intracellular development of parasites (Fauquenoy et al., 2008). 

Cysteine proteinases from promastigostes of Leishmania (Viannia) braziliensis were shown to 
be anchored to the membrane by glysoylphosphatidylinositol structures in an analysis of the 
hydrophobic fraction of promastigote forms. These enzymes are suggested to play a role in 
the process of parasite survival inside its hosts (Rebello et al., 2009). 
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2.1.3 Remarks on the isolation of proteins by lectin affinity chromatography 

These reports provide examples of the uses of lectin affinity chromatography to identify 
potentially antigenic fractions of parasites that could be used for vaccine development. Also, 
they point to the potential of this method to characterize glyconjugates, such as the 
glycoproteins that are present on the parasite surface or secreted by these organisms. 
However, apart from these purely structural or clinically oriented applications, this method 
may also be relevant in other investigations, including studies of host-parasite interactions. 
This hypothesis is reinforced by reports indicating that lectin-glycan binding is important 
for the infection and virulence processes of some parasites, e.g. Acanthamoeba castellanii 
(Garate et al., 2006), H. contortus (Turner et al., 2008), L. (V.) braziliensis (Rebello et al., 2009) 
and T. gondii (Fauquenoy et al., 2008) 

 
Fig. 2. Illustration of the affinity chromatography methodologies. The target molecules are 
bound to their ligands immobilized on a solid phase matrix. (A) Lectin affinity 
chromatography, (B) Protease inhibitor affinity chromatography and (C) 
Glycosaminoglycan affinity chromatography. Proteins = blue circle; carbohydrates = red 
pentagon and hexagon; protease inhibitors = green drop-like form; ions =yellow circles; and 
solid phase matrix beads = gray circle. 

2.2 Protease inhibitors affinity-based separation of parasite proteins 

Methodologies for the purification of parasite proteases have been applied in studies 
investigating the biological roles of these enzymes in parasite, including their participation in 
the infection process and in the survival of the parasites inside their hosts (McKerrow et al, 
2006). Inhibitor affinity chromatography consists of the fractionation of parasite samples based 
on the reversible interactions between proteases and their specific inhibitors while the latter 
are covalently attached to a matrix (Fig. 2B). This technique can also be performed using 
irreversible inhibitors under particular conditions that will be described further in this section. 

It is also interesting to note that, based on the specificity of the inhibitor used in the affinity 
chromatography, it is possible to suggest the enzyme class of the isolated protein. However, 
complementary analyses, such as characterization of the proteolytic activity, are often 
necessary to confirm these findings. Nevertheless, this purification strategy presents an 
initial advantage when compared to other methodologies. 

In this section, fractionation approaches for serine-, aspartic acid- and cysteine proteases in 
specific parasites will be described. These approaches must take the class of the studied 
enzyme into consideration, as well as the inhibitor to be used and the characteristics of the 
mobile phase used for chromatography. 
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Aprotinin and pepstatin A are examples of inhibitors that are frequently used in the 
isolation of serine- and aspartic acid proteases, respectively, from many parasite species 
(Bond & Beynon). Other inhibitors that have been previously described in the isolation of 
serine proteases include soybean trypsin inhibitor (SBTI) and chloromethylketone (CMK). 
As for the purification of cysteine proteases, the use of three other inhibitors has been 
reported: L-transepoxysuccinyl-leucylamido-[4-guanidino]butane (E-64), bacitracin and 
glycyl-phenylalanyl-glycyl-semicarbazone (Table 2). It must be emphasized that these 
inhibitors cannot be used to isolate all of the proteases classes from parasites, as they present 
distinct affinities for members of different groups and families within these enzyme classes. 
Therefore, investigation of the possible variations present in the active site of these enzymes 
may prove useful. 

The features of the buffer (temperature, pH and ionic strength) to be used may vary according 
to the ligand’s physicochemical characteristics, the chemical environment of the parasite 
enzyme and the analyzed species of parasite. For example, distinct buffers were used for the 
purification of serine proteases from S. mansoni and Trichinella spiralis using benzamidine. It is 
also noteworthy that for each organism, a different matrix was used to immobilize the 
inhibitor, sepharose for S. mansoni and celite for T. spiralis. The use of distinct buffers in studies 
that are based on the same inhibitor is also noted in reports of SBTI, E-64, bacitracin and 
glycyl-phenyalanyl-glycyl-semicarbazone, all of which are cysteine protease inhibitors. 

Affinity chromatography with an irreversible inhibitor has also been described previously; 
the cysteine-protease inhibitor is an example of this strong binding. In the interaction 
between E-64 and cysteine-protease, a covalent bond is established (Matsumoto, 1989). 
Therefore, a reaction between the epoxy groups of the inhibitor and the thiopropyl group of 
the sepharose matrix is necessary to bind E-64 to a solid support. This reaction prevents the 
reaction of E-64 with the cysteine residue at the protease catalytic center. However, this does 
not affect the bond between the inhibitor and cysteine-protease; instead, it only results in 
inhibition of the proteolytic activity (Govrin, 1999). 

2.2.1 Parasite proteins isolated by cysteine-protease inhibitors affinity 
chromatography 

There is only one published example of the use of E-64 affinity chromatography to assess 
cysteine-protease isolated from a parasite, and this study was conducted with the T. cruzi 
epimastigote. In this study, chromatography was useful for assessing the effects of β-
Lapachone naphthoquinones on a 60 kDa cysteine-protease activity present in T. cruzi. The 
results demonstrated the potential of this protease inhibitor as a new antichagasic compound 
(Bourguignon et al., 2011). Another example of a cysteine-protease isolated by inhibitor affinity 
chromatography in parasites was described for Plasmodium falciparum. In this case, a glycyl-
phenyalanyl-glycyl-semicarbazone-based column was used to isolate a protease with a 
molecular weight of 27 kDa, as determined by SDS-PAGE (Shenai et al, 2000). 

2.2.2 Parasite proteins isolated by serine-protease inhibitors affinity chromatography 

Aprotinin affinity-based chromatography was useful for the isolation of a serine-protease of 
115 kDa (Silva-Lopez et al., 2005), a 68 kDa (Morgado- Diaz et al., 2004; Silva-Lopez et al., 
2004) and a 56kDa (Silva-Lopez et al., 2004) from L.(L.) amazonensis compared to other 
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purification procedures that were used to isolate parasite serine peptidase enzymes (Kong et 
al., 2000; Ribeiro de Andrade et al., 1998). In Leishmania (V) braziliensis promastigotes, 60 kDa 
and 45 kDa enzymes were purified using the aprotinin affinity-based and activity esterase 
assessed against N-alpha-benzoyl-L-arginine ethyl ester hydrochloride and Nalpha-p-tosyl-
L-arginine methyl ester hydrochloride (Guedes et al., 2007). Furthermore, three protein 
profiles were isolated from Leishmania chagasi promastigotes, including LCSI (58 and 60 
kDa), LCSII (60, 66, 105 and kDa) and LCSIII (68 and 76 kDa), which were characterized as 
serine-protease enzymes based on their activity toward α-N-ρ-tosyl-L-arginine methyl ester 
substrate (Silva-Lopez et al., 2010). Furthermore, serine proteases with molecular weights of 
75 kDa (Silva-Lopez et al., 2008) and 115 kDa (Choudhury et al., 2009) were identified as 
excretory products of T. cruzi and components of the sub-cellular environment in Leishmania 
donovani, respectively, although the chromatography step was not able to produce a 
homogeneous fraction. Furthermore, a intracellular serine protease of 58 kDa was were 
purified from Leishmania donovani (Choudhury et al., 2010). 

In addition, the aprotinin affinity-based chromatography was useful for the isolation of 
serine-proteases of 35 kDa and 26 kDa from Anisakis simpZex (Morris et al, 1994), 43 kDa 
from Candida albicans (Morrison et al, 1993), 15 kDa from Schistosoma mansoni (Salter et al, 
2000), 42 kDa from Rhipicephalus (B.) microplus (Cruz et al, 2010), 60 kDa and 30 kDa from 
Trichomonas vaginalis (Sommer et al; 2005) and 35 to 52 from Caenorhabditis elegans (Geier et 
al; 1999). 

Benzamidine-celite was applied in the isolation of serine proteases among the excreted or 
secreted proteins of T. spirali. The recovered proteases were not purified to homogeneity, 
and they showed molecular masses of 18 kDa, 40 kDa and 50 kDa (Todorova & Stoyanov). A 
similar finding was reported for the serine-proteases of Chrysomya bezziana larvae by using 
an SBTI-based column to purify four proteins with molecular masses of 13 kDa, 16 kDa, 26 
kDa and 28 kDa (Muharsini et al., 2000). 

Because it is possible to isolate heterogeneous products using inhibitors for affinity-based 
chromatography, we assessed a serine-protease from the third (L3) instar larvae of D. 
hominis. This ectoparasite causes dermatobiose in vertebrates, including humans, and it is 
particularly relevant in cattle, where it can cause a drop in production of meat and milk, 
leather as well depreciation (Maia & Guimarães, 1985). 

Due to the association of DEAE-Sephacel with aprotinin agarose, it was possible to assess a 
serine protease from L3 larvae (Fig. 3). The fractions obtained by ion change 
chromatography containing estearasic activity were pooled and then fractionated on an 
aprotinin-agarose column. This fraction showed a profile with multiple bands by SDS-PAGE 
and silver staining, and only one band of enzyme activity (50 kDa) was detected by gelatin-
SDS-PAGE at pH 7.5 (Fig. 3). Interestingly, this band of 50 kDa was not initially detected in 
the extracts from L3 by gelatin-SDS-PAGE. The expression of this enzyme is likely low in 
these larvae, and it can only be detected after concentration by chromatographic methods. 
The proposed strategy to isolate a serine protease allowed for the detection of a band of 50 
kDa in extracts of L3 larvae, and this band had not been previously detected in the direct 
analysis of the total extract by gelatin-SDS-PAGE. Additionally, this fraction was found to 
have esterase activity (data not shown). 
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Aprotinin and pepstatin A are examples of inhibitors that are frequently used in the 
isolation of serine- and aspartic acid proteases, respectively, from many parasite species 
(Bond & Beynon). Other inhibitors that have been previously described in the isolation of 
serine proteases include soybean trypsin inhibitor (SBTI) and chloromethylketone (CMK). 
As for the purification of cysteine proteases, the use of three other inhibitors has been 
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also noteworthy that for each organism, a different matrix was used to immobilize the 
inhibitor, sepharose for S. mansoni and celite for T. spiralis. The use of distinct buffers in studies 
that are based on the same inhibitor is also noted in reports of SBTI, E-64, bacitracin and 
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Fig. 3. Electrophoresis of proteins from L3 instar larvae of Dermatobia hominis eluted from a 
column of aprotinin-agarose. A total of 20 μg of protein from each fraction was resolved by 
SDS-PAGE (A) and gelatin-SDS-PAGE (B) and the bands were detected by silver staining 
and negative coloration, respectively. The arrow indicates a serine protease of 50 kDa. The 
molecular mass markers are indicated (kDa). These results are representative of two 
independent assays 

2.2.3 Parasite proteins isolated by aspartyl-protease inhibitors affinity 
chromatography 

Affinity-based chromatography based on pepstatine A was used to isolate a 52 kDa aspartyl 
protease from Neospora caninum tachyzoites (Naguleswaran et al., 2005) and a 45 kDa enzyme 
from S.mansoni (Valdivieso et al., 2003). In Trypanosoma cruzi epimastigotes, two aspartyl 
proteases were isolated (cruzipsin-I and cruzipsin-II). The molecular mass was estimated to be 
120kDa by high performance liquid chromatography gel filtration, and the activities of these 
enzymes were detected in a doublet of bands (56 kDa and 48 kDa). These findings 
demonstrate that both proteases are novel T. cruzi acidic proteases. The physiological function 
of these enzymes in T. cruzi is not completely defined (Pinho et al., 2009). 
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An aspartyl protease with molecular mass of 37 kDa (plasmepsin) was isolated from the 
surface of Plasmodium ookinete, and its sequence was determined by mass spectrometry (Li et 
al., 2010). This protease was purified by using a benzamidine affinity-based column, which 
is typically used for the isolation of serine proteases. Structural similarity between the active 
site residues of the serine- and aspartyl proteases is possible, as some hydrogen-bonded 
residues can are arranged without any strain, such as in the formation of an oxyanion hole, 
in a manner that resembles the active site of a serine protease (Andreeva et al., 2004) 

2.2.4 Remarks on the isolation of proteins by protease inhibitors affinity 
chromatography 

Although the studies that have been conducted to isolate parasite proteases are of great 
medical interest, no parasiticide drug has been proposed thus far. In general, the 
chromatography methods involving inhibitor-based affinity-capture have been useful only 
to describe these enzymes in parasites and to establish their biochemical properties, their 
functions and their application in drugs tests. 

Furthermore, the heterogeneous material obtained from affinity-based chromatography may 
require additional procedures for purification of the enzyme. Thus, other techniques must 
be applied to obtain proteases with greater purity, including molecular exclusion and ion 
exchange chromatography. 

2.3 Glycosaminoglycans affinity-based separation of parasite proteins 

Microbes have developed different strategies to gain access into mammalian cells 
(Bermúdez et al., 2010; Caradonna & Burleigh 2011; Soong et al., 2011). The first step 
involves the recognition of molecules at the surface of the target cell, which triggers the 
activation of signaling pathways that are implicated in the parasite internalization (Abban & 
Meneses 2010; Epting et al., 2011). Host cell surface sulfated proteoglycans have been 
implicated as key molecules at the host cell-parasite interface, mediating the adhesion and 
invasion of numerous parasitic microorganisms (Jacquet et al., 2001; Kobayashi et al., 2010; 
O'Donnell & Shukla 2010). 

2.3.1 Structure of glycosaminoglycans 

Proteoglycans (PGs) are composed of core proteins that are covalently linked to 
glycosaminoglycan (GAG) chains. As components of the extracellular matrix, the structural 
diversity of PGs depends on the identity of the core protein and the GAG composition. 
GAGs are linear polysaccharides comprised of disaccharide repeats containing uronic acid 
and hexosamine. GAGs vary in the type of hexosamine, hexose or hexuronic acid unit. The 
sulfated GAGs are classified as heparin [2-O-sulfo-β-D-glucuronic acid (GlcUA-2S) or 2-O-
sulfo-α-L-iduronic acid (IdoUA-2S) and N-acetylglucosamine (GlcNAc) or N-
sulfoglucosamine (GlcNS)], heparan sulfate [GlcUA, IdoUA or IdoUA-2S and GlcNAc or 
GlcNS], chondroitin sulfate [GlcUA and N-acetylgalactosamine (GalNAc)], dermatan sulfate 
[GlcUA or IdoUA and GalNAc] and keratan sulfate [galactose (Gal) and GlcNAc]. In fact, 
the structural diversity of PGs may provide sites of affinity for different ligands and, 
therefore, function as co-receptors or receptors for GAG-binding proteins (Dreyfuss et al., 
2009; Ly et al., 2010). Although heparin is not found on the cell surface, this GAG has being 
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commonly used as tool for pathogen-host cell interaction assays. Heparins are negativally 
charged structures and native heparin presents molecular weights in the range of 5 to 30 
KDa, whereas commercial heparin preparations are in the range of 12 kDa to 15 kDa.  

2.3.2 Role of heparin-binding proteins in pathogen-host cell 

Many pathogens express surface proteins that interact with GAGs in different stages of their 
life cycle. Although some parasites can bind to multiple GAGs (Coppi et al., 2007; Fallgren 
et al., 2001), heparan sulfate proteoglycan (HSPG) has been implicated in the recognition 
and/or invasion process of a wide range of pathogens, including viruses, bacteria and 
protozoan parasites (Bambino-Medeiros et al., 2011; Dalrymple & Mackow 2011; Yan et al., 
2006;). Despite the role of heparin-binding proteins in many physiological and pathological 
processes, the basis of the heparin-protein interaction at the molecular level is still unclear. 

Thus, efforts have been concentrated to enhance methods for the isolation and 
characterization of heparin-binding proteins, and, in parallel, to determine the role of this 
GAG in pathogen-host cell interaction. Currently, heparin affinity chromatography has been 
applied to the purification of GAG-binding proteins from different pathogens (Table 3). In 
these chromatography assays, the heparin is covalently coupled to agarose or sepharose 
beads and its sulfates and carboxylates chains are able to bind many proteins by basic amino 
acids (Fig. 2C). 

This technique has been used to isolate heparin-binding proteins without loss of their 
biological activity, leading to a better understanding of the mechanism involved in the 
parasite invasion process. For example, chlamydial outer membrane complex (OmcB), a 60 
kDa cysteine-rich protein, displays a protein motif (50-70OmcB peptide) that acts as an 
acceptor molecule to bind heparan sulfate (HS) and promote Chlamydia invasion in 
eukaryotic cells (Stephens et al., 2001). Attachment of Helicobacter pylori to gastric epithelial 
cells also involves HS recognition. Two major proteins, one with a molecular mass of 71.5 
kDa and pI 5.0 (HSBP50) and the other with a molecular mass of 66.2 kDa and pI 5.4 
(HSBP54), have been identified on the surface of bacterial cells that are able to bind HS. The 
amino acid sequences of these proteins (HSBP50 – VPERAVRAHT; HSBP54 - 
VHLPADKTNV) are not homologous with bacterial adhesins or other HS-binding proteins 
(Ruzi-Bustos et al., 2001). Other proteins with the ability to bind heparin (66 and 60 kDa) 
have been identified in Staphylococcus aureus. The partial characterization of the amino acid 
sequences, which consist of DWTGWLAAA for the 66 kDa protein and MLVT for the 60 
kDa protein, revealed no identity with HBPs from Chlamydia or Helicobacter pylori. HBPs 
from S. aureus have been demonstrated to be sensitive to heat and proteases, such as 
pronase E, proteinase K, pepsin and chymotrypsin (Liang et al., 1992). Interestingly, a 17-
kDa heparin-binding protein with pI 4.6 has also been isolated from S. epidermis and S. 
haemolyticus, but the amino acid sequence similarity is low between these two organisms 
(MXTAHSYTXKYNGYTAN and MATQTKGYYYSYNGYV, respectively) and other bacterial 
HBPs (Fallgren et al., 2001). 

Trypanosomatidaes also exploit HS for successful parasite attachment to and/or invasion of 
the mammalian and vector hosts. The adhesion of Leishmania amastigotes to macrophages 
is mediated by HS, but not other sulfated polysaccharides (Love et al., 1993). Two heparin-
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binding proteins, (65 and 54.5 kDa) from L. (V.) braziliensis promastigotes (HBP-Lb) 
recognize several molecules in the gut of Lutzomyia intermedia and Lutzomyia whitmani 
(Azevedo-Pereira et al., 2007). The biochemical characterization of these proteins revealed 
that only the 65-kDa HBP-Lb has metallo-proteinase activity, and this protein is primarily 
localized at the flagellar domain of the promastigotes. Surface plasmon resonance (spr) also 
demonstrated high-affinity binding at the flagellar domain, which forms a stable binding 
complex (Côrtes et al., 2011). In T. cruzi, HBPs also mediate parasite adhesion by recognition 
of PGHS on the surface of the target cells (Bambino-Medeiros et al., 2011; Calvet et al., 2003; 
Oliveira-Jr et al., 2008; Ortega-Barria & Pereira, 1991). Currently, three HBPs have been 
described in this parasite: a 60-kDa protein named penetrin (Ortega-Barria & Pereira, 1991) 
and two other proteins of 65.8 and 59 kDa that bind heparin, HS and chondroitin sulfate 
(CS). These proteins have been identified in both trypomastigotes and amastigotes (Oliveira-
Jr et al., 2008). Interestingly, the HBP-HS binding is related to a specific region of the HS 
chain, the N-acetylated/N-sulfated HS domain, which promotes parasite attachment and 
invasion (Oliveira-Jr et al., 2008). Although only HS binding triggers T. cruzi invasion of 
mammalian cells (Ortega-Barria & Pereira, 1991; Calvet et al., 2003; Oliveira-Jr et al., 2008; 
Bambino-Medeiros et al., 2003), the multiple GAG recognition may provide an efficient 
association with other GAGs within the parasite life cycle. Recently, it has been 
demonstrated that sulfated proteoglycans are involved in the adhesion of epimastigotes to 
the luminal midgut epithelial cells of Rhodnius prolixus (Gonzalez et al., 2011). 

2.3.3 Remarks on the isolation of proteins by glycosaminoglycans affinity 
chromatography 

While the application of affinity chromatography has provided advances in our 
understanding of heparin-binding proteins, a large number of studies have focused on the 
parasite-host cell interface to improve our comprehension of the mechanisms that are 
activated by the receptor-ligand interaction (reviewed by Chen et al., 2008). The binding of 
Dengue virus to HS, for example, seems to result in the accumulation of virions at the 
surface of the human hepatoma cell line HuH-7 and elicit clathrin-dependent endocytosis 
(Hilgard & Stockert 2000). In addition to promote attachment and parasite invasion, HSPG 
also seems to be involved in the tropism of pathogen to specific tissues. The degree of HSPG 
sulfation guides the migration of Plasmodium sporozoites and the invasion of hepatocytes. 
Highly sulfated heparan sulfate at the surface of hepatocytes seems to regulate the 
proteolytic activity of the calcium-dependent protein kinase-6 on the CSP, which triggers the 
invasion of the parasite (Coppi et al., 2007). 

Another interesting phenomenon is the release of syndecan-1, a transmembrane PGHS, as a 
mechanism of host defense inhibition. Pseudomonas aeruginosa induces syndecan-1 shedding 
through the enzymatic activity of LasA, leading to an enhancement of bacterial virulence 
(Park et al., 2001). A similar mechanism has been described for Staphylococcus aureus in 
which β-toxin, a secreted virulence factor, also induces syndecan-1 shedding by activating a 
metallo-proteinase involved in the host cell shedding mechanism, leading to enhancement 
of bacterial virulence due to the recruitment of inflammatory cells (Hayashida et al., 2009). 
Because heparan sulfate has been shown to be a receptor for a variety of pathogens, HS-
binding polypeptides have been the subject of intense research and provide possibilities for 
drug intervention. 
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haemolyticus, but the amino acid sequence similarity is low between these two organisms 
(MXTAHSYTXKYNGYTAN and MATQTKGYYYSYNGYV, respectively) and other bacterial 
HBPs (Fallgren et al., 2001). 

Trypanosomatidaes also exploit HS for successful parasite attachment to and/or invasion of 
the mammalian and vector hosts. The adhesion of Leishmania amastigotes to macrophages 
is mediated by HS, but not other sulfated polysaccharides (Love et al., 1993). Two heparin-
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binding proteins, (65 and 54.5 kDa) from L. (V.) braziliensis promastigotes (HBP-Lb) 
recognize several molecules in the gut of Lutzomyia intermedia and Lutzomyia whitmani 
(Azevedo-Pereira et al., 2007). The biochemical characterization of these proteins revealed 
that only the 65-kDa HBP-Lb has metallo-proteinase activity, and this protein is primarily 
localized at the flagellar domain of the promastigotes. Surface plasmon resonance (spr) also 
demonstrated high-affinity binding at the flagellar domain, which forms a stable binding 
complex (Côrtes et al., 2011). In T. cruzi, HBPs also mediate parasite adhesion by recognition 
of PGHS on the surface of the target cells (Bambino-Medeiros et al., 2011; Calvet et al., 2003; 
Oliveira-Jr et al., 2008; Ortega-Barria & Pereira, 1991). Currently, three HBPs have been 
described in this parasite: a 60-kDa protein named penetrin (Ortega-Barria & Pereira, 1991) 
and two other proteins of 65.8 and 59 kDa that bind heparin, HS and chondroitin sulfate 
(CS). These proteins have been identified in both trypomastigotes and amastigotes (Oliveira-
Jr et al., 2008). Interestingly, the HBP-HS binding is related to a specific region of the HS 
chain, the N-acetylated/N-sulfated HS domain, which promotes parasite attachment and 
invasion (Oliveira-Jr et al., 2008). Although only HS binding triggers T. cruzi invasion of 
mammalian cells (Ortega-Barria & Pereira, 1991; Calvet et al., 2003; Oliveira-Jr et al., 2008; 
Bambino-Medeiros et al., 2003), the multiple GAG recognition may provide an efficient 
association with other GAGs within the parasite life cycle. Recently, it has been 
demonstrated that sulfated proteoglycans are involved in the adhesion of epimastigotes to 
the luminal midgut epithelial cells of Rhodnius prolixus (Gonzalez et al., 2011). 

2.3.3 Remarks on the isolation of proteins by glycosaminoglycans affinity 
chromatography 

While the application of affinity chromatography has provided advances in our 
understanding of heparin-binding proteins, a large number of studies have focused on the 
parasite-host cell interface to improve our comprehension of the mechanisms that are 
activated by the receptor-ligand interaction (reviewed by Chen et al., 2008). The binding of 
Dengue virus to HS, for example, seems to result in the accumulation of virions at the 
surface of the human hepatoma cell line HuH-7 and elicit clathrin-dependent endocytosis 
(Hilgard & Stockert 2000). In addition to promote attachment and parasite invasion, HSPG 
also seems to be involved in the tropism of pathogen to specific tissues. The degree of HSPG 
sulfation guides the migration of Plasmodium sporozoites and the invasion of hepatocytes. 
Highly sulfated heparan sulfate at the surface of hepatocytes seems to regulate the 
proteolytic activity of the calcium-dependent protein kinase-6 on the CSP, which triggers the 
invasion of the parasite (Coppi et al., 2007). 

Another interesting phenomenon is the release of syndecan-1, a transmembrane PGHS, as a 
mechanism of host defense inhibition. Pseudomonas aeruginosa induces syndecan-1 shedding 
through the enzymatic activity of LasA, leading to an enhancement of bacterial virulence 
(Park et al., 2001). A similar mechanism has been described for Staphylococcus aureus in 
which β-toxin, a secreted virulence factor, also induces syndecan-1 shedding by activating a 
metallo-proteinase involved in the host cell shedding mechanism, leading to enhancement 
of bacterial virulence due to the recruitment of inflammatory cells (Hayashida et al., 2009). 
Because heparan sulfate has been shown to be a receptor for a variety of pathogens, HS-
binding polypeptides have been the subject of intense research and provide possibilities for 
drug intervention. 
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3. Conclusion 
The chromatographic procedures described here maintain the minimal amount of native 
folding necessary for proteins to retain their biological and biochemical activities. Thus, the 
materials used as supports for packed affinity columns, including agarose, sepharose and 
celite (from diatomaceous earth), to immobilize ligands, such as lectins, protease inhibitors 
and glycosaminoglycans, do not interfere with the functional properties of these proteins. 

Furthermore, proteins obtained by affinity-based procedure have been useful in 
understanding the biological processes related to the life cycles of parasites and in the 
interaction with hosts. These studies are essential to developing strategies, such as the use of 
vaccines and drugs, to control the parasite diseases. 
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