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Abstract 
Downstream processing of proteins and other biological products has long been 

dominated by packed-bed chromatography (Rankin 2003). Despite the generally high 

cost of the technique, chromatography remains widely used because it offers 

extraordinarily high resolution under conditions that do not denature or alter the 

chemistry of the product, an imperative for therapeutic proteins since purity and activity 

are strict requirements. However, the inability of patients and governments to meet the 

rising costs of healthcare, particularly the cost of recombinant protein therapeutics, and 

the sharp increase in competition over the past decade for market share of recombinant-

protein based treatments of major illnesses have led to intense downward pressure on the 

cost of goods, especially for high volume products such as monoclonal antibodies and 

other recombinant proteins (Morrow 2002). Industry is therefore seeking to develop 

more cost effective downstream processes, including cheaper and more selective forms of 

chromatography. 

Generic affinity chromatography based on affinity-tag technology has the 

potential to simplify downstream processing by achieving higher yields and purities than 

conventional modes of chromatography. However, the high cost of current affinity tag 

technologies, due mainly to the expense of their associated affinity chromatography 

media, limits their application at production scales. This thesis addresses this problem by 

reporting on a novel affinity chromatography platform utilizing the family 9 

carbohydrate-binding module (CBM9) of xylanase 10A from T. maritima, a new affinity 

tag that binds to both soluble sugars and insoluble cellulose to permit the highly efficient 

capture and purification of CBM9-tagged fusion proteins on a very inexpensive cellulose-

based affinity media. Development of this technology has required (i) design of a generic 

CBM9 expression vector for production of chimeric fusions containing an N-terminal 

CBM9, a linker region containing a suitable processing site at its C-terminus for efficient 

removal of the affinity tag following affinity purification, and a C-terminal target protein, 

(ii) development of an effective strategy to design a linker sequence to stably connect the 

CBM9 tag to the target protein and to permit efficient tag removal through enzyme-

catalyzed cleavage, (iii) derivation and validation of a mathematical model to predict 
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binding and elution behavior of CBM9 fusion proteins on a high-capacity cellulose 

column, (iv) solutions to certain technology scale-up issues, including the synthesis of a 

mechanically stable stationary phase, and finally, (v) validation of the performance of the 

technology in terms of product yield, purity and concentration factor. 

Two bioinformatics-based strategies were developed to successfully identify a 

linker with improved resistance to endogeneous proteases of the host when compared 

against the popular poly-glycine based linker. A simple and effective assay was 

developed to identify the optimal conditions for efficient tag removal post-purification. 

The technique, based on Luminescence Resonance Energy Transfer (LRET) prescreens a 

library of linkers and processing enzymes to identify a CBM9-target protein fusion with 

enhanced processing efficiency. A novel two-zone model (TZM) of pore diffusion is 

presented to describe the rate of uptake of CBM9 fusion proteins within the stationary 

phase of the associated affinity chromatography column and thereby provide improved 

predictions of product breakthrough, including elution behavior from a bacterial lysate 

feed. Finally, a mechanically stable cellulose-based chromatography media was 

synthesized to allow preparative-scale purification of recombinant proteins using CBM9. 

A fixed-effect two-way response surface methodology was used to optimize the 

concentrations of the two primary reactants, epichlorohydrin and dimethyl sulfoxide 

(DMSO), required to cross-link the starting material, Perloza™ MT100, a compressible 

cellulose-based chromatography resin. This resulted in a cross-linked affinity 

chromatography media capable of operating at an order-of-magnitude higher linear 

velocity than permitted by unmodified MT100. In sharp contrast to MT100, the 

mechanical stability and purification performance of the cross-linked media are not 

diminished by scale-up or repeated column use. The results of this thesis thereby provide 

industry with a ready-made expression vector that can be used to express any target 

protein as a CBM9 fusion protein and to then inexpensively purify the target recombinant 

protein at an overall level of performance that is either superior or comparable to current 

commercially available fusion-tag technologies. 

Rankin P: Perilous economics o f the industry. The Source 2003, Sept issue, pp. 5-10. 
J. Morrow: Economics o f antibody production, Genet Eng News 22 (2002), pp. 1-39 
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1 Introduction, Background and Thesis Objectives 

1.1 Overview 

In 2004, the global biotechnology industry reported annual revenues of $54.6 

billion and accounted for over 20% of all venture capital investments. This included 365 

products in the pipeline from Phase I to Phase III clinical trials and 55 new drug 

applications submitted for review by the Food and Drug Administration (FDA) (Source: 

Ernst and Young). On average, the cost of product development is now estimated at 

$800 million per new drug. This rapidly rising cost and the increasing number of new 

protein therapeutics reaching the market are placing significant pressure on a global 

healthcare industry already challenged, particularly in North America, by an increasingly 

aging population. Sustainable growth of the biotechnology industry is therefore 

dependent on discovery of new ways to increase efficiency and productivity in order to 

keep both development and manufacturing costs in check. 

The process of manufacturing a biologic involves a number of unit operations, 

including (i) cell-line development and clone selection, (ii) fermentation/cell culture, (iii) 

cell harvest/removal, (iv) cell disruption (if needed), (v) product concentration, (vi) 

product purification, and (vii) final product formulation. Each of the final six processing 

steps generally involves one or more unit operations. Due to technological advancements 

over the past few decades, the cost of producing a biologic has decreased considerably. 

Refinements in expression system design and in fed-batch and perfusion-culture 

protocols now enable the production of the target biomolecule at g/L quantities at 

relatively little cost ($100-$500/g total cost of goods). As a result, the overall economics 

of therapeutic protein production now tends to be dominated by the cost of product 

purification (Lowe et al. 2001). 

New strategies to purify recombinant proteins from complex high-density cultures 

must therefore be developed with the aim of maximizing yield and purity while 

minimizing costs. A key objective is to streamline downstream operations into a smaller 
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number of unit operations, with each step employing a separation strategy highly 

selective for the target protein. The bioselective adsorption process known as affinity 

chromatography is one such unit operation. Affinity chromatography takes advantage of 

highly selective interactions found in nature, such as the tight arid specific binding (K a ~ 

106 to 109 M" 1) between an antibody and its antigen. For example immobilized IgG can 

be used to purify protein A from Staphylococcus aureus (Moks et al. 1987; Yarnall and 

Boyle 1986). Conversely, protein A covalently coupled to activated-Sepharose media is 

now widely used to remove and isolate immunoglobulins from serum of different species 

(Chen et al. 2006; Jungbauer and Hahn 2004) and in the purification of monoclonal 

antibodies (mAbs), the fastest growing class of recombinant protein therapeutics 

(Follman and Fahrner 2004; Hahn et al. 2006). 

Advances in recombinant D N A technology have allowed the power of high-

affinity interactions to be generically applied to the concentration and purification of 

recombinant proteins. Recombinant hybrids containing an N - or C-terminally fused 

affinity polypeptide tag that selectively binds to a complementary ligand immobilized 

onto a suitable chromatographic matrix are now widely used to facilitate the purification 

of target proteins or peptides. Numerous affinity tags have been developed over the years 

(Hearn and Acosta 2001) with many of them successfully commercialized for laboratory 

scale applications (Nilsson et al. 1997; Terpe 2003). However, their application at the 

preparative scale is sparse, due in large part to the high cost of the associated affinity 

media (Ladisch 2001). This high cost can arise from the complex chemical modifications 

needed to immobilize the ligand to the resin surface. In addition, immobilized ligands 

can experience fouling and structural damage, particularly at the ligand-resin junction, 

resulting in a reduced column capacity and a short column lifetime. This latter sensitivity 

often leads to a low tolerance of many affinity media to repeated processing and 

sanitization cycles, which limits their use in production-scale purifications. 

Thus, although affinity chromatography has the potential to simplify downstream 

processing by achieving higher yields and purities than conventional methods, it is not 

without problems. This doctoral thesis aims to alleviate ligand stability and cost 

limitations associated with conventional affinity chromatography by introducing an 
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affinity tag that binds to a very inexpensive and stable cellulose-based matrix. The 

research focuses on the development of a generic and inexpensive affinity purification 

technology based on high-level recombinant expression in E. coli of fusion proteins 

containing the family 9 carbohydrate-binding module (CBM9) attached to either the N -

or C-terminus of the target protein or polypeptide. A linker sequence containing a 

specific processing site is designed to facilitate rapid and quantitative removal of the tag, 

and to thereby recover the desired target sequence following affinity purification. The 

development, modeling and commercialization of this technology are the central 

objectives of this thesis. 

1.2 Literature Review 

1.2.1 Downstream Processing in Biotechnology 

Recombinant D N A technology has provided effective protein therapeutics for 

many of our deadliest and most debilitating diseases, such as various forms of cancer, 

asthma, arthritis, heart disease, diabetes and AIDS, to name just a few. Yet despite the 

great benefit of recombinant proteins to human health, the $800 million dollar price tag to 

bring each drug to market (Source: Ernst and Young) is serving to limit the technology 

largely to the production of blockbuster therapeutics - i. e. protein therapeutics expected to 

achieve greater than $100 million in sales per annum. Many important but less profitable 

indications are therefore receiving little attention. In order to overcome this ethical 

problem and to meet the challenges created by rising healthcare costs, industry must 

focus on reducing development and manufacturing costs of novel and generic 

biopharmaceutical proteins. Lowering the number of processing steps and increasing the 

yield at each step would serve this objective (Ladisch 2001). Many manufacturers are 

therefore looking towards redesigning and improving the efficiency and yields of existing 

production processes to lower costs (Narayanan 1994; Thomson 1996). 

Manufacturing of biopharmaceuticals must comply with quality assurance and 

cGMP (current good manufacturing practice). The FDA and other regulatory agencies 

such as the E M E A (European Medicines Agency) require that all finished biologies be 

manufactured under full cGMP compliance. This means that the final therapeutic 
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product must be a well-characterized biologic with defined purity, efficacy, potency, 

stability, pharmacokinetics, pharmacodynamics, toxicity and immunogenicity. The 

product must also be exhaustively tested for contaminants such as nucleic acids, viruses, 

pyrogens, residual host cell proteins, cell culture media, and leachates from the separation 

media. In addition, many therapeutic proteins are naturally and recombinantly produced 

in different isoforms originating from post-translational modifications such as 

glycosylation, sulphation, oxidation, end termination modifications, misfolding, 

aggregation, misaligned disulphide bridges and nicked or truncated variants. The process 

by which a therapeutic protein is produced is known to influence all of these product 

quality characteristics. Thus, the F D A views the process as the product, and great care 

must be taken in the selection and operation of the purification process. 

1.2.2 Affinity Chromatography in Preparative-Scale Protein Purification 

Regulatory compliance, process economics and strict quality assurance have 

instigated a rethinking of the design and operation of purification processes, with 

effectiveness, robustness and economics largely determining the choice of the 

purification strategy. Traditional, multi-step purification protocols based on non-specific 

physio-chemical properties such as pH, temperature, and solubility, are being replaced 

with highly selective and more sophisticated strategies, including those based on affinity 

chromatography (Bonnerjea et al. 1986). Affinity chromatography exploits natural 

biological binding processes for the selective separation of the target protein. Affinity 

separation techniques have the power to reduce the total number of processing steps, 

thereby increasing yields and downsizing capital equipment leading to improved process 

economics. However, these techniques do suffer from problems, particularly with respect 

to regulatory and other issues discussed below (Stevenson 1997). 

Most affinity ligands used in research and industry originate from natural sources. 

The library of affinity ligands commonly used today includes immobilized sugars and 

polysaccharides, nucleic acids, dyes, chelating agents, proteins, protein fragments, 

monoclonal antibodies, peptides and amino acids (Hearn and Acosta 2001; Hopp 1988). 

While these ligands often show good selectivity, their use in affinity chromatography can 
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be challenged by a number of factors. For example, they must be produced and purified, 

may be contaminated with host D N A and viruses, tend to be fragile, show lot-to-lot 

variation and are often costly to produce. In addition, production of therapeutics requires 

stringent column sterilization typically involving clean-in-place protocols that utilize 

strong caustic solutions which can degrade the immobilized ligand, shortening column 

life and contaminating the end product with potentially toxic or immunogenic leachates. 

Biological ligands can also suffer from low binding capacities, limited life cycles and low 

scale-up potential. 

1.2.3 "Natural" Affinity Chromatography 

In natural affinity chromatography the binding motif is endogeneous to the target 

protein, allowing for direct and specific purification through selective binding to its 

cognate ligand immobilized onto an appropriate chromatography media. Examples of 

natural affinity chromatography are abundant in the literature (Jones 1990). Many 

glycoproteins are currently purified using immobilized lectins (Cummings 1997; Yang 

and Hancock 2004), while conversely many lectins have been efficiently isolated by 

specific adsorption on immobilized carbohydrates (Chen and Billingsley 1999; Lee et al. 

1995). Other examples include the industrial purification of human plasminogen from 

blood plasma using immobilized lysine (Deutsch and Mertz 1970), the purification of 

ATP-dependent kinases and NAD+-dependent dehydrogenases using immobilized 5'-

A M P (Mulcahy et al. 2002), and the use of the sulfated polysaccharide heparin to affinity 

purify coagulation factors (Levine 1976). 

Aromatic compounds, particularly natural and synthetic textile dyes, have also 

been used as ligands in natural affinity chromatography. Cibacron blue is the most 

popular of these dyes and has been widely used in the research setting to purify albumin 

and other blood proteins, including oxido-reductases, carboxylases, glycolytic enzymes, 

nucleases, hydrolases, lyases, synthetases and transferases (Clonis et al. 2000; Denizli 

and Piskin 2001). The application of synthetic aromatics and dyes to the purification of 

therapeutic proteins has however been limited by concerns over the purity, selectivity, 

leakage and toxicity of these capture agents. Finally, for immunogenic proteins that do 
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not possess a known binding motif, protein-specific chromatography can be carried out 

using an immobilized monoclonal antibody (Ostermann 1990; Wells et al. 1993). 

However, the exceptionally high cost of monoclonal antibody production effectively 

limits the large-scale application of the technology to purification of rare and very high 

value proteins. 

1.2.4 Affinity Fusion-Tag Technology 

Affinity fusion-tag technology takes advantage of an existing and well-

characterized interaction between a unique and infrequent binding motif and its 

corresponding ligand to purify a target protein. Recombinant D N A technology is used to 

genetically fuse the binding motif (henceforth called the affinity tag) to either the N - or 

C-terminus of a target protein. The recombinant fusion protein can then be expressed and 

purified using the selective interaction between the tag and the complementary ligand 

immobilized onto a suitable chromatographic support. Affinity tag chromatography 

therefore allows for good selectivity and greater predictability in the separation process, 

and the general ability to be applied to a range of target proteins without the need for 

developing a new protocol for each new protein of interest (Uhlen and Moks 1990). 

Affinity tags range in complexity and molecular size from short, unstructured 

peptides to large binding domains. In addition to their application in the detection and 

purification of the protein of interest, affinity tags can offer a number of advantages. In 

cases where the target protein is conformationally unstable or requires complex disulfide 

bond formation, some affinity tags can stabilize the target protein, allowing it to fold 

more efficiently into the correct "near native" conformation in vivo by functioning as 

pseudo-chaperones or secondary structure nucleation centers (Bardwell et al. 1991; 

Hammarberg et al. 1989; Murby et al. 1991; Nygren et al. 1994; Tucker and 

Grisshammer 1996). Others can act as reporters, allowing for easy detection and 

quantification of the fusion protein using high-sensitivity detection assays such as an 

enzyme-linked immunosorbent assay (ELISA). Positioning the tag at the C-terminus 

ensures the production and recovery of a fully intact fusion protein. Truncated variants 

brought about by errors in translation will not have the affinity tag at the C-terminus and 
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therefore will not bind to the column containing the corresponding immobilized ligand 

(Jones et al. 1995). Some fusion tags have also been shown to extend the half-life and 

increase the pharmacokinetic activity of therapeutic proteins. For example, CD4 fused to 

the Fc region of IgG has an activity 200X greater than native CD4 (Capon et al. 1989). 

In addition, fusion tags, due to their highly selective interaction, can be used to purify low 

abundance proteins present in a complex feedstock (Brewer et al. 1991). Finally, certain 

affinity tags are an attractive tool for structure-function studies, functioning as specific 

reporters for use in systems such as in vitro two-hybrid protein-protein binding systems 

(Hoffmann and Roeder 1991; Jonasson et al. 1996; Lu et al. 1993; Nieba et al. 1997; 

Nilsson et al. 1997). Therefore, additional benefits may be realized through selection of 

an appropriate affinity tag based on the characteristics and intended application of the 

target protein. 

1.2.5 Factors to Consider in Designing the Affinity Tag System 

1.2.5.1 The Choice of Peptide Versus Protein Tags 

Affinity tags can be grouped into either peptide tags or protein tags. Tags less 

than 25 amino acids in size are typically classified as peptide tags whereas small globular 

modules with unique binding properties are considered protein tags. Each class of 

affinity tag offers unique properties that must be considered during the selection process. 

For example, peptide affinity tags, due to their small size, are less likely to interfere with 

the structure or alter the catalytic activity of the target protein, and hence, their removal 

may not be necessary after purification (Tucker and Grisshammer 1996). For cases 

where tag removal is required, their simple structure generally permits enhanced 

accessibility of the processing enzyme to any introduced cleavage site (Jonasson et al. 

1996). 

On the other hand, protein affinity tags have been known to help enhance 

structural stability and solubility by promoting the correct three-dimensional folding of 

the target protein. For example, both insulin-like growth factor II (IGF-II) (Hammarberg 

et al. 1989) and T-cell receptor (Murby et al. 1991) have been shown to be more stable 

when expressed as a fusion protein. Protein tags such as protein A (Abrahmsen et al. 
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1986) and maltose-binding protein (MBP) (di Guan et al. 1988) not only stabilize the 

protein, but are generally more compatible with leader peptide insertion to direct the 

fusion protein to the periplasm where the oxidizing environment can promote disulfide 

bond formation. In addition, protein tags can facilitate protein folding by acting as 

covalently linked pseudochaperones (LaVallie 1995) or "protein enhancers" (Nygren et 

al. 1994; Stahl et al. 1997a; Stahl et al. 1997b). For example, the ZZ domain protein 

derived from Staphylococcal protein A has been shown to dramatically improve the 

correct folding of recombinant IGF-I (Samuelsson et al. 1996; Samuelsson et al. 1994). 

1.2.5.2 Position of the Affinity Tag 

The positioning of an affinity tag can influence the expression of the resulting 

fusion protein. For example, a hexahistidine tag is seldom placed at the N-terminus of 

proteins destined for cellular export since the multiple positively charged imidazoyl side 

chain groups can interfere with signal sequence processing, trafficking and export 

biorecognition, resulting in arrest of protein secretion or incorrect cleavage of the signal 

peptide (Seidler 1994). In general, N-terminal tags offer the advantage of yielding a 

target protein with its authentic N-terminal sequence, provided an appropriate specific 

protease recognition site is inserted between the tag and the target protein (Jones et al. 

1995). Disadvantages of N-terminal tagging include the potential to copurify truncated 

products with the full-length protein, as well as the aforementioned potential for the tag 

to interfere with translation initiation. A C-terminal tag, on the other hand, does select 

only full-length protein, but generally adds unwanted amino acids to the end of the target 

protein upon protease cleavage (Jones et al. 1995). 

Finally, in certain circumstances, regardless of their position, fusion tags have 

been found to be buried within the internal structure of the folded protein (Kronina et al. 

1999; LaVallie 1995; Lindner et al. 1992; Sharrocks 1994; Uhlen and Moks 1990) or to 

partially cover a binding/catalytic site on the target protein (Casey et al. 1995). For 

example, a hexahistidine tag placed at the C-terminus of a tumor-associated single chain 

Fv sequence was found to partially cover the antigen binding site of the protein (Goel et 

al. 2000). Therefore, care must be taken in tag selection and positioning to ensure that it 
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functions independently and does not affect the activity or cause any perturbation in the 

conformation of the target protein (Hearn and Anspach 1990; Hearn and Gomme 2000). 

1.2.5.3 Expression of Fusion Proteins in Host Cells 

A large number of organisms have now been specifically engineered to express 

recombinant proteins (Makrides 1996). They include E. coli and other prokaryotic cells 

(Ford et al. 1991; Nilsson et al. 1997), Saccharomyces cervesiaie (Hopp 1988; 

Shimabuku et al. 1991), Pichia pastoris (Andrade et al. 2000; Higgins and Cregg 1998; 

Rajamohan et al. 2000) and other yeast strains, mammalian cells (Chubet and Brizzard 

1996; Lo et al. 1998; Witzgall et al. 1994), insect cells based on the baculovirus 

expression system (Allet et al. 1997; Kuusinen et al. 1995; Yet et al. 1995), egg sack yolk 

(Fassina et al. 1998; Hansen et al. 1998), and even transgenic plants and animals (Hennig 

and Schafer 1998; Hermanson and Turchi 2000; Kleiner et al. 1999). Higher eukaryotic 

organisms possess the machinery to perform post-translational modifications and as such, 

are often used to express proteins that require complex modifications including O- or N -

linked glycosylations, phosphorylation/methylation and complex disulfide bond 

formation (Marino 1989). These systems can however, suffer from low expression of 

recombinant proteins (Ford et al. 1991), hyperglycosylation or alternative sites of 

glycosylation (Higgins and Cregg 1998). Bacterial expression systems can provide 

higher expression levels but often at the expense of increased protein loss during the 

subsequent refolding (if necessary) and purification steps (Brewer et al. 1991). New to 

the field of recombinant protein expression, the egg yolks and the milk of lactating 

transgenic animals are gaining much interest for offering a fast, simple and inexpensive 

method for manufacturing biologies. 

. Recombinant proteins can sometimes be expressed in the form of inclusion bodies 

(Kane and Hartley 1988; Krueger et al. 1989). Within these inclusion bodies, proteins 

exist in a biologically inactive, partially unfolded and reduced state. The recovery 

protocol needed to refold the protein back to its native state is unique for each individual 

protein and must be determined experimentally. This adds to the cost and complexity of 

the bioprocess since each protocol must be optimized with respect to temperature, pH and 
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buffer composition (Flaschel and Friehs 1993; Rudolph 1996). However, with a robust 

renaturation protocol predetermined for a given protein, incorporating inclusion body 

formation as part of a bioprocess offers the advantage of ease of recovery from the cell 

homogenates (Thatcher 1990) and protection from cellular proteolysis (Sassenfeld 1990). 

For problematic cases, inclusion body formation can be curbed by directing the 

fusion protein into an oxidative environment such as the periplasm of E. coli or through 

the rough endoplasmic reticulum and golgi apparatus and into the culture medium in 

eukaryotic cells (Abrahmsen et al. 1986; Carter et al. 1992). Trafficking the fusion 

protein to a specific compartment of the cell or secretion into the culture supernatant 

offers a number of benefits, including (i) limited exposure to cytoplasmic proteases, 

which could degrade the target protein (Murby et al. 1991), and (ii) a simplified 

purification process by secreting the fusion protein into an environment with less 

contamination from other cellular components (Hansson et al. 1995; Hockney 1994). 

1.2.5.4 Tag Removal Post-Purification 

Recombinant proteins destined for pharmaceutical/therapeutic application 

typically must have their tag removed to minimize adverse side effects, including 

immunogenic responses, and to meet regulatory standards (Pedersen et al. 1999). This is 

achieved by introducing, at the cloning stage, a site-specific cleavage site between the tag 

and the target protein. Once the fusion protein is purified, cleavage at this specific 

processing site can be accomplished by either enzymatic or chemical means (Brewer et 

al. 1991; Casey et al. 1995). Chemical cleavage is most often achieved with cyanogen 

bromide (Itakura et al. 1977) which cleaves only after methionine residues. Although 

inexpensive, it is toxic and the harsh reaction conditions can cause denaturation and 

degradation of the target protein. Cleavage using site specific endopeptidases such as 

enterokinase (Hosfield and Lu 1999; Prickett et al. 1989), thrombin (Hakes and Dixon 

1992), Factor X a (Mcpherson et al. 1992), and the two relatively new processing 

enzymes, tobacco etch virus (TEV) (Shih et al. 2005) and human rhinovirus 3C protease 

(HRV 3C) (Libby et al. 1988), offers a gentler alternative. Although enzymatic methods 

are safer and more specific, they are generally less efficient since their rate of cleavage is 
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affected by the accessibility of the cleavage site and the chemistry of the adjacent amino 

acids, particularly those lying in the linker sequence immediately upstream of the 

recognition site. Some endopeptidases such as thrombin, trypsin and H R V 3C also leave 

behind extra amino acids on the termini of the target protein upon cleavage (Wyborski et 

al. 1999). 

Self-cleavable systems have attracted much interest in recent years. Intein-based 

systems are based on natural protein splicing sequences fused to affinity tags such as the 

chitin-binding domain (Derbyshire et al. 1997; Wood et al. 1999). Cleavage of the intein 

can be achieved by addition of thiols, shifting pH, or temperature. Although replacing 

specific processing recognition sites with inteins would simplify the cost and complexity 

of a bioprocess, inteins do have some significant limitations: (i) the large size of the 

intein and its associated catalytic machinery places a greater metabolic burden on the 

cells; (ii) the processing efficiency is dependent on the amino acid sequences at the 

junctions; (iii) inteins generally have a very slow autoprocessing rate; and (iv) inteins do 

not generally enhance the solubility or facilitate the purification of the fusion partner. 

1.2.5.5 Affinity Tag-Ligand Interaction 

To provide for a robust and selective separation process, the interaction between 

the fusion tag and the ligand should be a reversible through a mild change in solution 

conditions. That is, the association should be sufficiently strong and specific, yet under 

the appropriate condition, allow for an efficient, yet gentle, dissociation. Ideally, the 

association constant (K a ) should be in the range of 104 to 108 M " ' (Chao et al. 1998). 

With a K a less than 104 M " 1 , the interaction will be too weak, resulting in product loss, 

while with a K a greater than 108 M " 1 the complex is sufficiently strong to make elution 

difficult (Lindner et al. 1992). 

While identifying the ideal adsorption conditions is often relatively 

straightforward, determining the elution conditions that result in a high yield with a large 

purification factor can require extensive trials (Thiele and Fahrenholz 1994). The 

difficulty lies in identifying a condition that disrupts the tag-ligand interaction without 

causing degradation or conformational changes in the target protein. Low pH buffers 
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containing high concentrations of salts or chaotropic chemicals are often used to elute 

bound fusion proteins, but their application can be detrimental to the target protein 

(Hofmann et al. 1980; Schmidt and Skerra 1993; Yarmush et al. 1992). The use of 

excess ligand is a milder alternative, but in some cases, it is inefficient, expensive and 

provides low yields (Thiele and Fahrenholz 1994). Other protocols include elution based 

on irradiation with light (Olejnik et al. 1998; Thiele and Fahrenholz 1994), C a + 2 

dependent binding (Hentz et al. 1996; Schauer-Vukasinovic and Daunert 1999) and even 

on-column use of proteases (Graslund et al. 1997; Nilsson et al. 1997). 

1.2.6 Affinity Tag Sys tems 

The number of binding motifs designed for use as affinity tags has increased 

significantly over the past three decades. They include small antigentic epitope tags that 

bind to antibodies immobilized on columns, polyionic tags that adsorb onto ion exchange 

resins, tags that chelate with immobilized metal ions, biotinylated and non-biotinylated 

tags, tags derived from protein-protein or enzyme-substrate interactions, and finally, tags 

that bind to carbohydrate moieties (Table 1.1). A l l have been used at the laboratory 

scale, but only a few have succeeded beyond the laboratory that pioneered the given tag 

and become part of a commercial product (marked with asterisk in Table 1.1). 

The wide availability and relative low cost of polysaccharide matrixes might 

explain the commercially available affinity systems derived from protein tags that bind to 

carbohydrate based affinity resins. These tags vary in size from ~40 kDa for the maltose 

binding protein (MBP) (Blondel and Bedouelle 1990; di Guan et al. 1988; Riggs 2000) to 

about 119 amino acids for the starch binding domain (SBD) (Chen et al. 1991b). 

Currently, the M B P tag is the best studied and most popular of these carbohydrate-based 

affinity tags. Fusion proteins containing the MBP affinity tag can be purified on columns 

containing cross-linked amylose and the bound protein can be desorbed by competitive 

elution with 10 m M maltose in physiological buffer (Kellermann and Ferenci 1982). The 

MBP tag has been shown to act as a solubility enhancer (Kapust 1999) but only when 

fused to the N-terminus of the target protein (Sachdev and Chirgwin 1999). 
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A number of commercially available affinity systems also take advantage of 

peptide tags. These tags have flexible structures that minimize steric interference with 

the correct folding of the target protein and allow for enhanced accessibility of processing 

enzymes to any introduced cleavage sites. For example, the Flag tag (Hopp 1988) is a 

hydrophilic, 8 amino acid peptide that binds to immobilized monoclonal antibodies. 

Elution can be achieved either by the addition of chelating agents such as EDTA or by a 

decrease in the effective pH of the buffer. The Flag tag offers the unique advantage of 

encoding for a specific protease processing site at its C-terminus that can subsequently be 

used to remove the Flag peptide tag and obtain the purified target protein. 

Of the tag technologies listed, the glutathione S-transferase and polyhistidine tag 

technologies have found the greatest use in preparative-scale purifications. Both of these 

affinity tags were among the first to become commercially available; therefore, their 

timing, more than performance, might account for their more frequent use. Immobilized 

metal affinity chromatography (IMAC) is generally used to purify recombinant proteins 

containing a polyhistidine tag. First described in 1975 (Porath et al. 1975), IMAC is 

based on the interaction between an immobilized divalent transition-metal ion (Ni , 

Co + 2 , C u + 2 , Zn + 2 ) and solvent exposed aromatic residues on proteins or peptide tails. 

Histidine, or more specifically the electron-donating nitrogen of the acylimidazole ring of 

histidine, binds particularly tight through favorable coordination with the electron-

accepting transition metal. A number of expression vectors are available that fuse a 

polyhistidine peptide, typically containing between 5 and 10 histidine residues, to the N -

or C-terminus of any recombinant protein of interest (Hochuli et al. 1987). The resulting 

chimeric protein can then be adsorbed onto traditional I M A C columns containing an 

immobilized divalent metal ion, usually N i + 2 , and eluted either by adjusting the pH of the 

buffer or by adding free imidazole. The use of imidazole can be problematic, as it can 

influence N M R experiments, competition studies and crystallographic trials, and its 

presence can result in protein aggregation (Hefti et al. 2001). In addition, the 

polyhistidine tag is not recommended for purification of metal containing proteins as the 

bound metal ion can dissociate, resulting in elution of an apo-protein with potential for 

denaturation and/or protein aggregation. The I M A C columns designed to bind target 

proteins tagged with the polyhistidine tail are particularly susceptible to this problem 
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because the nickel cation that serves as the polyhistidine coordination site is physically 

adsorbed to the column through binding to immobilized ligands with high affinity for 

metal ions. Finally, the potential for dissociation and leakage of the divalent metal ion, 

even at ppm levels, typically prohibits its use in the purification of FDA approved 

proteins. 

The GST affinity tag system, developed by Smith and Johnson (Smith and 

Johnson 1988), takes advantage of the natural affinity between the enzyme glutathione S-

transferase (GST) and its substrate, glutathione. Fusion proteins containing the GST 

affinity tag can therefore be purified on columns displaying immobilized glutathione. 

Being the first protein-based affinity tag system commercially available for protein 

purification, the GST tag technology has gained widespread use and an almost exclusive 

market share of large-scale purifications of therapeutic proteins that cannot be purified by 

conventional methods. The GST tag is, however, a homodimer (Kaplan et al. 1997), 

making it unsuitable for the purification of oligomeric proteins. 

A l l of the affinity tags listed in Table 1.1 exhibit one or more of a number of 

characteristics that have proven disadvantageous for production-scale purification of 

therapeutic proteins. Most require a ligand that is expensive to produce and/or to 

immobilize. For example, the coiled-coil affinity tag system requires synthesis and 

immobilization of a long peptide sequence (35 amino acids), composed of five 

consecutive repeats of a specific heptad sequence. Robust chemistries for coupling these 

ligands to the stationary phase are often not available, resulting in gradual leaching of the 

ligand into the mobile phase during column processing. The potential for dissociation 

and leakage of the ligand, even at ppm levels, typically prohibits their use in the 

purification of F D A approved proteins. 

Other, more tag specific problems have also been reported. For example, the GST 

tag has the propensity to produce fusion proteins in inclusion bodies (denatured protein 

aggregates), possibly due to the four solvent exposed cysteine residues present in each 

subunit (Kaplan et al. 1997). Thus, recovery of the purified protein in its native, fully 

active state requires a robust refolding strategy. Difficulties in eluting chitin-binding 
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protein tagged fusion proteins have been reported (Vaillancourt et al. 2000), and low 

binding efficiencies have been observed with M B P fusions (Pryor 1997). 

However, the dominant impediment to the use of these affinity tags in large-scale 

bioprocessing is cost. Table 1.2 lists the costs associated with using some of the common 

commercial affinity tags. Production-scale affinity chromatography typically requires 

column volumes greater that 10 L and up to 5000 L. For the systems reported in Table 

1.2, this represents columns where the resin cost alone is in excess of $30,000 and can be 

as high as $11,000,000. A new generic affinity tag that binds to an inexpensive, 

chemically and hydrodynamically robust chromatography media is therefore highly 

desirable. 

1.2.7 Carbohydrate Binding Modules 

Carbohydrate binding modules (CBMs) are discrete protein modules found in a 

large number of hydrolases involved in the degradation of biomass (Gilkes et al. 1991; 

Tomme et al. 1995b). Within these carbohydrolases, the CBMs function to bind the 

enzyme to its substrate and in so doing, increase the effective substrate concentration 

proximal to the enzyme (Warren 1996). CBMs are also found in a few non-hydrolytic 

proteins (Goldstein et al. 1993; Shoseyov and Doi 1990; Tomme et al. 1995b) where they 

function as part of a scaffolding subunit that organizes synergistic enzymes into a 

cohesive multienzyme complex called a cellulosome, which then binds strongly to 

cellulose to catalyze its degradation (Beguin and Aubert 1994). 

i 

More than 200 CBMs are known and can be classified into forty eight unique 

families, seventeen of which are known to contain members that bind cellulose 

[Carbohydrate Active Enzymes database: (http://www.cazy.org/) (Coutinho and 

Henrissat 1999)]. CBMs from different families have different binding affinities and 

binding specificities (Tomme et al. 1998). For example, CfXynl0A-CBM2a (hereafter 

referred to as CBM2a), a family 2 C B M from xylanase 10A of Cellulomonas fimi, binds 

crystalline regions of insoluble cellulose with a dissociation constant in the low 

micromolar range (McLean 2000). In contrast, the family 4 C B M , CfCel9B-CBM4-l 

from endoglucanase 9B of C. fimi, binds amorphous cellulose and water-soluble cello-
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oligosaccharides, but shows no affinity for crystalline cellulose (Abou-Hachem et al. 

2000). 

CBMs come in a wide range of sizes from larger domains of up to 180 amino 

acids (family III) to small (~35 amino acids) fungal domains (family 1 CBMs) and are 

found in various positions within the parent carbohydrolase. As shown in Figure 1.1, 

Cel9A from Cellulomonas fimi has an internal family 3 C B M and a C-terminal family 2a 

C B M , while Cel9B, also from Cellulomonas fimi, has two family 4 CBMs in tandom 

located on the N-terminal side of its catalytic module. CfCel6A has an N-terminal family 

2a C B M binding module while CfXynlOA has a family 2a C B M at the C-terminus. In 

addition, naturally occurring N-terminal CBMs have been translocated to the C-terminus 

and used as C-terminal affinity tags in purification of recombinant protein without loss of 

binding affinity (Tomme et al. 1994). The ability to use a C B M as either a N - or C-

terminal tag offers flexibility in the purification of recombinant proteins, especially in 

cases where the protein of interest can only tolerate foreign sequences at one end to 

remain active. 

CBMs have been used as tags for immobilization or purification of a number of 

recombinant proteins. For example, CBMs have been fused to a number of bioprocessing 

enzymes such as E. coli alkaline phosphatase (Greenwood et al. 1992), Agrobacterium P-

glucosidase (Ong 1991) and human factor X (Assouline et al. 1993), as well as to 

medically relevant enzymes such as heparinase (Shpigel 1999) and interleukin-2 (Ong 

1995). Capture agents such as Streptomyces streptavidin (Le 1994) and Staphylococcus 

protein A (Ramirez et al. 1993) have been fused to a C B M to permit their immobilization 

on cellulose for binding of the target ligand. CBMs have also been expressed in a 

number of different hosts, including E. coli (Greenwood et al. 1992; Le 1994; Ong et al. 

1989; Ramirez et al. 1993; Shpigel 1999; Shpigel 2000), the yeast P. pastoris (Doheny et 

al. 1999; Ong 1995), mammalian cells (Assouline et al. 1993; Guarna et al. 2000; Ong 

1995), and insect cells (Pfeifer and Theilmann 2001). Although not well-understood, 

periplasmic expression of fusion proteins with a C B M from C. fimi often result in their 

non-specific leakage into the culture supernatant (Hasenwinkle et al. 1997; Ong et al. 

1993; Tomme et al. 1995a). This property offers great potential not only for expression 
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of proteins with complex disulfide bond formation but would also simplify any 

purification process by directing the protein into an environment with less protein 

contaminant. 

1.2.8 The Family 9 Carbohydrate-Binding Module (CBM9) 

While CBMs from some families can and have served as affinity tags for 

recombinant protein purification at the laboratory scale (Ong 1995; Sakka 1998; Shpigel 

1999), the family 9 carbohydrate-binding module (CBM9) of xylanase 10A from the 

thermophilic bacterium Thermotoga maritima (Winterhalter et al. 1995) has not; yet it 

offers some unique functional characteristics that appear to make it a particularly useful 

tag for preparative-scale affinity purification applications. In particular, CBM9 is able to 

bind to both soluble sugars and insoluble cellulose (amorphous cellulose) (Boraston et al. 

2001). As a result, CBM9 bound to insoluble preparations of cellulose can be dissociated 

from the solid substrate by the addition of a soluble sugar, such as glucose. The binding 

specificity of CBM9 has recently been characterized (Boraston et al. 2001) and its crystal 

structure determined up to 1.9 A resolution (Notenboom et al. 2001), providing a sound 

fundamental basis for designing an efficient purification technology based on the use of 

CBM9 as an affinity fusion tag. 

CBM9 is an extremely thermostable, 22 kDa globular protein (Wassenberg et al. 

1997) with the unique ability to bind to the reducing ends of cellulose and soluble 

polysaccharides. It binds three C a + 2 ions, thought to contribute to the unusually high 

thermal stability of this protein (Notenboom et al. 2001). Its structure consists of two 

twisted anti-parallel P-sheets, each made up of five P-strands that form a P-sandwich fold 

(Figure 1.2). The crystal structure of cellobiose bound CBM9 indicates that two 

tryptophan residues function to sandwich the substrate within the binding pocket (Figure 

1.2). Thermodynamic (Boraston et al. 2001) and structural analyses (Notenboom et al. 

2001) confirm that the disaccharide cellobiose is sufficient to fully occupy the binding 

site. 
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1.2.9 Cellulose-Based Chromatography Resins 

Beaded cellulose and various derivatives of cellulose are currently used as 

stationary phase media for a number of commercial liquid chromatography applications. 

Size-exclusion chromatography media comprised of cellulose include Whatman CC31, 

which is a pure microgranular cellulose powder, Whatman CF1, a particulate 

microcystalline cellulose optimized for batch chromatography, Perloza™ MT, a beaded 

cellulose gel filtration media, Perloza™ ST, a dry regenerated cellulose that can be used 

as initial material for the preparation of all basic types of ion exchange and for a number 

of further modified derivatives of spherical cellulose, Perloza™ SF, a pure dry beaded 

cellulose that has been sterilised by radiation, and Prolinx Versalinx™, a cross-linked 

cellulose network. Most of these media are available in a range of bead sizes and 

porosities to facilitate optimization of the chromatographic separation for a given 

feedstock. More importantly, these cellulose-based media are generally very 

inexpensive, can withstand stringent clean-in-place (CIP) protocols, and have good 

mechanical properties. For example, the bulk cost of Perloza™ MT100 is $35 USD per 

liter, or about 1/100 the bulk cost of an equivalent amount of the glutathione affinity resin 

used in conjunction with the GST tag system. 

1.3 Thesis Objectives 

Generic affinity chromatography based on affinity tag technology has the 

potential to simplify downstream processing by achieving higher yields and purities than 

conventional methods. However, the high cost of current affinity tag technologies, due 

mainly to the expense of their associated affinity chromatography media, limits their 

application at production scales. This thesis aims to alleviate this cost limitation by 

introducing an affinity tag that binds to a very inexpensive cellulose-based matrix. 

Development of this technology will involve the following research objectives: (i) design 

of a generic CBM9 expression vector for production of chimeric fusions containing an N -

terminal CBM9, a linker region containing a suitable processing site at its C-terminus for 

efficient removal of the affinity tag following affinity purification, and a C-terminal 

target protein; (ii) validate the performance of the affinity system in terms of product 
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yield, purity and concentration factor; (iii) develop a useful strategy to design an effective 

linker sequence to stably connect the CBM9 tag to the target protein and to permit 

efficient tag removal through enzyme-catalyzed cleavage; (iv) derive and validate a 

mathematical model to predict binding and elution behavior of CBM9 fusion proteins on 

a Perloza™ MT100 column; and finally, (v) briefly address technology scale-up issues, 

including the synthesis of a mechanically stable stationary phase. 

The first objective will provide industry with a ready-made expression vector that 

can be used to express any target protein as a CBM9 fusion protein. The second 

objective will provide evidence that my proposed technology provides for efficient 

production and purification of a target recombinant protein with an overall level of 

performance that is either superior or comparable to current commercially available 

fusion-tag technologies. Although often overlooked, the linker is an important component 

of any affinity tag technology. The third objective will look at a number of strategies for 

selecting an optimal linker that will provide for in vivo stability, efficient processing with 

the serine protease rhFactor X a or enterokinase, and independent functioning of the two 

domains. The forth and fifth objectives will help industry with the application of the 

CBM9 fusion tag technology. 
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1.4 Tables 

Table 1.1 Affinity tag systems described in the literature. Tag size and 
complementary ligand immobilized on the stationary phase are given. 
Tags that are currently offered commercially are denoted by *. 

Affinity tag Size Immobilized Ligand 
or Matrix Reference 

Polypeptide-binding proteins 

Staphylococcal Protein* 
A (SpA) 

ZZ domains 

Albumin-binding protein 

Phosphate-binding 
domain 

14-31 kDa 

7 kDa 

5-25 kDa 

200-263 
kDa 

IgG 

IgG 

HSA 

Hydroxyapatite 

(Moks et al. 1987; 
Nilsson and Abrahmsen 
1990; Uhlen etal. 1983) 

(Hansson etal. 1995; 
Nilsson etal. 1996) 

(Nygren et al. 1988) 

(Anbaetal. 1987) 

Carbohydrate-binding domains 

Maltose-binding 
protein* (MBP) 

Starch-binding domain 

Chitin-binding domain* 

Cellulose-binding 
domain (families 1, 2a* 

and 3*) 

40 kDa 

119aa 

51 aa 

27- 189 aa 

Cross-linked amylose 

Starch 

Chitin 

Cellulose 

(Bedouelle and Duplay 
1988; di Guanet al. 

1988) 
(Chen etal. 1991a; Chen 

etal. 1991b) 
(Chongetal. 1997; 
Mathys et al. 1999) 

(Greenwood etal. 1989; 
Ong 1995; Tomme et al. 

1998) 

Enzymes 

P-Galactosidase 

Glutathione-S-
transferase* (GST) 

Chloramphenicol 
acetyltransferase 

116 kDa 

26 kDa 

24 kDa 

A P T G 

Glutathione 

chloramphenicol 

(Germino and Bastia 
1984; Oliaroetal. 2000) 
(Guan and Dixon 1991; 

Smith and Johnson 
1988) 

(Dekeyzer et al. 1994; 
Dykes etal. 1988) 
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Affinity tag Size 
Immobilized Ligand 

or Matrix 
Reference 

Biotin-binding domains 

Biotin-binding domain 

Avidin 

8kDa 

63 kDa 

Streptavidin 

2-iminobiotin-agarose 

(Cronan 1990) 

(Airenne etal. 1999) 

Metal-affinity tags 

Poly-Histidine* 

ProHissPro 

HAT* 

6-10 aa 

7 aa 

19 aa 

N i + 2 - N T A ; C o + 2 - C M A 

N i + 2 - N T A ; Z n + 2 - N T A 

N i + 2 - N T A 

(Crowe etal. 1994; 
Porathetal. 1975) 

(Skerra et al. 1991) 

(Chagaet al. 1999) 

Non-biotinylated affinity tags 

Strep-tag II* 

Streptavidin-binding 
peptide* (SBP) 

8 aa 

38 aa 

streptavidin 

Streptavidin 

(Schmidt 1996; Voss and 
Skerra 1997) 

(Keefe2001; Wilson et 
al. 2001) 

Antigenic epitopes (Ca+2 dependent) 

F L A G * 

F L A G II* 

HPC4-binding peptide 

8 aa 

4 aa 

12 aa 

Anti-FLAG M l mAb 

Anti -FLAG M2 mAb 

Anti-KT3 mAb 

(Einhauer and Jungbauer 
2001; Hopp 1988) 

(Brizzard et al. 1994) 

(Martinet al. 1990) 

Antigenic epitopes (Ca+2 independent) 

Myc 

T7 

AU5 

Btag 

8-tag 

10 aa 

11 aa 

6 aa 

6 aa 

12 aa 

CA5 mAb 

Anti-T7 mAb 

Anti-AU5 mAb 

Anti-Btag mAb 

Anti-e-tag mAb 

(Chenet al. 1993; Munro 
and Pelham 1986) 

(Borjigin and Nathans 
1994) 

(Lutzfreyermuth et al. 
1990) 

(Rubinfeld et al. 1991; 
Wang etal. 1996) 

(Olahetal. 1994) 
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Affinity tag Size Immobilized Ligand 
or Matrix Reference 

V S V tag 11 aa Anti-VSV mAb (Green etal. 1996) 

RecA 144 aa Anti-recA mAb (Krivietal . 1985) 

Charged amino acid tags 

Poly-Arginine 5-15 aa Anionic resins (Sassenfeld 1984; Smith 
1984) 

Poly-Phenylalanine 11 aa Phenyl-superose (Persson et al. 1988) 

Other tags 

Calmodulin-binding 
peptide* (CBP) 2.96 Calmodulin 

(Stofko-Hahn et al. 
1992; Vaillancourt et al. 
1997; Zheng etal. 1997) 

S-peptide 15 aa S-protein (Kim and Raines 1993; 
Raines et al. 2000) 

Heterodimeric coiled-
coil tags 35 aa Immobilized hexa-

peptide 
(Tripet et al. 2000; 
Tripetetal. 1996) 
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Table 1.2 Estimated costs of several commercially available affinity tag 
technologies. Prices provided by respective vendors. 

Estimated Cost (USD) 
System 

Resin (100 mL) Eluent ($/L) 

CBP $2200 $0.86 (2 m M EGTA) 

GST $1067 $10.07 (10 m M reduced glutatione) 

Polyhistidine $656 $2.87 (250 m M imidazole) 

M B P $300 $0.71 (10 m M maltose) 
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1.5 Figures 

Cel6B 

Cel9A 

Cel9B 

Cel5A 111111 2a 
Cel6A 2a 

Cel48A 

XynlOA 2a 

Catalytic Module 

Fn3 Module 

Binding Module 

Other Module 

| Linker 

Figure 1.1 Schematic representation of the domain structure of Cellulomonas fimi 
cellulases and xylanases. Note: the domain structure of xylanase 10A of 
T. maritima is homologous to that of XynlOA of C. fimi with the family 2a 
CBM9 substituted by CBM9. 
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T r P 1 7 5 Asn 172 T r P 7 1 Arg 161 

Gin 151 

Gin 96 

Figure 1.2 Backbone secondary structure of C B M 9 from T. maritima, presented in 
ribbon diagram form, determined from the x-ray crystallographic data of 
Notenboom (Notenboom et al. 2001). Trp71 and T ip 175 (solid arrow) 
involved in ligand binding, and Glu77, Gln96, Arg98, G l n l 5 1 , A r g l 6 1 , 
and A s n l 7 2 (dashed arrow), involved in hydrogen bonding, with the 
ligand are shown. 
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2 Inexpensive One-Step Purification of Polypeptides 
Expressed in E. Coli as Fusions With the Family 9 
Carbohydrate-Binding Module of Xylanase 10A from 
T. Maritima 

2.1 Introduction 

The continued maturation of the pharmaceutical and biotechnology industries has 

created an increasing need for practical and economical large-scale processing 

techniques. Production methods such as fed-batch fermentations of recombinant 

microbes have advanced to a level where target biomolecules can be produced in g/L 

concentrations at relatively modest cost. As a result, downstream processing often 

accounts for more than 60% of the total operating cost, and as much as 70% of the capital 

cost of current biochemical production processes (Ladisch 2001). Purification of a target 

protein during manufacturing usually requires several chromatographic steps in series due 

to the relatively non-specific physico-chemical interactions that drive separations in these 

columns. Although product purities are often quite high, overall yields from multi-step 

chromatographic procedures are generally low due to the accumulated loss of product 

(Chase 1984; Hearn and Acosta 2001). The challenge therefore is to reduce costs and 

increase overall yields by process simplification through elimination or combination of 

purification steps. 

* A version of this chapter is published in the Journal of Chromatography B. 
[Reference: Mojgan Kavoosi, Julia Meijer, Emily Kwan, A . Louise Creagh, Douglas G. 
Kilburn, Charles A . Haynes, Inexpensive one-step purification of polypeptides expressed 
in E. coli as fusions with the family 9 carbohydrate-binding module of xylanase 10A 
from T. maritime. J. Chromatography B. 807(1); 87-94; (2004)] 
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Toward this goal, a number of affinity separation systems have been developed in 

the past two decades to replace difficult multi-step chromatographic procedures with a 

highly selective binding step that serves to both purify and concentrate the product (Lowe 

et al. 2001; Wilchek and Chaiken 2000). Polypeptide fusion tags that selectively bind a 

complementary ligand immobilized onto a suitable chromatographic matrix are now 

widely used at the laboratory scale to facilitate recombinant expression and purification 

of target proteins (Nilsson et al. 1997; Terpe 2003). In addition to allowing rapid 

purification, affinity fusion tags have been shown in certain cases to increase in vivo 

proteolytic stability of the target protein, improve product solubility, and control product 

localization in or secretion from the expression host (Jonasson et al. 2002). Skillful 

engineering of the fusion-tag/immobilized-ligand pair can therefore provide a robust and 

generic method for efficient production and high-resolution affinity purification of 

recombinant protein targets. 

Commercially available affinity tag systems include the calmodulin binding 

peptide (Vaillancourt et al. 1997; Zheng et al. 1997), the glutathione S-transferase (GST) 

tag from Schistosoma japonicum (Guan and Dixon 1991; Smith and Johnson 1988), and 

various polyamino-acid affinity tags such as the polyhistidine tag (Crowe et al. 1994; 

Hochuli et al. 1987; Porath et al. 1975) and its associated immobilized metal-ion affinity 

chromatography (IMAC) capture column. Each of these affinity tag systems has been 

used extensively at the laboratory scale, but only the GST and polyhistidine tag systems 

have found any appreciable use in manufacturing. More extensive use of affinity tags 

systems by industry has been thwarted in part by the complex chemical modifications 

required to cross-link the solid support or to graft the affinity-tag receptor to the resin 

surface, and by the relatively low tolerance of many of these affinity resins to repeated 

processing and sanitization-in-place cycles. However, the dominant impediment to the 

use of current commercially available generic affinity tags in large-scale bioprocessing is 

cost. A new affinity tag that binds to an inexpensive, chemically and hydrodynamically 

robust chromatographic resin is therefore highly desirable. 

Here, we present a generic and inexpensive affinity purification technology based 

on high-titer recombinant expression in E. coli of fusion proteins containing the 

45 



carbohydrate-binding module CBM9 attached to the N-terminus of the target protein or 

polypeptide. TmXynlOACBM9-2 (henceforth referred to as CBM9), the C-terminal 

family 9 carbohydrate-binding module of xylanase 10A from Thermotoga maritime 

(Winterhalter et al. 1995), binds specifically to the reducing ends of cellulose and soluble 

polysaccharides, a property that is currently unique to this C B M . Measured association 

constants (K a) for adsorption of CBM9 to insoluble allomorphs of cellulose are between 2 

x 105 to 2 x 106 M " 1 . CBM9 also binds a range of soluble sugars (Boraston et al. 2001), 

including glucose, such that a 1-M glucose solution is effective in quantitatively eluting 

CBM9 and CBM9-tagged fusion proteins from a cellulose-based capture column. The 

presence of the CBM9 tag therefore allows for affinity capture and purification of a 

fusion protein on an inexpensive cellulose-based chromatography resin. 

A unique processing site is encoded at the C-terminus of the tag to facilitate rapid 

arid quantitative removal of the tag by Factor X a to recover the desired target protein 

sequence following affinity purification (Nagai and Thogersen 1984). Validation of the 

technology is provided by fusing the CBM9 affinity tag to the N-terminus of green 

fluorescent protein (GFP) from the jellyfish, Aquorin victoria (Crameri et al. 1996; 

Shimomura et al. 1962). The use of GFP as the target protein has the advantage that the 

natural fluorescence of GFP measured at 509 nm (excitation at 395 nm) offers a direct 

and convenient means of tracking the target fusion protein throughout the production and 

affinity purification process. 

The generic CBM9 affinity-tag technology proposed here involves five distinct 

processing steps: (i) recombinant production (cytoplasmic) of the properly folded fusion 

protein in recombinant E. coli BL21 (DE3) cells, (ii) cell lysis and lysate resuspension, 

(iii) affinity purification (including elution) of the CBM9-tagged fusion protein on a 

suitable commercial cellulose-based chromatography resin, (iv) cleavage of the CBM9-

linker-IEGR affinity tag sequence using immobilized recombinant Factor X a , and finally, 

(v) removal of CBM9 to obtain the purified target (GFP). Each of these essential 

processing steps is evaluated in terms of product yield, purity and concentration factor to 

provide a measure of the overall performance of the technology. 
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2.2 Materials and Methods 

2.2.1 Reagents 

Kanamycin, glucose, and all other chemicals were purchased from Sigma 

Chemicals (St. Louis, MO, USA). All reagents were analytical grade unless stated 

otherwise. Restriction enzymes were purchased from New England Biolabs (Beverly, 

MA). T4-DNA ligase was obtained from Roche Molecular Biochemicals (Laval, 

Quebec). Perloza™ MT100 and MT500 chromatography resins having a nominal 

particle diameter distribution of 50-80 pm and 100-250 pm, respectively, were purchased 
4-9 

from Iontosorb Inc. (Czech Republic). E. coli BL21 (DE3) and Ni -Sepharose resin 

were obtained from Novagen (Milwaukee, MI). 

2.2.2 Cloning of CBM9-GFP Fusion Protein 

All cloning procedures were performed using standard molecular biology 

techniques (Sambrook et al. 1989). The GFP and CBM9 coding regions were amplified 

from the vectors pGFPuv (Clontech, Palo Alto, CA) and pETCBM9, respectively. A Bsp 

HI restriction endonuclease site (underlined) was introduced at the 5' end of CBM9 gene 

fragment, using the oligonucleotide 5' - T T G C T A G C T T C A T G A C T A G C G G A A T A A T G 

GTAGC-3' as primer. The sequence encoding for the S3N10LA linker (italic) (henceforth 

referred to as S3N10 linker) and a Pvu I site (underlined) were introduced at the 3' end of 

the CBM9 coding region using the oligonucleotide 5'-

TCCCTCGATCGCG/J GGTTGTTGTTA TTGTTA TTGTTGTTGTTGT TCGAGCTCGAAA 

GCTTGATGAGCCTGAGGTTACC-3 ' as primer. For the GFP gene fragment, the 

sequence encoding for the Factor X a recognition site (IEGR) (italic) and a Pvu I 

restriction endonuclease site (underlined) were placed at the 5' end, using the 

oligonucleotide 5 - C C G ^ T C G A G G G T C G T A T C A T G A G T A A A G G A G A - 3 ' as primer. 

For the 3' end, a Not I site (underlined) was introduced using the oligonucleotide 5'-

T G C G G C C G C T T T G T A G A G C T C A T C C A T G C C A T G T G T A A T C C C - 3 ' as primer. Each 

PCR mixture (50 pL total volume) contained 50 ng of template, 30 pmol of each primer, 

5% DMSO, 0.4 mM 2'-deoxy-nucleoside 5'-triphosphates, and 1 unit of PWO DNA 
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polymerase in buffer (Roche Molecular Biochemicals, Laval, Quebec). The following 

protocol for 25 successive PCR cycles was followed: denaturation at 94°C for 30 s, 

annealing for 2 min by linearly increasing the temperature from 55°C to 72°C, and primer 

extension at 72°C for 45 s. The resulting C B M 9 - S 3 N i 0 and FXa-GFP coding regions 

were digested with Bsp HI/Pvu I and Pvu I/Not I, respectively, and ligated (16°C, 16 h) 

into the pET28b vector (Novagen) previously digested with Nco I and Not I to give the 

appropriate pET28-CBM9-S 3 N 1 0 -IEGR-GFP construct (hereafter referred to as pET28-

CBM9-GFP). D N A sequencing was then completed to verify the construct (NAPS Unit, 

Biotechnology Laboratory, University of British Columbia). 

2.2.3 Protein Production 

Overnight cultures of E. coli strain BL21/pET28-CBM9-GFP were diluted 100-

fold in tryptone-yeast extract-phosphate medium (TYP) supplemented with 50 ug/mL of 

kanamycin and grown at 37°C to a cell density (OD600 nm) of ~ 1.0 absorbance units. 

Isopropyl-l-thio-P-D-galactoside (IPTG) was added to a final concentration of 0.3 mM. 

Incubation was then continued at 30°C for a further 10-12 h. The cells were harvested by 

centrifugation (8500g) at 4°C for 20 min and then resuspended in high salt buffer (1 M 

NaCl, 50 mM potassium phosphate, pH 7.0) by gentle mixing. Cells were ruptured by 

two passages through a French pressure cell (21000 lb/in2) and the cell debris removed by 

centrifugation for 30 min at 27000 g and 4°C. CBM9-GFP fusion protein was purified by 

affinity chromatography as described below. 

The stability of the fusion protein against proteolysis was assayed as follows. At 

18 hours post-induction, the culture was divided into two equal volumes and cells were 

harvested as described above. The cells in one container were resuspended in high salt 

buffer while the cells in the second container were resuspended in high salt buffer 

containing 1 m M phenylmethylsulfonyl fluoride (PMSF) (Sigma). Cells were disrupted 

(in the presence of fresh 1 m M PMSF or buffer) and the clarified cell extract (1.5 mL) 

incubated with 200 uL of Perloza™ MT100 (94.5 mg dry weight/mL). The mixture was 

mixed at room temperature for 3.5 hours by rotating end-over-end. The resin was 

collected by centrifugation at 8500g for 8 min, washed three times with 1 mL high salt 
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buffer, 2X with low salt buffer (50 m M potassium phosphate pH 7.0) and I X with TBS8 

(15 mM NaCl, lOmM TrisHCl, pH 8.0). The protein was desorbed with 400 uL of 1-M 

glucose in TBS8 and analyzed by SDS-PAGE. 

2.2.4 Affinity Chromatography 

A Pharmacia XK-16 column (8.5 cm X 1.6 cm I.D.) was packed by standard 

inclined pouring with Perloza™ MT100 resin to give a final bed volume of ca. 17 mL. 

A l l purification chromatograms were completed on a Pharmacia P-500 FPLC system 

(Amersham Biosciences) at 4°C and with a flow rate of 0.5 ml/min. The Perloza™ 

MT100 affinity column was equilibrated with ~ 10 column volumes (CV) of high salt 

buffer. Clarified cell extract (50 mL) was loaded onto the column and unbound protein 

was removed by washing the column with 10 C V of high salt buffer, 5 C V of low salt 

buffer and 4 C V of TBS8 buffer. CBM9-GFP was then eluted from the column with 5 

CV of 1-M glucose in TBS8. Eluted protein fractions were analyzed for purity by 12% 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using 20% SDS 

sample buffer. Column regeneration was completed using 10 C V water followed by 10 

CV of high salt buffer for equilibration. 

2.2.5 Tag Cleavage by Factor X a 

In this experiment carried out at 21°C and pH 7, a purified chimeric protein 

comprised of Factor X a fused to CBM2a, the family 2a carbohydrate binding module 

(CBM2a) of xylanase 10A of the soil bacterium Cellulomonas fimi, was immobilized 

onto a Perloza™ MT500 column (henceforth called CBM2a-FXa i m ) (Kwan et al. 2002) 

and used to enzymatically remove the CBM9 affinity tag. Pure CBM9-GFP fractions 

were pooled and incubated with CBM2a-FXaj m at 21°C, rotating end-over-end. After 108 

hours, CBM2a-FXaj m was removed by centrifugation (8500g, 15 min) and washed 

extensively to collect all cleaved product. The cleaved products were buffer exchanged 

into low salt buffer and concentrated in a stirred ultrafiltration (UF) unit (Amicon, 

Beverly, M A ) on a 1 KDa cutoff filter (Filtron, Northborough, M A ) . The concentrated 

protein solution was applied to a column (24 cm X 0.9cm I.D.) packed with Perloza™ 
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MT100 and washed with 15 C V of low salt buffer. Free GFP was collected in the flow 

through and concentrated by UF. 

The processing time required for Factor X a cleavage of the IEGR-terminal affinity 

tag was also assayed. 3 mg of purified CBM9-GFP fusion protein was incubated with 3 

pL CBM2a-FXa i m (Kwan et al. 2002) at 21°C (final [Factor X a ] to [fusion protein] ratio 

of 1:1000). The control experiments contained buffer in place of CBM2a-FXai m . 

Samples were taken at the following time points (0, 0.5, 1, 2, 4, 6, 8, 10, 12, 14, 25.5, and 

35 hours post-incubation) and analyzed by SDS-PAGE. 

2.2.6 Fluorescence Calibration Curves 

Fluorescence measurements were used to quantify target protein (CBM9-GFP) 

concentrations in buffer and in complex cell lysate feed stocks. Highly pure CBM9-GFP 

was obtained by sequentially purifying CBM9-GFP on the Perloza™ MT100 affinity 
+2 

column followed by immobilized-metal affinity chromatography (IMAC) on a N i -

Sepharose I M A C resin (according to manufacturer's instructions). This highly pure 

protein was buffer exchanged into low salt buffer and concentrated as described above. 

Concentrations of the purified protein were determined by U V absorbance (280 nm) 

using a calculated molar extinction coefficient of 62870 cm' M " 1 (Machetal. 1992). 

Varying concentrations of highly pure protein were mixed with either loading 

buffer (TBS8), elution buffer (1 M glucose in TBS8) or BL21 cell extract (A 2 g 0 = 6 or 

A280 = 0.6) and the fluorescence measured (395 nm for excitation; 509 nm for emission) 

using a Cary Eclipse fluorescence spectrophotometer (Varian, Palo Alto, CA). Linear 

calibration curves (0 to 0.35 p M CBM9-GFP) for measured fluorescence as a function of 

CBM9-GFP concentration in buffer and in BL21 cell extract were constructed from each 

data set. 

2.2.7 Measurement of Binding Isotherms 

Samples containing purified fusion protein at concentrations ranging from 1 to 30 

p M were incubated with resin (1 mg (dry weight) of Perloza™ MT100, 5 mg CF31, 5 mg 
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CF1 and 5 mg Avicel) in high salt buffer to a final volume of 1 ml. The samples were 

then incubated for 30 hours at 4°C (25°C for Avicel samples) while mixing end-over-end. 

The cellulose was removed by centrifugation at 27000g for 16 min at 4°C. The 

supernatant was collected and the concentration of unbound protein was determined by 

U V absorbance (280 nm) using a Cary 100 Spectrophotometer (Varian). 

An isotherm was generated by plotting the concentration of bound protein 

(umol/g of resin) against the concentration of unbound protein (uM). The binding 

parameters were determined by a non-linear fitting of the Langmuir-type adsorption 

isotherm equation to the experimental data using GraphPad Prism 3.0 software. 

Binding isotherms were also measured for CBM9-GFP in the presence of 

bacterial cell extract (A2so of 5.3). Samples were incubated for 16 hours at 4°C while 

mixing end-over-end. The cellulose was removed by centrifugation as described above 

and the fluorescence of the supernatant was measured. The concentration of unbound 

protein in the supernatant was determined from the calibration curve. Bound CBM9-GFP 

concentrations were then computed by mass balance. 

2.3 Results and Discussion 

Figure 2.1 shows a block diagram for the C B M 9 - G F P fusion protein construct 

used in this work to validate the utility and performance of our C B M 9 tag technology for 

inexpensive affinity purification of recombinant proteins and peptides in E. coli. In the 

pET28-CBM9-GFP vector, the coding sequence for the N-terminal C B M 9 is followed by 

the gene fragment encoding an S3N10 linker that serves to separate the C B M 9 fusion tag 

from the target protein. The synthetic S3N10 linker was used in this study because it has 

proven useful in our laboratory in the stable expression of a range of fusion proteins. The 

combined C B M 9 - S 3 N 1 0 fusion tag is separated from the n-terminal amino acid of GFP by 

the four amino acid IEGR processing site for the endoprotease recombinant human Factor 

X a . The presence of the IEGR processing site allows Factor X a catalyzed removal of the 

affinity tag following fusion protein purification to recover the pure target protein with its 

natural N-terminus. 
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2.3.1 Binding Isotherms and Thermodynamics 

Equilibrium adsorption isotherms at 4°C for CBM9-GFP binding to the porous 

cellulose-based chromatography resin Perloza™ MT100 are shown in Figure 2.2. As 

shown in Table 2.1, Perloza™ MT100 stationary phase resin binds pure CBM9-GFP with 

a capacity of 9.93(±0.31) pmol/g MT100. For the 53 kg mol"1 CBM9-GFP fusion 

protein, this equates to a saturation loading capacity of 527 mg protein bound per gram of 

resin, or ca. 115 mg/mL of column. In pure buffer at 4°C, CBM9-GFP binds Perloza™ 

MT100 with an affinity of 1.5(±0.21) x 106 M " 1 . 

As shown in Table 2.2, CBM9-GFP also binds to a number of other commercially 

available cellulose-based resins. However, in each case, the resin capacity (and to a 

lesser extent the binding affinity) is significantly lower than observed for binding to 

Perloza™ MT100, indicating that the Perloza™ resin offers a relatively high 

concentration of entropically unhindered reducing ends for CBM9 binding. CBM9 

binding to cellulose is exothermic (Boraston et al. 2001). Thus, the affinity 

characterizing binding to Avicel will increase with decreasing temperature. However, 

q i m a x for this resin is appreciably lower than for Perloza™ MT100, making it a less 

desirable matrix for affinity chromatography applications. 

The equilibrium adsorption isotherm at 4°C for binding of pure CBM9 to 

Perloza™ MT100 is also shown (Figure 2.2, Table 2.1). The binding properties (K a and 

qi m a x ) of the isolated fusion tag (CBM9) are similar to those of the fusion protein (CBM9-

GFP), indicating that the presence of the target protein does not significantly affect the 

performance of the CBM9 affinity tag. 

The intrinsic fluorescence of GFP allowed us to also measure the binding 

isotherm for the CBM9-GFP fusion protein in the presence of the E. coli cell lysate from 

which it is purified. Although errors in CBM9-GFP fluorescence measurements are large 

when cell lysate components are present in the solution phase, the data suggest that 

neither the binding capacity of the resin nor the affinity of the CBM9-GFP fusion protein 

for the resin is significantly altered by the presence of a large concentration of 
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contaminant proteins (data not shown), indicating the specificity of the Perloza™ MT100 

cellulose-based resin for CBM-tagged proteins. 

2.3.2 Fusion Protein Expression and Stability 

Unoptimized batch fermentation yields of soluble CBM9-GFP in recombinant E. 

coli BL21 cultures were typically around 210 mg/L of culture, which represents a 40% 

increase in GFP yield over more standard expression systems (Chalfie and Kain 1998; 

Chalfie et al. 1994). The tendency for C B M fusion tags, including the more commonly 

used maltose binding protein, to increase soluble expression of otherwise low expressing 

proteins is well documented (Fox et al. 2001; Fox and Waugh 2003). This ability to 

enhance titers of soluble protein is likely due, at least in part, to the relatively high 

solubility of CBMs, which allows them to serve as effective solubilizing agents for 

aggregation-prone polypetides. In certain cases, fusion to a C B M can also promote the 

proper folding of the attached protein into its biologically active conformation. This 

chaperone-like quality distinguishes CBMs such as CBM9 and M B P from other affinity 

tags and greatly enhances their value as a fusion partner. 

The performance of a fusion tag technology depends not only on the properties of 

the tag, but also on the stability of the amino-acid sequence that links the tag to the target 

protein. Spiking and incubation of purified CBM9 in an E. coli BL21 culture lysate 

resulted in no detectable degradation of the C B M during its purification as measured by 

SDS PAGE. The stability of the S3N10IEGR linker against degradation by endogenous E. 

coli proteases present in the cytoplasm and cell lysate was therefore analyzed by SDS 

PAGE following cell disruption and lysate clarification, either in the presence or absence 

of the protease inhibitor PMSF. As the C B M is not degraded significantly by 

endogenous proteases, proteolytic degradation within the linker results in the appearance 

of a band on an SDS P A G E gel corresponding to (or close to) the molecular mass of 

CBM9. As shown in Figure 2.3, when PMSF is added to the washed cell suspension, a 

very small amount of proteolytic degradation of the S3N10 linker occurs, either in vivo or 

during the cell processing and affinity purification steps. In the absence of a protease 

inhibitor, a slightly larger fraction of the recombinantly expressed CBM9-GFP fusion 
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protein is lost due to degradation within the linker region. Under both processing 

conditions, however, the vast majority of expressed fusion protein remains intact through 

the induction, cell lysis and affinity chromatography steps. 

2.3.3 Affinity Purification on Perloza™ MT100 Column 

A typical chromatogram for affinity purification on a Perloza™ MT100 capture 

column of CBM9-GFP from an E. coli BL21 clarified cell lysate is shown in Figure 2.4. 

No protease inhibitor (PMSF) was added to the cell suspension or lysate. The 

corresponding SDS P A G E gel documentation of the purification process is shown in 

Figure 2.5, and a summary of the fusion protein yield, purity, and concentration factor 

following elution from the Perloza™ MT100 column is provided in Table 2.3. 

The intrinsic fluorescence of GFP allows us to monitor simultaneously the elution 

of contaminating proteins (UV absorbance @ 280 nm) and the concentration 

(fluorescence intensity @ 509 nm) of CBM9-GFP and its degradation products in each 

elution fraction. A small amount of CBM9-GFP or GFP within the clarified lysate load is 

lost in the column flowthrough. It is likely that most if not all of this fluorescent material 

represents the small amount of fusion protein that is degraded within the S3N10 linker 

region, as shown in Figure 2.3. Weakly bound contaminating proteins are sequentially 

removed in the column flowthrough and the two column wash steps. No loss of CBM9-

GFP is detected in either wash step (Figure 2.5, lanes 3 and 4). 

A 1-M glucose solution (in TBS8) is effective in quantitatively eluting all 

specifically bound fusion protein (Figure 2.5, lane 5). CBM9-GFP elutes from the 

column in a single sharp peak, as is evident from the overlapping A280 and fluorescence 

intensity peaks in the chromatogram. The purity of CBM9-GFP in the pooled fractions of 

the elution peak was greater than 95% at an average yield of 86%. Both values are 

competitive with (in fact superior to) the published performance of other commercially 

available affinity tag systems, including the GST and poly-His fusion-tag technologies 

(Appa Rao et al. 1997; Baek et al. 1997; Chang et al. 1999; Littlejohn et al. 2000; 

Modesti etal. 1995). 
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In these experiments, the Perloza™ MT100 column was loaded to less than half 

saturation capacity to guarantee capture of all CBM9-GFP from the clarified cell lysate. 

Despite operating the column at under-loaded conditions, a remarkably high 

concentration factor of ca. 46 was achieved, indicating that the fusion protein loads, binds 

and elutes from the column in a reasonably tight band. 

2.3.4 Column Reusability 

As the cost of any affinity chromatography technology is largely determined by 

the purchase price and reusability of the capture resin, we investigated the ability of the 

Perloza™ MT100 resin to provide acceptable and predictable purification performance 

with repeated column use. Six consecutive purifications were performed on a single 

Perloza™ MT100 column to identify any changes in column performance with 

increasing number of purification cycles. Very high product purity (>95%) was achieved 

in all six purification cycles. As shown in Table 2.4, product yield and concentration 

factor, however, were affected by repeated column use. An average yield of 86(±3.6)% 

was observed for the affinity purification of CBM9-GFP from clarified cell lysate on a 

clean, freshly poured Perloza™ MT100 column. Slightly lower yields of ca. 79% were 

then consistently observed for each purification cycle thereafter. The product 

concentration factor followed the same trend, with a measured concentration factor of 

46(±9.9) for the first column cycle falling to a consistent value of ca. 28 for each 

subsequent cycle. The source of these modest changes is unclear. However, the 

repeatable good performance (> 95% purity, 79% yield, concentration factor of 28) of the 

column following the first column cycle suggests that our C B M 9 fusion tag technology 

can provide a robust platform for affinity purification of recombinant proteins. 

2.3.5 Removal of the CBM9-S 3N 1 0-IEGR Affinity Tag Using an Immobilized 

Factor X a Column 

In certain cases, such as in the production of a human therapeutic protein, removal 

of the fusion tag following purification is required to recover the desired target protein 

with its natural N-terminus. We therefore have incorporated a Factor X a processing site 

adjacent to the N-terminus of the target protein to facilitate tag removal by specific 
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enzymatic cleavage. Figure 2.6 is an SDS PAGE gel showing the kinetics of tag 

cleavage when purified CBM9-GFP is processed at 21 °C and pH 8 with CBM2a-FXa i m 

at a fusion-protein to Factor X a concentration ratio of 1000 to 1. To avoid stagnant 

settling of the CBM2a-FXai m Perloza™ MT500 resin, the reaction mixture, which also 

contained 1 - M glucose in the liquid phase, was mixed end-over-end in an orbital mixer. 

In the presence of 1-M glucose, CBM9 does not bind to Perloza™ MT500, while binding 

of CBM2a-FXa is irreversible at these conditions. Complete cleavage of the CBM9-

S3N10-IEGR fusion tag was observed after 28 h. 

The Factor X a treated solution was then diafiltered on a 1 K cut-off filter to 

remove the 1-M glucose and loaded onto a second Perloza™ MT100 column to capture 

the cleaved CBM9 tag. Pure, N-terminally correct GFP was collected in the flow through 

with a yield of 98% and a purity of greater than 95%. This resulted in an overall yield of 

the purified target protein (GFP) of 84% when a fresh Perloza™ MT100 column was 

used, or 77% when the same column was used for multiple purification cycles. 

2.4 Conclusions 

We have shown that proteins expressed in E. coli as fusions with the family 9 

carbohydrate-binding module of xylanase 10A from T. maritima can be affinity purified 

on a cellulose-based Perloza™ MT100 column. The performance of our technology is 

competitive with all commercial fusion tag systems, and may offer advantages with 

respect to improving the expression of the target protein in a soluble form. 

Acceptance and use of affinity tag systems in manufacturing of recombinant 

proteins have been slowed, at least in part, by the associated costs of the technology, 

particularly the cost of the resin. Perloza™ MT100 is a simple, highly porous 

regenerated cellulose/cellulose xanthate of uniform particle size and flow characteristics. 

The polymer bead structure is stabilized by hydrogen bonds only; there are no covalent 

cross-links within the resin. As a result, it is a durable and surprisingly inexpensive resin. 

When bought in bulk quantities, the cost of Perloza™ MT100 is ca. $35 U.S. per liter of 

resin, which, for example, is close to 1/100 the cost of an equivalent volume of 
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glutathione affinity resin used to purify GST tagged proteins. The cost of Perloza™ 

MT100 resin also compares very favorably with the costs of those resins designed to 

capture fusion proteins tagged with GST or calmodulin binding protein. Direct capture 

on a packed column of Perloza™ MT100, which binds CBM9-tagged proteins with 

extraordinarily high capacity (in excess of 500 mg/g resin), therefore appears to offer a 

robust and inexpensive strategy for affinity purification of proteins expressed in soluble 

form as fusions with the CBM9 tag. 

57 



2.5 Tables 

Table 2.1 Langmuir adsorption parameters (equilibrium association constant K a and 
binding capacity qi m a x ) for binding of CBM9 and CBM9-GFP to Perloza™ 
MT100 at 4°C. Solvent contains pure protein in high-salt buffer. 

P r o t e i n K a ( M " 1 ) 
. m a x 

( u , m o l p r o t e i n / g r e s i n ) 

CBM9-GFP 

CBM9 

1.5 (±0.21)* x 106 

1.2 (±0.06) x 106 

9.93 (±0.31) 

11.20 (±0.15) 

Reported errors represent 2a (i.e. 95% confidence interval) 

Table 2.2 Binding affinity and capacity of CBM9-GFP on various cellulosic resins 

R e s i n K a ( M 1 ) 

q . m a x 

( u m o l p r o t e i n / g r e s i n ) 

Perloza™ MT100 3 1.5 (±0.21)* x 106 9.93 (±0.31) 

C F l a 2.5 (±0.11) x 105 0.12 (±0.01) 

CF31 a 4.5 (±0.19) x l O 5 0.30 (±0.03) 

Avicel b 4.1 (±0.68) x 105 0.52 (±0.02) 

Reported errors as in Tab e2.1 
a: Binding performed at 4°C in high-salt buffer 
b: Binding performed at 25°C in high-salt buffer 
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Table 2.3 Summary of purification of CBM9-GFP on Perloza™ MT100 at 4°C 

Protein1 

(mg) 
Yield Purity 2 

Concentration 
factor 

Cell extract 71.5 100% 

Elution 61.5 86 (±3.6)% > 95% 45.7 (±9.9) 

Free GFP 
(after tag removal) 60.2 84% > 95% 

1 Protein concentration was quantified by fluorescence (Xex = 395 nm, A, e m = 510 nm) 
2 Purity determined by SDS-PAGE 

Table 2.4 CBM9-GFP yield and purity for consecutive purification runs through the 
same Perloza™ MT100 column 

Column cycle1 Yield 2 Concentration factor 

1 86 (±1.7)% 45.7 

2 78.4 (±1.6)% 28.8 

3 81.2 (±1.6)% 29.2 

4 79 (±1.6)% 28.8 

5 78.8 (±1.6)% 26.8 

6 78 (±1.6)% 27.5 

1 A l l runs gave a CBM9-GFP purity of > 95% as determined by SDS-PAGE 
2 Protein concentrations were quantified by fluorescence as noted in Table 2.3 
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2.6 Figures 

C B M 9 S 3 N I 0 F X a G F P His-6 

Figure 2.1 Schematic representation of gene fragment coding for the CBM9-S3N10-
IEGR-GFP fusion protein 

C, (tiM) 

Figure 2.2 Equilibrium adsorption isotherms for binding of CBM9 and CBM9-GFP 
to Perloza™ MT100 at 4°C. CBM9-GFP binding to Perloza™ MT100 at 
4°C in high salt buffer (solid circle). CBM9 binding at 4°C in high-salt 
buffer (open circle), where qi is the bound protein concentration and Cj is 
the equilibrium concentration of protein free in solution. 
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Figure 2.3 Proteolytic stability of the S3N10 linker in CBM9-GFP. 12% SDS-PAGE 
of CBM9-GFP purified with Perloza™ MT100 in a small batch system. 
PMSF treated cell extract containing CBM9-GFP was mixed end-over-
end, washed with buffer and desorbed with 1-M glucose in TBS8. Despite 
its molecular weight of 22 kDa, CBM9 runs as a 26-31 kDa protein 
depending on the length of the linker fragment attached to it (Wassenberg 
et al. 1997) 
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Figure 2.4 Chromatogram of CBM9-GFP purification from an E. coli BL21 clarified 
cell lysate on Perloza™ MT100 at 4°C. 50 mL of clarified cell extract 
was loaded at 0.2 mL min"1 on a 17 mL column packed with Perloza™ 
MT100 resin, and then washed with 10 column volumes (CV) high salt 
buffer and 5 C V low salt buffer. Bound fusion protein was desorbed with 
1 M glucose in TBS8. 10 mL fractions were collected and analyze by 
fluorescence (509 nm) (solid circle) and absorbance at 280 nm (line). 
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Figure 2.5 SDS-PAGE documentation of the affinity purification of CBM9-GFP. 
12% SDS-PAGE of CBM9-GFP purified on a 17 mL Perloza™ MT100 
column. A l l samples dissolved in sample buffer containing 10% SDS. 
Lane M : molecular mass markers in kg mol*1. Lane 1: clarified cell extract 
prior to column loading. Lane 2: column flow through. Lane 3: high salt 
wash. Lane 4: low salt wash. Lane 5: pure CBM9-GFP eluted in TBS8 
containing 1-M glucose. Lane 6: purified GFP after affinity-tag removal 
by immobilized Factor X a . 

63 



Time (hours) 

kDa 0 0.5 1 2 4 6 8 10 12 14 25.5 35 
97. 
66-

45-

30-

20-

* mm • * - • 

Figure 2.6 Time course of CBM9-GFP cleavage by Factor X a at 23°C as shown on a 
12% SDS-PAGE. A fusion protein to Factor X a concentration ratio of 
1000:1 was used. 
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3 Strategy for Selecting and Characterizing Linker 
Peptides for CBM9-Tagged Fusion Proteins 
Expressed in E. Coli 

3.1 Introduction 

Fusion tag technology provides an efficient and generic strategy for high titre 

production and subsequent purification of recombinant proteins from culture media or 

clarified cell extracts. The technology is based on genetically linking a short peptide or 

small protein domain to either the amino- or carboxy-terminus of the target protein and 

then using the fusion tag to facilitate efficient capture and purification of the chimeric 

protein on an affinity matrix. Certain fusion partners such as the maltose binding protein 

(MBP) (di Guan et al. 1988), other carbohydrate binding modules (CBMs) (Ahn et al. 

2004; Murashima et al. 2003), thioredoxin (Trx) (LaVallie et al. 1993), and the E. coli 

protein N-utilizing substance A (NusA) (Davis et al. 1999), have been shown to improve 

product solubility and expression by stabilizing the mRNA (Makrides 1996) or by 

providing a psuedo-chaperone effect (Samuelsson et al. 1994). Fusion tags have also 

been used to increase in vivo proteolytic stability (Jansson et al. 1990; Martinez et al. 

1995; Staahl and Nygren 1997), to serve as effective expression and localization reporters 

(Gerdes and Kaether 1996; Ozawa 2006), and, when combined with their corresponding 

leader peptide, to control product localization in or secretion from the expression host 

(Ford et al. 1991; Johnson et al. 1992; Uhlen and Moks 1990). Skillful selection and 

positioning of the fusion tag therefore provides a flexible platform for recombinant 

protein processing. 

* A version of this chapter has been published in Biotechnology and Bioengineering. 
[Reference: Mojgan Kavoosi, A . Louise Creagh, Douglas G. Kilburn, Charles A . Haynes, 
Strategy for selecting and characterizing linker peptides for CBM9-tagged fusion proteins 
expressed mE. coli. Biotechnology and Bioengineering, 98(3); 599-610; (2007)] 
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The polyhistidine tag (His-tag) (Hochuli et al. 1987; Porath et al. 1975), which 

permits product capture and purification by immobilized metal affinity chromatography 

(IMAC), and the Schistosoma japonicum glutathione S-transferase (GST) tag (Smith and 

Johnson 1988), which has specific affinity for immobilized glutathione, are the two most 

popular affinity tags. However, other affinity tags offer some important advantages 

(Glatz et al. 1995). For target proteins that express poorly or exhibit low solubility, an 

MBP or C B M tag is often used to improve expression while at the same time permitting 

affinity purification on a complimentary carbohydrate resin (Kapust 1999). A number of 

reviews (Hearn and Acosta 2001; Terpe 2003) discuss several other useful affinity tags, 

including Staphylococcus aureus protein A and its synthetic two-domain variant (Moks 

1986; Nilsson 1987), and the increasingly popular F L A G peptide (Einhauer and 

Jungbauer 2001; Hopp 1988). 

The presence of an affinity tag can compromise the function and intended 

application of the target protein. This problem is generally overcome by incorporating a 

specific cleavage site for an endopeptidase that may be used to remove the tag either 

following elution from the column or while the fusion protein is bound to the affinity 

matrix (Arnau et al. 2006). Two relatively new commercially available endopeptidases, 

HRV 3C (Libby et al. 1988) and TEV (Shih et al. 2005) are thought, due to their 

relatively long recognition sites, to minimize non-specific cleavage. However, Factor X a 

and enterokinase are still widely used because they allow for recovery of the natural N -

terminus of the target. 

The specific cleavage site is typically introduced as part of a longer linking 

peptide connecting the fusion tag and the target protein (Carter 1990; Jenny et al. 2003). 

Poly-glycine and glycine-rich sequences have been by far the most frequently used 

linkers because they enhance solubility, are thought to be resistant to proteolysis, and 

presumably confer conformational flexibility that enhances accessibility of the processing 

enzyme to its recognition site and allows the adjoining domains to function independently 

(Branden and Tooze 1999). For example, the (G4S)X motif of Huston et al. (Huston et al. 
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1988) is widely used as the linker between single-chain Fv fragments (scFv) (Huston et 

al. 1993). 

Proline-rich peptides, particularly Pro-Thr repeats, are also frequently employed 

as linkers due to their apparent resistance to proteolytic degradation and their frequent 

presence as peptides connecting domains in multidomain proteins (Beck et al. 1997; 

Wootton and Drummond 1989). Many microbial cellulases and xylanases connect their 

carbohydrate binding modules to their catalytic module via linkers rich in proline and 

hydroxylamines (Beguin and Aubert 1994; Gilkes et al. 1991; Gilkes et al. 1988; 

Knowles et al. 1987; Tomme et al. 1994; Tomme et al. 1988). These natural linkers have 

been shown to enhance the functional properties of the associated carbohydrate binding 

module (Ong 1995) and the overall proteolytic stability (Greenwood et al. 1989) of these 

glycolytic enzymes. 

Although comprehensive studies on linker performance are lacking, data drawn 

from the fusion protein literature suggest that the utility of an affinity tag technology can 

be compromised by a number of factors sensitive to the chemistry and length of the linker 

(Brinkmann et al. 1992; Tang et al. 1996), including poor product expression (Furusawa 

1976; Sauer 2001; Tang et al. 1996), interference with target protein function (Arvidson 

et al. 2003; Maeda et al. 1997), susceptibility to proteolysis (Fukuoka et al. 1993; Hampe 

et al. 2000), low binding efficiency of the affinity tag (Jalaguier et al. 1996; Lucius et al. 

1992; Sheffield et al. 1999), and poor enzymatic processing in situations where removal 

of the affinity tag is required (Davis et al. 1999; Fassina et al. 1994; Guan and Dixon 

1991). Here, we use a complimentary set of experiments to evaluate the properties of 

linkers as part of fusion proteins to the C-terminal family 9 carbohydrate binding module 

(CBM9) of xylanase 10A from Thermotoga maritima (Figure 3.1) (Boraston et al. 2001; 

Winterhalter et al. 1995). This affinity tag system is used to characterize the performance 

of the popular poly-glycine and PT-repeat linker chemistries. It is then used to evaluate 

an alternative strategy for selecting a linker chemistry based on the application of 

MEROPS™ (Rawlings et al. 2006), a comprehensive bioinformafics database of 

peptidase (protease) specificities, to predict linker sequences that are resistant to 
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proteolysis during fusion protein expression and processing in the host organism, which 

in this case, is the gram negative bacteria Escherichia coli. 

Previously (Kavoosi et al. 2004), we introduced a novel affinity separation 

technology based on CBM9 and showed that it has performance characteristics 

competitive with other commercial affinity tag systems (Vaillancourt et al. 1997). It 

utilizes a high-capacity (static binding capacities between 90 and 150 mg mL"1) cellulosic 

resin that is ca. l /50 t h the cost of an equivalent volume of N i 2 + - N T A (IMAC) resin used 

for polyhistidine tag systems, making the CBM9 affinity tag system a cost-competitive 

and potentially attractive technology for industrial bioprocessing. In this study, the 

CBM9 affinity tag is fused to the N-terminus of a convenient reporter, the green 

fluorescent protein (GFP) from the jellyfish Aquorin victoria (Crameri et al. 1996; 

Shimomura et al. 1962), through a selected linker sequence and the Factor X a (FX a) 

recognition sequence. Luminescence resonance energy transfer (LRET) with terbium as 

the donor and GFP as the acceptor is used to determine a characteristic relative distance 

of separation between the tag and target and its dependence on linker chemistry. 

Differential scanning calorimetry (DSC) is used to determine the influence of the linker 

on the thermodynamic stability of the fusion partners. These results are combined with 

MEROPS™ predictions and tandem mass-spectrometry (MS) data to interpret the effect 

of linker chemistry and length on production rates, resistance to proteolysis, independent 

folding and functioning of the two domains, binding isotherms, and the rate of enzymatic 

cleavage of the CBM9 tag using Factor X a . 

3.2 Materials and Methods 

3.2.1 Reagents 

Isopropyl-l-thio-(3-D-galactoside (IPTG), glucose, kanomycin and all other 

chemicals were purchased from Sigma (St. Louis, M O , USA). A l l reagents were 

analytical grade unless stated otherwise. Restriction enzymes were purchased from New 

England Biolabs (Beverly, M A ) . T4-DNA ligase and PWO D N A polymerase were 

obtained from Roche Molecular Biochemicals (Laval, Quebec). Perloza™ MT100 

chromatography resin having a nominal particle diameter distribution of 50-80 pm was 
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purchased from Iontosorb Inc. (Czech Republic). N i -Sepharose resin and E. coli BL21 

(DE3) cells were obtained from Novagen (Milwaukee, MI). 

3.2.2 Cloning of CBM9-Linker-FXa-GFP Fusion Proteins 

A l l cloning procedures were performed using standard molecular biology 

techniques (Sambrook and Russell 2001). The GFP and CBM9 coding regions were 

amplified from pGFPuv (Clontech, Palo Alto, CA) and pETCBM9 (Boraston et al. 2001), 

respectively, using the priming oligonucleotides listed in Table 3.1 and following the 

PCR protocol previously described (Kavoosi et al. 2004). The construction of the 

pET28-CBM9-P-FX a -GFP expression vector for production of the CBM9-P-FX a -GFP 

fusion protein, where the linker is comprised of a single proline residue P preceding the 

F X a processing site comprised of the 4 amino acid sequence IEGR, was achieved as 

follows: primers 1 and 3, encoding for restriction endonuclease sites Bsp HI and Pvu I, 

respectively, were used to amplify the CBM9-P coding region. The F X a - G F P a coding 

region was amplified using primers 7 and 8, which encode for restriction sites Pvu I and 

Not I, respectively. The resulting CBM9-P and F X a - G F P a coding regions were digested 

with Bsp HI/Pvu I and Pvu I/Not I, respectively, and ligated (16°C, 16 h) into pET28 

vector (Novagen) previously digested with Nco I and Not I to give pET28-CBM9-P-FX a -

GFP. Other fusion constructs were prepared in a similar manner using the primer sets 

shown in Table 3.1. D N A sequencing was performed to verify all constructs (NAPS 

Unit, The Michael Smith Laboratories, The University of British Columbia). 

3.2.3 Fusion Protein Production and Purification 

Fusion protein was produced in overnight cultures of E. coli BL21 (DE3) 

containing a pET28-CBM9-linker-FX a-GFP expression vector diluted 100-fold in 

tryptone-yeast extract-phosphate medium (TYP) supplemented with 50 ug mL"1 of 

kanamycin. To allow for meaningful comparison of productivities, the cells were grown 

at 37°C to a cell density ( O D 6 0 0 nm) of 1.0 ± 0.1, induced with IPTG to a final 

concentration of 0.3 m M , and incubated for a further 16 ± 0.2 h at 30°C. The cells were 

harvested by centrifugation (8,500 x g) at 4°C for 20 min, resuspended in high salt buffer 

(1 M NaCl, 50 m M potassium phosphate, pH 7.0), and ruptured by two passages through 
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a French pressure cell (21000 lb in"2). The cell debris was then removed by 

centrifugation (27,000 x g) at 4°C for 30 min. The final CBM9-linker-FX a-GFP fusion 

protein concentration in the cell extract was determined by SDS-PAGE analysis 

following purification of the fusion by affinity chromatography as described previously 

(Kavoosi et al. 2004). Cell growth and fusion protein production were also measured in 

real time by continuously monitoring OD620nm and fluorescence emission at 510 nm (400 

nm excitation wavelength) in a SpectraFluorPlus spectrophotometer (Tecan, USA). A l l 

experiments were done in replicates of five. 

3.2.4 Binding Isotherm Measurement and Analysis 

Standard solutions of purified CBM9-linker-FX a-GFP fusion protein in high salt 

buffer, ranging in protein concentration from 1 to 30 pM, were mixed with 1 mg (dry 

weight) of Perloza™ MT100 in high salt buffer to reach a final volume of 1 ml. The 

samples were incubated at 4°C for 30 hours (time course experiments show equilibrium 

reached within 3-5 hours) while rotating end over end. The loaded resin was separated by 

centrifugation at 27,000 x g for 16 min at 4°C. The supernatant was collected and the 

equilibrium concentration of unbound protein cx (pM) was determined by U V absorbance 

at 280 nm using a Cary 100 Spectrophotometer (Varian). The concentration of bound 

fusion protein q, (pmol g"1 of Perloza™ MT100) was computed by mass balance. The 

equilibrium binding constant Ka (M"1) and saturation capacity (<7;

max) were then 

determined by non-linear regression of the Langmuir adsorption isotherm equation to the 

experimental isotherm data using GraphPad Prism 3.0 software. 

3.2.5 Linker Stability Analysis 

To allow clear visualization of differences in rates of linker hydrolysis, clarified 

cell lysate was incubated for different periods of time at room temperature in the absence 

of any protease inhibitors, and then analyzed as follows. Following the incubation 

period, clarified cell lysate (1.5 ml) was mixed with 200 pL of Perloza™ MT100 (94.5 

mg dry weight mL"1) for 3.5 h at room temperature while rotating end-over-end. The 

resin was collected by centrifugation at 8,500 x g for 8 min, washed three times with high 

salt buffer, 2X with low salt buffer (50 m M potassium phosphate, pH 7.0) and I X with 
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TBS8 (15 m M NaCl, 10 m M Tris-HCl, pH 8.0). The fusion protein was then eluted and 

collected in 400 uL of 3 M glucose in TBS8 and analyzed by SDS-PAGE to quantify the 

relative amounts of intact and CBM9 byproducts generated by proteolytic cleavage 

within the linker region of the fusion. 

Intact CBM9-GFP and fusion protein degradation byproducts were sequence 

analyzed by LC/MS/MS in the Genome BC Proteomics Centre at the University of 

Victoria (Victoria, British Columbia, Canada) to verify protein sequence and to identify 

cleavage positions within the linker region. Briefly, 1 to 10 ug of affinity-purified 

protein was isolated by SDS-PAGE, excised and extracted into trypsin cleavage buffer, 

digested overnight with trypsin, dissolved in 0.2% acetic acid, and transferred to 

autosampler vials for LC/MS/MS analysis. Tandem MS was performed using an 

L C Q D E C A IT mass spectrometer (Thermo Finnigan, San Jose, CA) with an in-house 

fabricated microelectrospray source and an HP 1100 solvent delivery system (Agilent, 

Palo Alto, CA) . Peptide sequences were determined using SEQUEST™ (Thermo 

Finnigan), and Peptide-Prophet™ (Keller et al. 2002) was used to verify correctness of 

peptide assignments. 

3.2.6 Factor X a Processing Analysis 

To simplify our hydrolysis analysis, site-specific proteolytic removal of the 

CBM9 fusion tag was carried out using Factor X a immobilized onto Perloza™ MT500, a 

highly porous (porosity of 0.97) cellulosic media that permits faster mass transfer than 

Perloza™ MT100 and is therefore better suited as stationary phase substrate for the 

immobilized enzyme reaction. Immobilization was achieved by producing and purifying 

Factor X a as a chimeric fusion to CBM2a, a family 2a carbohydrate-binding module of 

xylanase 10A of Cellulomonas fimi (CBM2a-FXai m , where "im" indicates immobilized) 

(Kwan et al. 2002). Unlike CBM9, CBM2a and thus the CBM2a-FX a fusion bind 

irreversibly to Perloza™ media, permitting processing of purified CBM9-linker-FX a-GFP 

in the solution state by including 1 M glucose in the mobile phase. Purified CBM9-

linker-FX a-GFP (3 mg) was mixed with CBM2a-FX a (3 u.g) in a TBS8 solution (final 

[Factor X a ] to [fusion protein] ratio of 1:1000) containing 1 M glucose and maintained at 
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21°C. Buffer was used in place of CBM2a-FXai m in control experiments. The 300 pL 

sample was continuously rotated end-over-end with 2 pL samples of the supernatant 

taken 0, 0.5, 1, 2, 4, 6, 8, 10, 12, 14, 25.5, and 35 h after initial mixing. Each 2 pL 

sample was diluted 2X in loading buffer and analyzed by SDS-PAGE to determine the 

percentage of cleaved fusion protein with time, from which was determined the half-life 

ha (h) of each hydrolysis reaction under identical reaction conditions. 

3.2.7 Differential Scanning Calorimetry Studies 

Melting thermograms for all CBM9-linker-FX a-GFP fusion proteins were 

measured by differential scanning calorimetry (DSC) using a VP-DSC Extended Range 

MicroCalorimeter (MicroCal Incorporated, USA). Each 1.5281 mL sample contained 90 

p M of purified protein in 50 m M potassium phosphate buffer (pH 7). Samples were 

dialyzed against pure buffer with at least five volume exchanges to achieve a stable and 

reproducible thermogram baseline. Degassed samples were syringe-loaded into the DSC 

and thermally scanned from 5°C to 110°C at a rate of 1°C min"1. Excess heat capacity 

data for the protein melting transitions were calculated by subtracting the heat capacity 

baseline for the solvent obtained by loading buffer in both the sample and reference cells 

of the calorimeter (Creagh et al. 2005). Melting transitions for the CBM9 and GFP 

domains of each fusion were analyzed using software provided by MicroCal Inc. to 

determine the melting temperature (Tm) and the enthalpy of denaturation (MJcai) at Tm. 

3.2.8 LRET Studies 

Hogue et al. (Hogue et al. 1992) have demonstrated that calcium-binding sites on 

proteins can bind Tb(III) and thereby serve as a lanthanide-based luminescent probe for 

measuring molecular distances. The inherently low absorbance of Tb(III) in solution is 

overcome in the bound state by the sensitizing effect of the chelating groups which, in the 

case of the strong calcium binding site of CBM9, bind Tb(III) in a close to perfect 

octahedral geometry through coordination with Asp, Glu and Val residues (Notenboom et 

al. 2001). Time-resolved energy transfer from excited Tb(III) in the metal-ion binding 

site therefore allows determination of the relative distance between the bound terbiums 

and an acceptor using Forster theory. Since lanthanide emission does not result from a 
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singlet-to-singlet transition characteristic of fluorescence, the process is termed 

luminescence resonance energy transfer (LRET). 

Each purified CBM9-linker-FX a-GFP fusion protein was incubated with Chelex 

100X resin, mixing end-over-end at 4°C for 48 h, to strip all bound metal from the 

calcium binding sites of CBM9. The apo-protein was then passed over a Sephadex G10 

size-exclusion column to remove any trace contaminants. Chelex-treated fusion protein 

was diluted to a concentration of 3 p M in nano-pure water containing excess terbium (15 

pM) and the solution was mixed for 15-30 min at 4°C, centrifuged (27,000 x g, 10 min) 

to remove any precipitates, and used directly in the fluorescence and LRET 

measurements. 

Steady-state fluorescence measurements and time-resolved luminescence decay 

measurements were made on a Cary Eclipse fluorescence spectrophotometer (Varian) 

equipped with a pulsed excitation source and gating system that takes advantage of the 

millisecond lifetime of the lanthanide to eliminate any background fluorescence from 

direct excitation of the acceptor fluorophore (GFP). Tb(III) binding to CBM9 in each 

CBM9-linker-FX a-GFP fusion was confirmed by monitoring sensitized luminescence 

intensity at 512 nm during titration of the apo-protein with Tb(III), which indicated 

stoichiometric binding to the calcium binding sites of CBM9 (Notenboom et al. 2001). 

Fluorescence lifetime experiments were conducted at an excitation wavelength of 222 nm 

with collection of the emission intensity /(f) at 512 nm, a wavelength near the peak 

maximum in the GFP fluorescence emission spectra (Chalfie and Kain 1998; Kain et al. 

1995) that does not overlap with any of the emission peaks for Tb(III) (Jiao et al. 2003). 

Emission intensities were recorded following a 200 ps delay after the excitation flash to 

ensure that any signal detected at 512 nm is entirely due to resonance energy transfer and 

not from direct excitation. A l l readings were an average of 1000 cycles. Analysis of /(f) 

data using Forster theory followed the procedure of Selvin et al. (Selvin 2002; Selvin and 

Hearst 1994). Measured /(f) curves were fit to an exponential of the form /(f) = 1(0) exp(-

t/xda), where id a is the lifetime of the donor in the presence of the acceptor. The fits were 

always characterized by an r 2 > 0.999, confirming that the data follow a single 
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exponential decay and therefore, that the donor alone makes no significant contribution to 

the intensity signal recorded at 512 nm. 

Forster theory relates the distance between donor and acceptor R to the resonance 

energy transferred E, given by (1 - T d a / x d ) , 

R = R, 
fl_] 

1 / 6 

-1 (3.1) 

where t d is the lifetime of the donor in the absence of the acceptor, and R0 is the Forster 

distance, where there is 50% energy transfer (E = 0.5), given by 

R =0.211 
1* 

(3.2) 

with J, the spectral overlap, given by 

J = 
lfDWsaWdA 

\fD(X)di 
(3.3) 

In Equation 3.2, K2 is an orientation factor having a value of 2/3 in these experiments, Qo 

is the quantum yield of the donor (Tb(III) bound CBM9) (Root et al. 1999). The 

refractive index r\ is 1.33 for biological samples in water and, in equation 3.3,/D(A,) is the 

corrected fluorescence intensity of the donor, and sa is the extinction coefficient of the 

acceptor. The value of Qu taken from (Root et al. 1999) may not fully incorporate the 

contribution of the sensitizing chromophore, CBM9. As a result, the value of R0 is likely 

smaller than its true value. Moreover, as noted previously, C B M 9 is capable of binding 

three Tb(III) ions at the reaction conditions used. As a result, energy transfer is the sum 

of E for each bound Tb(III). Nevertheless, since reaction conditions and R0 were held 
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constant in these studies, we do not report absolute R values, but rather values, 

/ P 

where Rp is the measured separation distance between donor and acceptor in the CBM9-

P-IEGR-GFP fusion. 

3.3 Results and Discussion 

Since we first introduced the CBM9 affinity tag (Kavoosi et al. 2004), the 

technology has been applied to the production and purification of over a dozen fusion 

proteins harboring the tag at the N-terminus and utilizing the different linkers 

characterized in this study. Here, we report results obtained for CBM9-linker-FX a-GFP 

fusion proteins (Figure 3.1), taking advantage of the unique fluorescence of the GFP 

reporter to quantify the results. These results are consistent with those obtained for other 

fusion constructs. Table 3.2 lists the linker sequences studied. The lengths of the 

poly(G) and poly(PT) sequences were varied to assess the impact of linker length on 

performance. The poly(PT) linker used in this study is derived from the natural 23-amino 

acid linker found in endoglucanase A (Cen A) of the bacterium Cellulomonas fimi (Shen 

1991). 

3.3.1 Linker Selection and Screening Using MEROPS™ 

Although proteolysis is observed within protein domains, it is known to occur far 

more frequently within flexible or less compact regions of the folded polypeptide chain 

(i.e., those with large crystallographic B-factors and poorly defined electron density) 

(Fontana et al. 1997). It is thought that these flexible regions can more easily adopt 

conformations compatible with the active site of the attacking endopeptidase (Huber and 

Bennett 1983; Huyton et al. 2003). Inter-domain linkers are therefore particularly 

susceptible to proteolysis, a feature frequently exploited by crystallographers to identify 

and isolate domains of interest (Orengo et al. 1997; Wheelan et al. 2000). A number of 

bioinformatics tools have recently been developed to identify potential cleavage sites 

using genome-based assignment of peptidases and their associated putative specificities 

(Boyd et al. 2005). Among the most comprehensive is MEROPS™, a protease 

specificity database developed by Rawlings et al. (Rawlings et al. 2006). The use of 
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MEROPS™, which includes the complete inventory of known and putative E. coli 

peptidases (Barrett et al. 1998), therefore establishes a potential strategy for in silico 

design of an effective linker for fusion tags to be expressed within a particular host 

organism. For example, the S3N10 region of the linker sequence shown in Table 3.2 is 

predicted by MEROPS™ to be completely resistant to E. coli endopeptidases. 

This MEROPS™-based screening strategy may be applied to any putative or 

existing linker to assess its proteolytic stability. For each investigated linker, Table 3.2 

reports putative cleavage sites that are predicted by MEROPS™ for all known and 

assigned endopeptidases of E. coli, as well as the cleavage sites observed experimentally 

by tandem mass spectrometry after production and purification of the fusion protein in E. 

coli. MEROPS™ identifies a number of potential cleavage sites within each poly(G)-

IEGR sequence, predicting the potential for cleavage at both Gly/Gly (through the action 

of the E. coli peptidases colicin V processing peptidase, cytotoxin SubA, HtpX peptidase, 

as well as a number of unassigned peptidases from the M23, M48, and S8 families of E. 

coli peptidases) and Gly/Ile (Lit peptidase, an E. coli subfamily U49 peptidase) junctions. 

Tandem MS data for processed CBM9-poly(G)-FX a-GFP fusion proteins reveals that 

cleavage does in fact occur at each of these junction types (Table 3.2). Thus, although 

widely used for fusion-protein bioprocessing, glycine-rich linker sequences are 

susceptible to hydrolysis by a number of E. coli peptidases. In contrast, poly(PT) 

sequences are predicted by MEROPS™ and confirmed by tandem MS results to be 

proteolytically stable in E. coli, supporting the dominant rationale for utilizing these 

"natural" sequences as linking agents for chimeric protein expression in bacteria 

(Gustavsson et al. 2001). 

The F X a recognition sequence is predicted by MEROPS™ to be stable against E. 

coli peptidases. Tandem MS results, however, revealed cleavage at the Gly/Arg junction 

within the F X a recognition sequence, possibly due to endopeptidase mediated hydrolysis 

upstream of the F X a cleavage site and subsequent activity by carboxypeptidases to the 

Gly/Arg junction. As a result, for all linkers studied, a small amount of cleavage within 

the F X a recognition sequence was observed in the absence of the F X a processing enzyme. 

The use of H R V 3C or TEV in place of the F X a would not alleviate this problem and in 
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fact might exacerbate it since both H R V 3C and TEV have potential sites of E. coli 

endopeptidase-catalyzed hydrolysis predicted by MEROPS™. 

Table 3.2 also reports sites of hydrolysis within the linker sequence observed by 

tandem MS but not predicted by MEROPS™. A l l sites of cleavage within the poly(G) 

and the poly(PT)x-P linkers correspond to ones predicted by MEROPS™. For the S3N10 

linker, tandem MS data indicate cleavage within the poly(S) region which is not captured 

by MEROPS™ predictions. However, the amount of cleavage is extremely small, as the 

MS Data reveals that the S3N10 linker remains intact for at least 99.2% of the fusion 

protein population. Therefore, MEROPS™ appears to be a useful tool in designing and 

selecting linkers resistant against endogeneous peptidases for expression in a given host. 

3.3.2 Impact of the Linker on Fusion-Tag Performance 

Our ongoing studies on CBM9-tagged fusion proteins indicate that the choice of 

linker chemistry and length can have a significant impact on fusion-tag performance. 

While similar specific growth rates [average doubling time of 0.5614 h"1 (± 0.0256 h"1) as 

monitored by optical density at 620 nm] were observed for all constructs, fusion protein 

production rates and yields showed a dependence on linker chemistry (Figure 3.2). A 

significant drop in the expression rate is observed when tryptophans are introduced into 

the linker, with the drop in productivity proportional to the number of aromatic amino 

acids in the sequence, which might explain why tryptophan and phenylalanine are seldom 

found in natural linkers (Argos 1990). A weaker dependence on linker composition is 

observed for sequences devoid of aromatic amino acids or significant hydrophobic amino 

acid content. 

In addition to tandem MS analysis, the stability of the linker against long-term 

exposure to endogeneous E. coli peptidases was examined by SDS-PAGE analysis 

(Figure 3.3). The results confirm that proteolytic stability is strongly correlated to linker 

composition and length. As both the CBM9 (melting temperature @ pH 7 of 97.9 °C) 

and GFP (T m @ pH 7 of 83.7 °C) domains are highly stable, hydrolysis of the fusion 

protein is largely restricted to the linker region, resulting in a band of hydrolyzed 

products covering a relatively narrow molecular-weight range lying slightly above the 
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molecular weight at which CBM9 alone runs on the gel (ca. 28 kDa). The results 

observed by SDS-PAGE analysis (Figure 3.3) are consistent with MEROPS™ 

predictions and tandem MS results reported in Table 3.2. The poly(PT)x-P linkers and 

the synthetic S3N10 linker are significantly more stable than the two poly(G) linkers 

against hydrolysis by E. coli peptidases. Densitometry data on gels from independent 

samples indicate that about 36±5% of the expressed CBM9-(G)3-IEGR-GFP fusion 

protein is lost due to hydrolysis within or near the linker region during the fermentation 

and purification process; these losses are significantly higher (45±5%) for the CBM9-

(G) 15-IEGR-GFP fusion protein. 

For the (PT)X-P-IEGR linker series, the size of the CBM9-containing fragment 

released by proteolysis increases with x, consistent with MS data that show no significant 

cleavage within the (PT)X-P sequence while detecting cleavage within the F X a processing 

site. In contrast, the dominant CBM9-containing fragment released by hydrolysis is the 

same size for the (G)3-IEGR and (G)i5-IEGR constructs, indicating a common and 

preferred set of hydrolysis sites within both poly(G) sequences. 

The S3N10 linker was the most proteolytically stable linker studied, with combined 

losses due to hydrolysis within the linker-region and Factor X a processing site during 

long-term incubation studies with E. coli proteases constituting less than 7±4% of the 

purified CBM9-S 3 Ni 0 - IEGR-GFP product. Virtually all of that loss was due to 

hydrolysis at the Gly/Arg junction within the F X a processing site as determined by 

tandem MS results. Therefore, despite its relatively long length, the S3N10 construct 

maintained good proteolytic resistance. 

Interdomain linkers can also influence the structure and activity of the connected 

domains (Arvidson et al. 2003; Deyrup et al. 1999). Equilibrium binding isotherms were 

therefore performed to determine the influence of the linker on the performance of CBM9 

in purifying the fusion protein. Determined by nonlinear regression of the Langmuir 

equation (qx = q^axKaci/(l + Kact)) to adsorption isotherm data (Figure 3.4), association 

constants (Ka) near 106 M - 1 (Table 3.3) were measured for binding of all CBM9-linker-

FX a -GFP fusion proteins to Perloza™ MT100. The Ka values are essentially equivalent 
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to that of free CBM9 (Ka = 1.2 X 106 M" 1), indicating that the linker and the GFP fusion 

partner do not interfere with the function of the affinity tag. Similarly, saturation 

capacities (q™x) of ca. 10 pmol protein/g Perloza™ MT100 resin were measured for all 

fusion proteins (Table 3.3), representing a saturation binding capacity of ca. 530 mg 

protein/g resin (75 mg protein/mL column), which is significantly higher than almost any 

commercially available affinity matrix. 

Half lifes (t\a, representing the time where 50% of the original fusion protein has 

been cleaved) for F X a processing of CBM9-Linker-FX a -GFP fusion proteins were 

determined by SDS-PAGE analysis (Figure 3.5) and were found to depend strongly on 

linker chemistry but not on linker length (Table 3.4). Relatively rapid cleavage is 

observed for fusion proteins containing either a poly(G) linker or the S3N10 linker. The 

introduction of a proline residue or, more dramatically, a PT repeat sequence upstream of 

the F X a processing site was found to dramatically reduce the rate of cleavage, suggesting 

that F X a function is inhibited by these upstream elements. 

The proteolytically susceptible poly-glycine linkers had the fastest F X a processing 

rates, with a t\a of 1.4(±4.0) x 104 s observed for both the G 3 and G15 linkers. These 

results are not surprising since glycine is often placed directly upstream of the N -

terminus of a protease recognition sequence to enhance its rate of cleavage (Guan and 

Dixon 1991). However, for fusion proteins expressed and localized in the cytoplasm of 

E. coli, the approximately 2-fold enhancement in the rate of F X a processing relative to 

the S3N10 linker is offset by the significantly higher loss of poly(G)-linked fusion proteins 

due to linker proteolysis by endogenous E. coli peptidases. 

3.3.3 Determination of Characteristic Distances Using Luminescence 

Resonance Energy Transfer 

Increasing the length of the (PT)X-P linker had relatively little impact on 

susceptibility to proteolysis. In contrast, increasing the length of the poly(G) linker from 

3 to 15 amino acids resulted in a dramatic increase in linker proteolysis, reflecting both 

an increase in the number of potential cleavage sites as predicted by MEROPS™ (Table 

3.2), and the possibility of an increase in the accessibility of those sites to E. coli 
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peptidases. To explore this latter issue, we used LRET to measure relative distances of 

separation between the donor chromophore, Tb(III) bound to the calcium-binding sites of 

CBM9, and the acceptor chromophore, GFP. 

Fluorescence lifetime I(t) data, such as that shown in Figure 3.6 for the CBM9-

(PT) 2P-IEGR-GFP fusion protein, were collected at 512 nm (222 nm excitation 

wavelength) and fit to the exponential decay equation to determine T d a , the lifetime of the 

donor in the presence of the acceptor. Forster theory (equations 3.1 to 3.3) was then used 

to compute the characteristic distance R between donor and acceptor (Table 3.5). As one 

would expect, the shortest linker sequence P-IEGR is characterized by the smallest R 

(32.6 ± 1.0 A) value, hereafter called Rp. R/R is therefore greater than unity for all 

for the poly(G)-IEGR linker, suggesting that this linker adopts a hydrated, extended 

configuration that makes it accessible to both E. coli peptidases, leading to an 

enhancement in the proteolytic degradation rate, and F X a , leading to an improvement in 

site specific tag-removal kinetics. Thus, the chemistry of the linker is seen to strongly 

influence overall linker performance and stability in a manner that is not fully captured 

by MEROPS™. As a result, we find that MEROPS™ can be used as an initial but not an 

exhaustive linker selection strategy. . 

3.3.4 Influence of the Linker on the Thermodynamic Stability of CBM9-

Linker-FXa-GFP Fusion Proteins 

The thermodynamic stability of the native protein fold is known to be a key 

determinant in the expression of recombinant proteins in E. coli, with a decrease in the 

thermodynamic stability generally resulting in a decrease in the half-life of the protein 

(Mclendon and Radany 1978). For example, expression yields progressively increase and 

proteolysis rates decrease for increasingly higher Tm variants of either T4 lysozyme 

(Inoue and Rechsteiner 1994) or the N-terminal domain of X-repressor protein (Parsell 

other fusion proteins studied. For a given linker 

increasing linker length. The increase in R with linker length is particularly strong 
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and Sauer 1989). Studies by Kwon et al. (Kwon et al. 1996) on barnase variants indicate 

that these correlations also hold for recombinant proteins exported to the periplasm of E. 

coli, where a 4.3 °C increase in the Tm of barnase resulted in a 50% increase in protein 

yield. As their length affects spatial positioning of the fused domains (Table 3.5), linkers 

therefore may also influence intracellular rates of proteolysis by modulating the 

thermodynamic stabilities of the fusion partners. 

We therefore used the proline-containing set of linkers to explore the connection 

between linker length and the thermodynamic stabilities of the fused domains. Melting 

thermograms for CBM9 on its own, for CBM9-P-IEGR-GFP and for CBM9-(PT) 7P-

IEGR-GFP (Figure 3.7) show that formation of the fusion does not alter the Tm of GFP, 

but results in a decrease in the Tm and in AHca\, the calorimetric enthalpy of denaturation, 

of CBM9 (Table 3.6). Both results indicate that fusing CBM9 to GFP through the linker-

IEGR sequence fhermodynamically destabilizes CBM9, with the degree of destabilization 

increasing with decreasing length of the (PT)XP linker such that ATm = - 8.4 °C when the 

(PT)oP linker (i.e., the P linker) is used. This result correlates well with intracellular 

protein yield data reported in Figure 3.2, which show a decrease in fusion protein yield 

with decreasing length of the (PT)XP linker. 

3.4 Conclusions 

Linker design and its importance to the performance of fusion tag technology has 

received relatively little attention (Carlsson et al. 1996; Gustavsson et al. 2001; Sauer 

2001). Here, we have shown that the level of expression, proteolytic stability, 

thermodynamic stability, and Factor X a processibility of fusion proteins containing an N -

terminal CBM9 tag and expressed in recombinant E. coli can depend on the chemistry 

and length of the linker. This points to the need for methods for designing or selecting an 

effective linker that take into account the specific cellular environment in which the 

fusion protein is produced and localized, and from which it must be purified. For 

example, glycine-rich linker sequences, which are currently by far the most commonly 

reported linker chemistry, were found in this study to be quite susceptible to hydrolysis 

by E. coli peptidases, emphasizing that linkers should be specifically designed to resist 
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hydrolysis catalyzed by the peptidases of the host organism. Our strategy for meeting 

this important design criterion was to exploit bioinformatics tools (MEROPS™) for 

predicting protease specificities to screen putative linker sequences for hydrolytic 

resistance to endogenous peptidases. This approach builds on earlier efforts to improve 

linker design by selecting linker sequences derived from naturally occurring linkers 

(Gustavsson et al. 2001). Both approaches are shown in this work to identify linkers with 

a considerably higher resistance to endogenous E. coli proteolysis than observed for 

poly(G)-based linkers. The S3N10 linker selected by MEROPS™-based screening was 

slightly more resistant to proteolysis than those designed from naturally occurring linkers 

(the (PT)X-P linker series). However, in both cases, the majority of degradation occurred 

within the Factor X a processing site and not within the linker itself. 

While MEROPS™-based screening was effective in selecting a stable linker, 

tandem MS based sequencing of the C-terminal peptide released by tryptic digestion of 

the CBM9-containing hydrolysis product indicated that certain sites of potential 

hydrolysis predicted by MEROPS™ were not cleaved, while one site not identified by 

MEROPS™ was cleaved, albeit to a very small degree. Thus, the screening method is 

not exact, possibly due to a dependence of proteolytic susceptibility on local structure 

(Parsell and Sauer 1989; Wriggers et al. 2005). Nevertheless, it is shown in this work to 

provide a novel and potentially useful strategy for linker design. 

Our results further show that design of an effective linker should not be based on 

proteolytic stability considerations alone. The thermodynamic stability and spatial 

positioning of the fused proteins/domains may also influence the overall performance of 

the fusion tag by altering expression levels and the rate at which the tag can be removed 

from the target protein following affinity capture and purification. The additional 

experimental methods (DSC, LRET, SDS-PAGE, etc.) described in this work therefore 

constitute a more comprehensive approach to linker selection and performance analysis. 

85 



3.5 Tables 

Table 3.1 Oligonucleotides used in the construction of CBM9-Linker-IEGR-GFP 
fusion proteins. Restriction sites are underlined and the Factor X a 

recognition sequence is in bold. 

P r i m e r O l i g o n u c l e o t i d e S e q u e n c e ( a l l s e q u e n c e s a r e 5'-3') 

1 T T G C T A G C T T C A T G A C T A G C G G A A T A A T G G T A G C 

2 A G C G G C C G C A G G C C T A C C C T C G A T C G G A G T C G G A G T C G G C G T C G G -
A G T C G G A A G C T T G A T G A G C C T G A G G T T A C C 

3 A G C G G C C G C C T C G A T C G G A A G C T T G A T G A G C C T G A G G T T A C C 

4 C T C G A T C G G A C C A C C A C C A A G C T T G A T G A G C C T G A G G T T 

5 
T C C C T C G A T C G C G C C G C C A C C G C C G C C A C C A C C A C C A C C G C C G C C A -
C C G C C A C C G C C A A G C T T G A T G A G C C T G A G G T T A C C 

6 TCCCTCGATCGCGAGGTTGTTGTTATTGTTATTGTTGTTGTTGTTCG-
A G C T C G A A A G C T T G A T G A G C C T G A G G T T A C C 

7 C C G A T C G A G G G T C G T A T C A T G A G T A A A G G A G A 

8 T G C G G C C G C T T T G T A G A G C T C A T C C A T G C C A T G T G T A A T C C C 

9 A A G A A T T C A A G C T T C C G A C G C C G A T C G A G G G T C G T A T G A G T A A A G -
G A G A A G A A C T T T T C A C 

10 T T C A A G C T T C C G A C T C C G A C T C C G A C G C C G A C T C C G A C C C C G A C T C -
C A A C T C C G A T C G A C G G T C G T A T C A T G A G T A A A G G A G A 
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Table 3.2 Linker lengths, sequences, and susceptibility to proteolytic cleavage as 
predicted by MEROPS™ and confirmed experimentally by LC/MS/MS 

L i n k e r 
L e n g t h 

( a a ) 

C l e a v a g e s i t e s p r e d i c t e d b y M E R O P S ™ ( U ) 

a n d o b s e r v e d b y t a n d e m M S ( T ) 

C l e a v a g e S i t e s 

P r e d i c t e d b y 

M E R O P S ™ 

G3-IEGR 3 G-rG-fG-f — IEGf R 

G/G (C39; M23; 

M48; S8); 

G/I (U49) 

G 1 5 - IEGR 15 Lr-f Lr-f Kjf KJI Cj-f t j f L i | (jf Lr-f Ixf (J-J. (jf Lr-f Lr-j. — l iHa^ — K . 

G/G (C39; M23; 

M48; S8); 

G/I (U49) 

P-IEGR 1 P - I E G t R 

(PT) 2P-IEGR 5 P T P T P - I E G t R 

(PT) 4P-IEGR 9 PTPTPTPTP - I E G t R 

(PT) 7P-IEGR 15 PTPTPTPTPTPTPTP- IEG t R 

S3N10-IEGR 15 S t S S N N N N N N N N N N L y A - I E G t R L / A (Family S8) 

Symbol ( U ) denotes putative cleavage site predicted by MEROPS 
Symbol ( T ) denotes cleavage site observed by tandem mass spectrometry 
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3.3 Regressed Langmuir isotherm parameters for binding of CBM9-Linker-
IEGR-GFP on Perloza™ MT100 at pH 7 (4°C). Standard deviations (a) 
computed from triplicate measurements. 

Linker Ka ( M 1 ) qmax (umol/g resin) 

P-IEGR 2.0 (±0.26) x 106 10.4 (±0.18) 

(PT) 2P-IEGR 2.4 (±0.36) x 106 10.4 (±0.25) 

(PT) 4P-IEGR 6.0 (±0.99) x 106 9.9 (±0.30) 

(PT) 7P-IEGR 3.1 (±0.24) x 106 10.3 (±0.14) 

G3 - IEGR 4.6 (±0.71) x 106 9.9 (±0.27) 

G15-IEGR 5.2 (±0.82) x 106 9.5 (±0.26) 

S3N10-IEGR 1.5 (±0.21) x 106 9.9 (±0.31) 

CBM9 1.2 (±0.06) x 106 11.2 (±0.15) 

* reported errors represent ±2a (i.e. 95% confidence intervals) 
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Table 3.4 Half-lifes for Factor X a cleavage of CBM9-Linker-IEGR-GFP fusion 
proteins. A l l experiments were conducted in 50 m M potassium phosphate 
buffer (pH 7, 21 °C) at a fusion protein to Factor X a concentration ratio of 
[1000] to [1]. 

Linker tm (h) 

P-IEGR 8 (±1) 

(PT) 2P-IEGR 25 

(PT) 4P-IEGR 35 

(PT) 7P-IEGR >35 

G3 - IEGR 4 

G15-IEGR 4 

S 3 N 1 0 - IEGR 6 
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Table 3.5 Average relative distance of separation R/Rp between the bound terbiums 
on CBM9 and the fluorescent chromophore of GFP determined by LRET 
at21°C. 

Linker 
A 

P-IEGR 1.00 (±0.03) 

(PT) 2P-IEGR 1.08 (± 0.02) 

(PT) 4P-IEGR 1.11 (± 0.04) 

(PT) 7P-IEGR 1.14 (± 0.02) 

G3 - IEGR 1.09 (±0.02) 

G15-IEGR 1.51 (±0.10) 

S3N10-IEGR 1.04 (± 0.05) 

* reported errors represent ±a (i.e. 60% confidence interval) 
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Table 3.6 Melting temperatures (Tm) and denaturation enthalpies (Aif c ai) for CBM9 
on its own and as part of various CBM9-linker-IEGR-GFP fusion proteins. 

Linker Tm (°C) AHcal (J mol"1) 

None (isolated CBM9) 97.9 1.34 (±0.06) x 105 

P-IEGR 89.5 0.71 (±0.05) x 105 

(PT) 2P-IEGR 89.8 0.83 (±0.05) x 105 

(PT) 4P-IEGR 91.6 0.96 (±0.04) x 105 

(PT) 7P-IEGR 93.4 1.12 (±0.05) x 105 

* reported errors represent ±2a (i.e. 95% con idence intervals) 
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3.6 Figures 

CBM9 Linker FXa GFP His6 

Figure 3.1 Schematic representation of the CBM9-Linker-FX a -GFP fusion protein. 
F X a indicates the recognition site (IEGR) for Factor X a processing. 

Time (hour) 

Figure 3.2 Intracellular Expression of CBM9-Linker-FX a -GFP fusion proteins in E. 
coli. Cells expressing a CBM9-Linker-FX a -GFP fusion protein were 
grown at 30°C to an OD620 of ~0.9 and protein expression was induced 
with 0.1 m M IPTG. CBM9-Linker-FX a -GFP expression was continuously 
monitored at 510 nm with excitation at 400 nm. 
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Figure 3.3 Long-term proteolytic stability of the linkers in CBM9-Linker-FX a -GFP 
fusion proteins. Clarified cell lysates were incubated at 23°C for 4 hours 
and then the intact and degraded CBM9-Linker-FX a -GFP fusion proteins 
were purified on Perloza™ MT100 in the absence of protease inhibitors. 
Each lane represents proteins eluted off the Perloza™ MT100 resin with 
elution buffer containing 3 M glucose. Lane M contains the molecular 
weight markers. 
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C . (uM) 

Figure 3.4 Equilibrium adsorption isotherm for binding of CBM9 -G3 - IEGR-GFP to 
Perloza™ MT100. Isotherm measured at 4°C in high salt buffer (pH7; 50 
m M potassium phosphate, 1 M NaCl). 
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Time (hours) 
kDa 0 0.5 1 2 4 6 8 10 12 14 25.5 35 

Figure 3.5 F X a cleavage kinetics. CBM9-P-IEGR-GFP fusion protein was incubated 
at 23°C with Factor X a at a fusion protein/FXa concentration ratio of 
1000:1. Samples were taken at each time point indicated and analyzed by 
SDS-PAGE. 
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ure 3.6 Sensitized fluorescence emission lifetime data for CBM9-(PT)2P-IEGR-
GFP at 23°C. Solid line indicates fit to the first-order exponential decay 
equation (r2 = 0.999). 
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Figure 3.7 Differential scanning calorimetry thermograms for CBM9, GFP, CBM9-
P-IEGR-GFP and CBM9-(PT) 7P-IEGR-GFP in 50 m M potassium 
phosphate buffer (pH 7). Area under the denaturation peak(s) provides the 

denaturation enthalpy through the relationship AHcal = J C P (T)dT, where 

Cp is the heat capacity. 
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4 Direct Measurement of the Kinetics of CBM9 Fusion-
Tag Bioprocessing Using Luminescence Resonance 
Energy Transfer (LRET) 

4.1 Introduction 

Affinity-tag technology, where a target protein or peptide is produced as a 

recombinant fusion to an N - or C-terminal affinity tag possessing a highly specific 

binding partner that can serve as a stable ligand for affinity chromatography, is a general 

and potentially powerful approach to streamline production of recombinant therapeutics 

and other biologies (Lowe et al. 2001). In addition to facilitating a highly selective 

separation, affinity tags, particularly those comprised of carbohydrate binding modules, 

can improve product solubility, increase in vivo proteolytic stability, and control product 

localization in or secretion from the host organism (Hearn and Acosta 2001). 

Recently we introduced the CBM9 affinity tag (Kavoosi et al. 2004), which is 

based on the C-terminal family 9 carbohydrate binding module of xylanase 10A from 

Thermotoga maritima (Winterhalter et al. 1995). CBM9 exhibits strong and specific 

affinity for both insoluble cellulose and soluble sugars such as glucose (Boraston et al. 

2001). Affinity purification of CBM9-tagged recombinant proteins on a commercially 

available cellulosic media, Perloza™ MT100, results in highly pure, concentrated 

products recovered at high yields (Kavoosi et al. 2004). Due to the low cost and high 

binding capacity of Perloza™ MT100 media, the CBM9 affinity system provides a 

considerable economic advantage over other commercially available affinity tag 

technologies. 

* A version of this chapter has been prepared for submisstion to Biotechnology and 
Bioengineering. [Reference: Mojgan Kavoosi, A . Louise Creagh, Douglas G. Kilburn, 
Charles A . Haynes, Direct measurement of the kinetics of CBM9 fusion-tag 
bioprocessing using Luminescence Resonance Energy Transfer (LRET). 
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However, the cost competitiveness of a given affinity-tag technology, particularly 

at preparative scales, is not solely determined by the cost and maximum cycle number of 

the capture column. It also depends on the cost and efficiency of the post-purification 

step required to remove the affinity tag and obtain the desired final product with its 

natural N - and C-termini. This can be an expensive step, with its economics and yield 

known to depend on the choice of processing enzyme and the local structure of the 

cleavage site, most notably the peptide sequence (often denoted the linker sequence) 

flanking the recognition site on the tag side (Girard et al. 2006; Jenny et al. 2003; Lien et 

al. 2001). For example, thrombin-catalyzed processing of glutathione-S-transferase 

(GST) tagged tyrosine phosphatase is greatly enhanced by the incorporation of a glycine 

linker immediately upstream of the recognition site (Guan and Dixon 1991). The lack of 

studies on and related methods for selecting the optimal processing enzyme and linker 

sequence for a particular affinity-tagged protein product is therefore surprising, and 

points to the need for a simple and effective spectroscopic method to screen a candidate 

library of processing-enzyme/linker-sequence combinations or, in cases where regulatory 

or IP constraints predetermine the processing enzyme, a library of linker sequences. A 

pre-validation screening method of this type could guide bioprocess design and speed 

translation to the manufacturing scale in a manner that increases downstream process 

throughput while decreasing cost of goods. 

Several recent studies have reported on the use of fluorescence (or Forster) 

resonance energy transfer (FRET) to measure enzyme activity, and on the potential of 

FRET in high-throughput kinetic screens (Boskovic et al. 2004; Chen et al. 2005; Cotrin 

et al. 2004; Medintz et al. 2006; Nishikata et al. 2006; Thomas et al. 2006). In FRET, 

distances between 15 and 80 A can be measured through the distance-dependent energy 

transfer between a donor and an acceptor fluorophore. This energy transfer leads to 

measurable changes in donor intensity or excited-state lifetime, as well as to spectral 

changes in the acceptor dye. Placement of the donor and acceptor fluorophores on 

opposite sides of an enzymatic-cleavage site on a substrate thereby provides a method for 

real-time monitoring of hydrolysis kinetics. However, while FRET has proven useful, it 

suffers from well-documented limitations. The maximum distance that can be measured, 
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which is a direct result of the small and relatively inefficient energy transfer between 

donor and acceptor, is less than optimal for many biological applications (Selvin 1996). 

Measurement of the sensitized emission of the acceptor dye is difficult due to a low 

signal-to-background ratio resulting from interfering fluorescence emission from the 

donor and direct excitation of the acceptor fluorophore (Selvin 1995). Finally, donor 

fluorophores used in FRET generally exhibit short (nanosecond) multiexponential 

lifetimes, necessitating the use and careful synchronization of fast electronics and 

detectors, which can be difficult and expensive (Selvin 1995). 

Luminescence resonance energy transfer (LRET), which overcomes many of the 

limitations of FRET (Selvin 2002), is a related spectroscopic method that has not been 

applied to real-time monitoring of hydrolytic enzyme activity. In LRET, a luminescent 

lanthanide chelate is used in place of a traditional fluorophore as the donor, while the 

acceptor remains a standard organic dye. Lanthanide emission arises from high-spin to 

high-spin transitions, and is therefore not related to the singlet-to-singlet transitions 

characteristic of fluorescence. Excitation of lanthanide ions produces very narrow, non

polarized and strongly Stokes-shifted emission bands with extremely long luminescence 

lifetimes (milliseconds) that can serve to excite the acceptor fluorophore over a sustained 

period. As in FRET, direct excitation of the acceptor fluorophore can occur. However, 

the lifetime of this fluorescence emission is on the order of nanoseconds, and any 

acceptor emission after this very short-lived event will only be due to energy transfer 

received by the acceptor from the long-lived lanthanide donor. The resulting high signal-

to-background ratio of the LRET measurement provides very significant advantages over 

the more common FRET experiment. In particular, sub-femtamolar detection limits are 

possible (Sammes and Yahioglu 1996), allowing highly accurate kinetic data to be 

obtained. 

Although it has not been used to screen for peptidase specificity and activity, 

LRET has been used in a number of other applications, including the measurement of 

conformational changes on the nanometer scale (Callaci et al. 1999; Kapanidis et al. 

2001; Xiao et al. 1998) during formation of protein-protein (Kolb et al. 1997; Mathis 

1995; Root 1997) and protein-DNA complexes (Churchich 1997; Heyduk et al. 1997). It 
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has also been used to measure inter- and intramolecular distances between protein 

domains (Burmeister-Getz et al. 1998), and to characterize structures of duplex D N A 

(Kapanidis et al. 2001; Selvin and Hearst 1994). Finally, the lanthanides terbium and 

europium have been extensively used to explore the mechanism of metal-ion binding 

both to D N A and to metalloproteins (Chaudhuri et al. 1997; Veenstra et al. 1995). 

Here, we introduce a LRET-based assay designed to rapidly and accurately 

measure CBM9 fusion-tag bioprocessing kinetics and their dependence on the choice of 

linker sequence and processing enzyme. The assay is based on the nonradiative energy 

transfer between lanthanide-based donors specifically bound to the C B M 9 tag and an 

acceptor fluorophore presented on the target protein or peptide, and thus, on the opposite 

side of the processing site. Enzyme-catalyzed cleavage of the fusion tag then terminates 

the resonance energy transfer, resulting in a change in the fluorescence intensity of the 

sensitized acceptor that can be continuously monitored to quantify substrate 

concentration over time. CBM9 is particularly well suited for this assay, as it is a 

calcium (II) binding metalloprotein (Notenboom et al. 2001) capable of binding the 

terbium (III) lanthanide ion with high affinity in the absence of C a 2 + . This Tb3 +-binding 

property can therefore be combined with a number of elegant and efficient methods that 

have recently been developed to specifically label the C-terminus of a protein with a 

fluorophore (Becker et al. 2006; Chao et al. 1998; Dursina et al. 2005; Tripet et al. 1996) 

to provide a general LRET-based assay of the kinetics of C B M 9 fusion-tag 

bioprocessing. Our aim in this work is to prove that such a LRET-based assay can 

provide accurate kinetic data sets for fusion-tag bioprocessing, allowing one to identify 

both major and subtle differences in rates of hydrolysis. To do this, we chose as the 

fusion partner the green fluorescent protein (GFP) from the jellyfish Aquorin victoria 

(Shimomura et al. 1962), thereby exploiting the fact that the target protein, GFP, 

endogenously provides the required fluorescent acceptor group. This permitted the rapid 

preparation of a library of chimeric proteins (Figure 4.1) comprised of an N-terminal 

Tb3+-loaded CBM9 (hereafter referred to as Tb 3 + -CBM9) fused to GFP via a cleavage-

site terminated linker sequence specific to the popular processing enzyme enterokinase. 

Our LRET-based screen was applied to the library to quantify differences in enterokinase 
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cleavage activity due to changes in the linker sequence immediately upstream of the 

enterokinase recognition element, thereby providing proof-of-concept of the assay. 

4.2 Methods and Materials 

4.2.1 Materials 

A l l chemicals and reagents, including TbCl3, were purchased from either Sigma-

Aldrich (St. Louis, MO) or Fisher (Pittsburgh, PA) Chemicals and of analytical grade 

unless otherwise stated. Recombinant enterokinase (EKmax™) was purchased from 

Invitrogen Corp. (Carlsbad, CA). The concentration of EKmax™ was determined using 

the extinction coefficient provided by the vendor and verified using the commercial 

Bradford Protein Assay of BioRad Laboratories (Hercules, CA) using B S A as the 

standard. 

4.2.2 Cloning and purification of fusion protein substrates 

A l l cloning was performed using standard molecular biology techniques 

(Sambrook and Russell 2001). Previously prepared pET28-CBM9-GFP expression 

vectors (Kavoosi et al. 2007) were digested with Pvu I and Not I to excise the GFP 

coding sequence, which was then amplified using the vector pGFPuv (Clontech, Palo 

Alto, CA). The enterokinase recognition sequence (D 4 K) (bold) and a Pvu I restriction 

endonuclease site (italic) were introduced at the 5' end of GFP using the oligonucleotide 

5 ' - A A A G C G ^ 7 T G A T G A C G A C G A C A A G G C C A T G A G T A A - A G G A G A A G A A C T - 3 ' 

as primer. A Not I site (italic) was introduced at the 3'end using the oligonucleotide 5'-

T G C G G C C G C T T T G T A G A G C T C A T C C A T G C C A T G T G T A A T C C C - 3 ' as primer using 

a PCR protocol previously described (Kavoosi et al. 2004). The compatible pET28-

CBM9-Linker expression vectors comprising the library of CBM9-Linker coding 

sequences were prepared in a similar primer-assisted manner to allow the D4K-GFP 

coding region to be digested with Pvu I/Not I and ligated (16°C, 16 h) into the digested 

expression vectors to give the appropriate pET28-CBM9-linker-D4K-GFP expression 

vector. D N A sequencing was performed to verify all constructs (NAPS Unit, 

Biotechnology Laboratory, The University of British Columbia). The vectors were 
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transformed into E. coli BL21 (DE3) cells and fusion protein expression and purification 

were performed as previously described (Kavoosi et al. 2007). 

4.2.3 Preparation of apo-fusion protein 

Each purified fusion protein was incubated with Chelex 100X resin (Sigma-

Aldrich; St. Louis, MO), mixing end-over-end at 4°C for 48 h to strip all bound metal 

from the calcium binding sites of CBM9. The apo-protein was then passed over a 

Sephadex G10 size-exclusion column using nano-pure water as solvent and mobile phase 

to remove any trace contaminants. Each purified apo-fusion protein was stored at 4°C in 

nano-pure water prior to use in the LRET-based assay. 

4.2.4 Isothermal titration calorimetry studies 

Isothermal titration calorimetry (ITC) was performed using a VP ITC (MicroCal, 

Inc., Northampton M A ) . A l l samples were pH 6.9 in 20-mM Hepes or Tris buffer, 50-

mM NaCl. Titrations were performed by injecting consecutive 5-uL aliquots of TbCb 

solution (0.60 mM) into an ITC cell (volume = 1.3528 mL) containing apo-CBM9-GFP 

(20 uM). The ITC data were corrected for the heat of dilution of the titrant by 

subtracting mixing enthalpies for 5-u.L injections of TbCb solution into protein-free 

buffer. Six and three independent titration experiments were performed for linkers 

PID4K and (PT)2PID4K, respectively; single titrations were also performed for linkers 

(PT) 4PID 4K, (PT) 7PID 4K, G3ID4K, G i 5 I D 4 K , and S 3 N 1 0 L A I D 4 K . A l l titrations were at 25 

°C. Binding stoichiometry, enthalpy and equilibrium association constants were 

determined by fitting the corrected data to a model for two independent binding sites on 

CBM9-GFP (software provided with instrument). 

4.2.5 LRET-based assay of fusion-tag cleavage kinetics 

Absorbance spectra for solvated and CBM9-bound lanthanide ion (Tb(III)) were 

measured in a quartz cuvette over the range of wavelengths 300 to 700 nm on a Cary 

Eclipse fluorescence spectrophotometer equipped with a xenon pulsed lamp and a 

Czerny-Turner monochromator. Wavelength scans were performed at a rate of 1 nm s"1. 
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Enterokinase-catalyzed cleavage of the CBM9 fusion tag can be described by the 

Michaelis-Menten equation (Boulware and Daugherty 2006; Gasparian et al. 2003), 

where the reaction rate (v) is related to the substrate (Tb 3 +-CBM9-linker-ID 4K-GFP) 

concentration [S\ by 

v = _ i ^ = j v j s ] ( 4 1 ) 

dt KU+[S] 

where v m a x is the maximum reaction rate, and KM is the Michaelis constant. At low 

substrate concentrations, where [5] « K M , equation 4.1 reduces to an apparent first order 

reaction 

K 
[ET][S] (4.2) 

where [1ST] is the total enzyme concentration, & c a t is the catalytic constant, and the ratio 

hJK-u is a measure of substrate specificity. Equation 4.2 can be solved by integration to 

give the change in [S\ with time 

ln(^) = ln , J=_UMt 

0J 

v

0A.s' — „ * (4-3) 

where A:0bS'is the observed rate constant, and <f> is the fraction of substrate remaining, 

which is directly measured by our LRET-based assay and which can be used to determine 

the initial reaction rate vQ at each initial substrate concentration [S]0. 

Our LRET-based assay was used to acquire initial reaction-rate (v0 and $/)) data 

for [S]0 values ranging from 1 uM to 48 uM. For each [S]0, kcat/KM was estimated by 

linear regression of equation 4.3 to individual ln($ versus t data sets, and the results 

(duplicates) were averaged to provide the reported kcJKu and associated standard 

deviation. A secondary check of the kcJKu value was obtained from the slope of a 

Michaelis-Menten plot as [S] approaches zero. If the two estimates of kcJKu were 

consistent, a Lineweaver-Burke plot was constructed to obtain a rough estimate of KM to 
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confirm that [5] « KM. The basic LRET-based assay proceeded as follows. Chelex-

prepared apo-fusion protein was incubated with 5x excess terbium in reaction buffer (20 

mM Hepes, 50 m M NaCl, pH 6.9) for 15-30 min at room temperature, then centrifuged at 

27,000 x g for 10 min to remove any precipitates. Tb(III)-loaded fusion protein (40 uL) 

at a concentration 2 x [S]0 was then mixed with an equivalent volume of EKmax™ (0.74 

pmole) solution to reach a final reaction volume of 80 uL. A l l reactions were carried out 

at 30°C in a 384-well microplate (Corning Life Sciences; Big Flats, N Y ) and monitored 

on a POLARstar Optima microplate reader (BMG Lab Technologies, Inc.; Germany), a 

high-performance microplate reader designed for luminescence/fluorescence-based 

applications (note that the instrument used in this chapter differs from that of chapter 3). 

The system integrates a high-energy xenon flash lamp with an excitation and emission 

filter system to generate a clean reproducible signal and maximal sensitivity (filter sets 

for this instrument required excitation at 235 nm and emission at 520 nm). Black, low 

binding, 384-well plates (Corning Life Sciences; Big Flats, N Y ) were used. Samples 

were excited at 235 nm and sensitized emissions were measured at 520 nm for 1500 u.s 

following a 200 us post-excitation delay to eliminate background noise introduced by 

direct excitation of the acceptor fluorophore, GFP. Integration of the resulting 

fluorescence emission signal was then used to obtain the average fluorescence intensity at 

the given reaction time point. For each well in the microtitre plate, a reading was taken 

every 15 seconds. 

Raw fluorescence data were baseline corrected for losses in the fluorescence 

intensity of the unreacted Tb 3 +-CBM9-linker-ID4K-GFP control due to bleaching and 

other factors. The fluorescence intensity corresponding to [S]0 was determined from 

EKmax™-free control wells to permit construction of the required ln(^) versus t plots. 

The kinetic parameters reported are the means of two independent experiments with the 

error computed as the propogation of this average error and the error in the linear fit of 

the data. The half-life t]/2 (h) of each reaction was determined from ty2 = ln2/k o b s. 
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4.2.6 Gel-based analysis of EKmax™ cleavage reaction 

Tb 3 + -CBM9-PID 4 K-GFP fusion protein (32 uM) was prepared as described 

above, mixed with EKmax™ (0.74 pmole) in reaction buffer to a final volume of 80 uL 

and incubated at 30°C in an Eppendorf Thermomixer R (Hamburg, Germany) with 

shaking (5 s every hour). Reaction buffer was used in place of EKmax™ in the control 

experiment. At each time point (0, 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5 and 24 h 

after initial mixing), 2 uL of the supernatant was removed and diluted with 2x loading 

buffer for analysis by SDS-PAGE to determine the percentage of cleaved fusion protein 

with time, from which the half-life tm (h) of each cleavage reaction was estimated. 

4 . 3 Results and Discussion 

Terbium (III), like all lanthanide ions, is characterized by an emission spectrum 

comprised of sharp, fully-resolved peaks with exceptionally long decay times (Sammes 

and Yahioglu 1996). Unfortunately, the molar absorptivity of T b 3 + is extremely low. 

Excitation of water-solvated Tb 3 + can therefore only be accomplished with an intense 

laser light source. This problem can be overcome by binding the lanthanide ion to a 

sensitizing agent, such as CBM9, possessing a high molar absorptivity and an excited 

triplet state comparable to that of the emissive state of the lanthanide metal ion (Selvin 

1996). Energy absorbed by the sensitizing agent may then be transferred to the terbium 

ion. The sensitizer must also function to shield the ion from the quenching effects of 

water (Parker and Williams 2003). Through its Ca -ion binding sites (Notenboom et al. 

2001), the CBM9 affinity tag provides coordination sites for binding of up to three 

terbium (III) ions. Tb 3 + ion binding to each of these sites on the apo-CBM9-PID4K-GFP 

fusion protein was characterized by isothermal titration caloriometry (ITC) experiments, 

which reveal the presence of a single strong TV binding site (Ka = 2 (±3) x 10° M" 1) and 

two somewhat weaker Tb 3 + sites (Ka = 2 (±2) x 105 M" 1). Essentially identical ITC 

results were obtained for the binding of Tb 3 + to apo-CBM9-linker-ID4K-GFP fusion 

proteins containing each of the other linker sequences. Based on these Ka values, all 

three binding sites are saturated with Tb under the loading conditions used in this study. 
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Figure 4.1 shows the schematic diagram of the fusion protein analyzed in this 

LRET-based assay, with the linker sequences that make up the fusion-protein library 

listed in Table 4.1. The bound terbium and GFP correspond to the LRET donor and 

acceptor, respectively. For resonance energy transfer to occur between the donor and the 

acceptor, two conditions must be met: (i) the emission spectrum of the donor must 

overlap with the absorbance spectrum of the acceptor, and (ii) the donor/acceptor pair 

must be separated by a distance no greater than the wavelength of light A, emitted by the 

sensitized donor that is frequency matched to the corresponding absorbance peak of the 

acceptor (in this case meaning a distance less than 490 nm). Under these conditions, the 

excited terbium transfers a fraction of its energy to GFP via a long-range dipole-dipole 

coupling mechanism (Heyduk 2001), allowing real time monitoring of the decrease in 

fluorescence intensity of the acceptor resulting from cleavage of the CBM9-linker-ID4K 

affinity tag. 

4.3.1 Characterization of energy transfer from bound Tb(lll) to GFP 

The spectral characteristics of both the donor (Tb 3 + -CBM9 on its own) and 

acceptor (GFP on its own) are shown in Figure 4.2. Excitation of CBM9-bound Tb 3 + at 

222 nm results in four sharp emission peaks with maxima at 490 nm, 546 nm, 585 nm 

and 622 nm, respectively. Comparing this luminescence emission spectrum with the 

absorbance spectra of GFP (acceptor fluorophore) reveals an overlap between the Tb 

emission peak at 490 nm and the minor GFP absorption peak at 475 nm. The spectral 

overlap between CBM9-bound Tb and GFP indicates that the energy levels of the two 

match in frequency, allowing internal transfer of energy from excited terbium to GFP. 

Figure 4.3 shows the fluorescence emission spectrum for the acceptor resulting 

from energy transfer from the sensitized donor. Excitation of CBM9-bound terbium at 

235 nm produces an oscillating electric dipole field. In the absence of a suitable 

acceptor, the field energy decays in the form of radiative energy, shown by the four 

characteristic luminescent emission peaks of Tb(III)-CBM9 in Figure 4.3. However, in 

the intact fusion protein (donor and acceptor), a fraction of the electric field energy of the 

sensitized donor is nonradiatively transfered to the acceptor (Selvin 1995). Excitation at 
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235 nm then produces five emission peaks (Figure 4.3): four corresponding to the 

characteristic emission signal of CBM9-bound Tb 3 + while the fifth, with a broad 

maximum at 510 nm, corresponding to sensitized emission from GFP. The average 

characteristic distance between bound terbiums and GFP in the various fusion proteins 

characterized in this study was determined (by a method previously described (Kavoosi et 

al. 2007)) to range from 35.9 ± 0.3 A to 37.2 ± 0.4 A. These values are much less than X 

(~ 500 nm), indicating that within the fusion protein, a significant fraction of the donor-

derived energy is transferred to fused GFP in a nonradiative manner. 

4.3.2 Fusion-tag bioprocessing kinetics 

Hydrolysis of the fusion protein by EKmax™ separates the donor/acceptor pair 

such that R » X, leading to a decrease in energy transfer and a corresponding decrease in 

the sensitized fluorescence emission of the acceptor. Figure 4.4 reports the time-resolved 

baseline-corrected decrease in GFP fluorescence emission for EKmax™-catalyzed 

hydrolysis of Tb 3 + -CBM9-PID4K-GFP at an initial substrate concentration of 32 uM. 

The fluorescence emission intensity was monitored at 520 nm, where interfering signals 

from donor emission are minimized (241:1 maximum signal intensity ratio), as opposed 

to at 510 nm, where some signal overlap is observed. A n exponential decay in 

fluorescence intensity is observed for the hydrolysis reaction, reaching a minimum 

intensity of ca. 10000 after 5 hours of reaction. No reduction in this minimum intensity 

was observed when monitoring the same reaction for up to 48 hours, indicating that the 

background fluorescence is not related to unreacted substrate. This fact was further 

verified through SDS-PAGE documentation of the reaction. Instead, the background 

fluorescence is likely due to stochastic interactions between the cleavage products, 

Tb(III)-CBM9 and GFP. The resulting ln(^) versus t data (Figure 4.5) are linear (R2 = 

0.991) at these reaction conditions for which, as will be shown later, [S]0 « KM-

Regression of equation 4.3 to the 520 nm data therefore provides an accurate measure of 

&obs, from which k^JKu can be directly determined (Table 4.1). Similarly, regression of 

equation 4.2 to the corresponding initial reaction rate v 0 versus [S]0 data (Figure 4.6) also 
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provides an estimate of kcJKu, which, for all fusion proteins studied, was statistically 

indistinguishable from the average value regressed from the ln($ versus t data. 

KM can be estimated from the x-intercept of a traditional Lineweaver-Burk plot. 

However, as is often noted, the error in . K M values obtained with this approach can be 

large since significant extrapolation to the x-intercept is generally required. This 

extrapolation bias can be reduced by fixing the slope of the Lineweaver-Burk plot at the 

previously determined value of &0bS and then positioning this slope to best fit the 

experimental data (Figure 4.7). The resulting KM estimates (Table 4.1) are then 

sufficiently accurate to confirm that KM is indeed much greater than [S]0 for each data set 

used to obtain estimates of kcJKu through regression of equation 4.3. 

Finally, confirmation that the decrease in the LRET signal is due to EKmax™ 

mediated hydrolysis was obtained by reacting a fusion protein lacking the enterokinase 

recognition sequence with EKmax™. No significant decrease in LRET signal was 

detected compared to the control reaction containing no enzyme (Figure 4.4). 

The accuracy of the kinetic parameters determined using our LRET-based assay 

was verified by comparing reaction half-lifes (t\n) measured using the LRET-based assay 

with those computed from an independent SDS-PAGE experiment. Figure 4.8 shows an 

SDS-PAGE documentation of the hydrolysis of Tb 3 + -CBM9-PID 4 K-GFP at a fusion 

protein concentration of 32 pM. The two methods provide very similar reaction half lifes 

(SDS-PAGE tm = 0.75 (±0.25) h; LRET tm = 0.61 (±0.02) h), validating the use of the 

LRET-based assay as an alternative and much more convenient method for monitoring 

fusion-tag processing, particularly in cases where the reaction kinetics are too rapid to 

permit visualization by SDS-PAGE. 

The LRET assay confirms that changes in linker composition and length can 

impact CBM9 fusion-tag bioprocessing kinetics (Table 4.1). A ca. 2-fold difference in 

t\a values, and thus bioprocessing times, is observed for relatively small library of Tb -

CBM9-linker-ID4K-GFP fusion proteins included in this study. The assay is simple, fast 

and accurate, providing kcat/KM values that typically contain standard errors of less than 

3%. As a result, both substantial and more subtle differences in bioprocessing kinetics 
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can be measured. For example, a 9.2% increase in kcJKu was observed when the length 

of the poly-glycine linker was increased from 3 to 15 amino acids. The 384-well micro-

titre plate format of the assay should therefore allow for a number of useful high-

throughput studies, including selection of an optimal linker chemistry as well as the 

preferred processing enzyme. 
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4.4 Tables 

Table 4.1 Michaelis Menten kinetic constants and reaction half-lives determined by 
the LRET-based assay 

EKmax™ recognition site and 
linker sequence ( i v rY 1

 x lfr4) 
hn 

(hr) (MM) 

PIDDDDK 3.43 ±0.12 0.61 ± 0.02 4301 ±712 

PTPTPIDDDDK 6.62 ±0.10 0.31 ±0.01 1439±1203 

PTPTPTPTPIDDDDK 6.54 ±0.12 0.32 ±0.01 1328 ±850 

PTPTPTPTPTPTPTPIDDDDK 5.22 ±0.13 0.40 ±0.01 626 ± 299 

GGGIDDDDK 3.82 ±0.11 0.55 ± 0.02 2119 ±1071 

G G G G G G G G G G G G G G G I D D D D K 4.17± 0.12 0.50 ±0.01 541 ±653 

SSSNNNNNNNNNNLAIDDDDK 4.07 ±0.11 0.51 ±0.01 595 ±334 

reported errors represent ±2o (i.e. 95% confidence intervals) 
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4.5 Figures 

Figure 4.1 Schematic representation of the terbium bound fusion protein used for the 
LRET-based peptidase assay (not to scale). Excitation of bound Tb(III) at 
235 nm results in the transfer of energy at 490 nm to GFP, leading to the 
emission of a signal at 510 nm. D4K indicates the recognition site for the 
serine peptidase, enterokinase. 
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Figure 4.2 Individual spectrum of donor and acceptor. Solid line is the emission 
spectrum of CBM9-bound terbium (donor) obtained after excitation at 235 
nm and a post-excitation delay of 200 us. Dashed line is the absorbance 
spectrum of GFP (acceptor). The spectral overlap (480 nm to 505 nm) 
between CBM9-bound terbium and GFP allows for energy transfer to take 
place. 
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Figure 4.3 Emission spectra of CBM9-bound terbium (donor domain only) (solid 
line) and Tb 3 +-CBM9-(PT) 2PID4K-GFP fusion protein (dashed line). 
Samples were excited at 235 nm followed by a 200 (as delay prior to 
measurement of emission signal at each wavelength. Scans were 
performed at a rate of 1 nm/s. 
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Figure 4.4 Real-time LRET-based signal from EKmax™ mediated hydrolysis 
reaction. 32 u M of Tb 3 + -CBM9-PID 4 K-GFP fusion protein was incubated 
at 30°C with 9.3 nM EKmax™ (solid squares). The control reaction has 
buffer in place of enzyme (open squares). Sample was excited at 235 nm 
and emission was measured at 520 nm following a 200 u.s delay. Each 
measurement is an average of 10 excitations. 
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Figure 4.5 Baseline corrected logarithmic decay in ln(<ft) due to EKmax™ mediated 
hydrolysis. Reaction conditions are the same as in Figure 4.4. The solid 
line represents the linear least-squares fit to the initial data. 
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Figure 4.6 Michaelis-Menten analysis. Initial rates of EKmax -catalyzed 
hydrolysis measured as a function of initial substrate concentration. Tb 3 + -
CBM9-PID 4 K-GFP was incubated with EKmax™ (9.3 nM) at 30°C. 
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Figure 4.7 Lineweaver-Burk representation of initial rates of EKmax -catalyzed 
hydrolysis of Tb 3 +-CBM9-PID4K-GFP measured as a function of initial 
substrate concentration. Reaction conditions are the same as reported in 
Figure 4.4. 
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Figure 4.8 SDS-PAGE documentation of EKmax™-catalyzed hydrolysis of Tb 3 + -
C B M 9 - P I D 4 K - G F P . Reaction conditions are the same as reported in 
Figure 4.4. 
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5 A Novel Two-Zone Protein Uptake Model for Affinity 
Chromatography and Its Application to the 
Description of Elution Band Profiles of Proteins 
Fused to a Family 9 Cellulose Binding Module Affinity 
Tag 

5.1 Introduction 

Due to its exquisite binding selectivity, affinity chromatography is finding 

increasingly widespread use in the purification of natural and recombinant protein 

products at the manufacturing scale (Lowe et al. 2001). The large-scale capture and 

affinity purification of monoclonal antibodies on immobilized protein A columns is the 

most widely used and thoroughly studied application of industrial affinity 

chromatography (Jungbauer and Hahn 2004), but many other important applications 

exist, including the purification of human tissue plasminogen from blood plasma using 

immobilized lysine (Deutsch and Mertz 1970) and the purification of ATP-dependent 

kinases and NAD+-dependent dehydrogenases using immobilized 5 ' -AMP (Mulcahy et 

al. 2002). 

The power of affinity separations can be extended to proteins with no known 

binding partner through recombinant D N A technology, which enables production of a 

target protein as a recombinant fusion to an N - or C-terminal affinity tag possessing a 

highly specific binding partner that can be immobilized to form a stable affinity 

* A version of this chapter is published in the Journal of Chromatography A. 
[Reference: Mojgan Kavoosi, Nooshafarin Sanaie, Florian Dismer, Jiirgen Hubbuch, 
Douglas G. Kilburn, Charles A . Haynes, A novel two-zone protein uptake model for 
affinity chromatography and its application to the description of elution band profiles of 
proteins fused to a family 9 cellulose binding module affinity tag. J. Chromatography A. 
1160(1-2), 137-149 (2007)] 
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chromatography media. A number of affinity tag technologies are commercially 

available, including the glutathione S-transferase (GST) tag (Guan and Dixon 1991; 

Smith and Johnson 1988), the calmodulin binding peptide tag (Stofko-Hahn et al. 1992; 

Vaillancourt et al. 1997; Zheng et al. 1997), the streptavidin tag (Keefe et al. 2001; 

Wilson et al. 2001), the F L A G peptide tag (Einhauer and Jungbauer 2001; Hopp et al. 

1988) and the polyhistidine tag, which permits selective capture and purification of the 

fusion protein on an immobilized metal affinity chromatography column (Crowe et al. 

1994; Hopp et al. 1988; Porath et al. 1975). 

Intraparticle mass transport, most notably the rate of diffusion within the pore 

liquid of the stationary phase, typically limits protein uptake and controls band 

broadening in adsorptive modes of protein chromatography, including affinity 

chromatography, where the binding interaction with the stationary phase is typically 

strong (Arnold et al. 1985a; Farnan et al. 1997). A number of models have therefore 

been developed to describe intraparticle mass transport inside sorbent particles, with the 

pore diffusion model (PDM) finding the most widespread use [e.g., (Farnan et al. 2002)]. 

The P D M assumes that the overall rate of protein uptake is proportional to the 

concentration gradient in the pore liquid, permitting simplification of the general rate 

model of chromatography by eliminating concentration gradients in the hydrodynamic 

film surrounding each sorbent particle and by establishing local equilibrium of the 

sorbate at each radial position within the sorbent particle. Assuming for the moment that 

surface diffusion effects are negligible, the rate of protein uptake within the porous 

sorbent particle is given by the P D M through the relation 

£ n — L = - r — e„Dnr— ^ 
p dt r2 dA p p dr) dt 

dct _ 1
 d L n .2 dc, dq, (5.1) 

where, sorbate equilibrium is often described by the Langmuir isotherm, 

dq^ _ dqi dct 

dt dc, dt 

q?'K{ dc (5.2) 
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Thus, knowledge of the stationary phase porosity £p, the saturation capacity of the sorbent 
T 1 

q*" (kg m ), and the Langmuir equilibrium binding constant Ka (M" ), permits 

estimation of solute c\ and sorbate q\ concentration profiles within the stationary phase as 

a function of time. Mass transfer within an interstitial volume element of the column is 

given by the column continuity equation 

dC, „ d2C, dC, (\-£)ds, 
= D, Y - ua '- - - —-

dt dz dz e dt 

Di ^-^f — u -—i- — ——Z-L—L (5.3) 

where C, is the concentration of protein i in the interstitial mobile-phase liquid, s is the 
2 1 

interstitial void fraction of the column, D L is the axial dispersion coefficient (m s"), uQ is 

the interstitial velocity of the mobile phase (m s"1), z is the axial positional vector, and si 

is the average protein concentration within the stationary phase particles of uniform 

radius rp, given by 

3 rT 3 T 
S / = T }(?pci + <Ii)r*dr = — }s,(r,t)r2dr 

rP o rp o (5.4) 

The boundary conditions for solving equation 5.1 of the P D M are given by 

Ci(r=rp,t) = Q (5.5) 

dc,(r = Q,f) 

dr 
= 0 (5.6) 

where C, is given by solution of equation 5.3 at time /. The boundary condition at r = 0 

given by equation 5.6 is generally applied in all continuous models of chromatography. 

However, the full implications of its use are not always appreciated. In particular, since 

Cj and q\ are both specified by equation 5.1 to be continuous functions of r and t, the 

application of equation 5.6 necessarily leads to a physically improbable model prediction 

that both Ci(r=0,r) and qx(r=0,f) become nonzero immediately upon contact of the 
0 

stationary phase particle with the mobile phase liquid, where Ci(rp,t=0) = C\ . Equation 

5.6 has nevertheless been extensively applied to the modeling of many different forms of 

adsorptive chromatography (Guiochon 2002; Johnston and Hearn 1991; Skidmore et al. 
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1990), including various forms of affinity chromatography (Arnold et al. 1985a; Arnold 

et al. 1985b; Arve and Liapis 1987; Katoh et al. 1978; Patwardhan et al. 1995; Sirotti and 

Emery 1983). 

A more general and physically realistic model for protein uptake within a porous 

stationary phase would predict for sufficiently short contact times a region within the 

interior of the sorbent particle that contains no protein, while both cx and qx would be 

nonzero and increase with r in the outer shell of the particle. The protein-containing zone 

would then be predicted to increase with time at the expense of the protein-free zone. 

This two-zone behavior has been observed in confocal laser scanning microscopy 

(CLSM) studies of protein uptake in porous chromatography particles, particularly when 

there is strong interaction between the sorbate and the sorbent, as is typically observed in 

affinity chromatography systems (Hubbuch et al. 2003; L i et al. 2003; Linden et al. 2002; 

Ljunglof and Hjorth 1996). It is reminiscent of the classic shrinking-core model of 

diffusion-controlled chemical reaction engineering first proposed by Weisz and Goodwin 

(Weisz and Goodwin 1963). However, that model assumes that local sorbate equilibrium 

is defined by the rectangular isotherm and thereby predicts an infinitely steep 

concentration gradient at the core radius r c separating the protein-free inner core from the 

sorbent-saturated outer shell of the porous particle (Pinto and Graham 1987). 

Here we describe a generalized two-zone model for protein uptake in a porous 

sorbent particle that relaxes the rectangular-isotherm approximation of the traditional 

shrinking-core model to allow for simultaneous intraparticle mass transport and sorbent 

loading within the outer zone of the porous particle and thus, the presence of 

concentration gradients within the shell region. The model is applied to the description 

of elution band profiles for fusion proteins tagged at their N-terminus with 

TmXynlOACBM9-2 (henceforth referred to as CBM9), the C-terminal family 9 

carbohydrate-binding module of xylanase 1 OA from Thermotoga maritima (Winterhalter 

et al. 1995). In a previous paper (Kavoosi et al. 2004), we introduced the CBM9 affinity 

tag and demonstrated its application in the affinity purification of recombinant proteins 

from E. coli using an inexpensive, commercially available cellulosic resin, Perloza™ 

MT100. CBM9 binds specifically and tightly to the reducing ends of both insoluble 
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cellulose and simple soluble sugars, including glucose (Boraston et al. 2001). These 

unique binding properties allow for selective binding of CBM9-tagged fusion proteins to 

a porous cellulose sorbent particle and quantitative elution using 1 M glucose. Perloza™ 

MT100, a highly porous, beaded cellulosic resin sells for ca. $35 per liter of bulk resin. 

The extraordinary low cost of this matrix, combined with its high static binding capacity 

for CBM9-tagged fusion proteins (10 umol g"1 dry resin), offer considerable economic 

advantages over other commercially available affinity tag technologies. In this work, we 

fuse CBM9 to the N-terminus of the green fluorescent protein (GFP) from the jellyfish 

Aquorin victoria (Crameri et al. 1996; Shimomura et al. 1962), and use the natural 

fluorescence of GFP as a direct and convenient means to track our fusion protein and 

validate our model. C L S M is used to measure temporally and radially resolved CMB9-

GFP fluorescence profiles inside the Perloza™ MT100 sorbent particle, permitting 

tracking of rc and intraparticle mass transport of protein in the outer zone of the particle. 

Because GFP of CBM9-GFP fluoresces naturally, uptake artifacts associated with 

competition between unlabelled and chemically labelled protein are eliminated, greatly 

simplifying data analysis (Carta et al. 2005; Martin et al. 2005). 

5.2 A Proposed Generalized Two-Zone Model of Affinity 

Chromatography 

As with the P D M , the derivation of our generalized two-zone model (TZM) of 

adsorptive chromatography is based on the condition that both protein adsorption kinetics 

and protein transport through the hydrodynamic fluid film surrounding the porous 

particle are rapid compared to solute diffusion processes within the spherical particles of 

uniform radius rp and porosity ep. We may therefore apply the well-known parallel pore 

diffusion model for spherical sorbent particles (Ma et al. 1996), given by 

dst _ 1 d 

dt r2 dr v dr dr j 
(5.7) 

where Ds is the surface diffusivity of the sorbate and the driving force for diffusion in the 

adsorbed phase is assumed to be given by the sorbate concentration gradient. Surface 
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diffusion is ignored in most chromatography model developments as A is generally 

thought to be at least two orders of magnitude smaller than Dp. It will not be explicitly 

accounted for in this study either as independent measurement of Ds was not possible. 

However, we note that in high capacity chromatography media loaded in the nonlinear 

region, the surface concentration gradient may be higher than the solute concentration 

gradient within the pore liquid, thereby resulting in a sorbate flux contribution to 

intraparticle protein transport despite the significantly lower value of Ds. Extension of 

the model described here to that situation is straightforward, provided the value of Ds is 

known. 

The parallel flux term in equation 5.7 has therefore been simplified to 

(5.8) dst _ 1 d 

dt r2 dr 
i ~ dc. 

The T Z M divides the porous sorbent particle into two zones that meet at rc, the core 

radius, which decreases as a function of time due to intraparticle mass transport of the 

protein. Protein uptake in the outer shell extending from rc to rp is defined by equation 

5.8 and the adsorption isotherm model selected. The inner core from r = 0 to rc contains 

no protein. Thus, an inner boundary condition of c\ = 0 at r = rc may be used to solve 

equation 5.8 to determine protein c\(r,t) and sorbate q\(r,f) concentration profiles in the 

outer shell provided the value of rc(f) is known. An estimate of rc(f) can be obtained by 

numerical iteration. To illustrate the strategy used, which is based on a modification of 

an iterative solution scheme developed by Pritzker (Pritzker 2003), we consider the 
o 

simple case where G remains equal to C[ at all times. 

The rate of sorbate uptake into the porous particle equals the flux of sorbate 

across the external surface of the particle 

4 idSi , 2 — 7wn — - = 4-7zr„ 
3 " dt p 

( 

v * p dr 
(5.9) 

r=r

PJ 
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The right-hand side of this equation may be evaluated by applying the steady-state 

approximation i£.,—- = 0 
dt 

to equation 5.8 to permit its analytical integration within the 

outer zone. Since r = rc(t) marks the position of the advancing front of the adsorbate, it 

requires that c\ (rc, i) = 0, which automatically sets q\{r,t) = 0. The boundary conditions at 

r = rp remains the same as in the homogenous model, giving 

c,(r,0 = Cf! 
Vrc r) 

1 1 

\\Vc rpJ (5.10) 

Differentiating with respect to r and evaluating the result at r = r p , then gives 

ds±=3_Co 
dt 3 i 

1 1 

rc(0 r, 

(5.11) 

PJ 

For a given time t, an assumed value of rc therefore allows estimation of st(t) based on 

the initial condition St(t = 0) =0. The value of st(t) for an assumed value of rc(t) may 

also be determined from equation 5.4, which upon insertion of equation 5.10 may be 

written as 

'p o 
£ C° q,(r.t) 

p J 

\r2dr (5.12) 

Solution of equation 5.12 requires knowledge of q(r,t), which may be determined for the 

assumed value of rc(t) through insertion of equation 5.10 into the chosen adsorption 

isotherm relation. If the adsorption process follows the one-component Langmuir 

adsorption isotherm, we obtain 
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q7'KaC° 

1 + K„ C° 
'pJ 

(5.13) 

A self-consistent estimate of rc(f) can therefore be obtained by using a Newton-Raphson 

algorithm to minimize the difference in the value of st(t) calculated from equations 5.11 

and 5.12. It is important to note that this estimate of rc(t) is not exact since we have 

invoked the steady-state approximation to derive equation 5.9. However, as we will 

show, the estimated values of rc(t) are quantitatively consistent with C L S M data for 

CBM9-GFP uptake in the stationary-phase media, indicating that the steady-state 

approximation, though clearly inexact, is sufficiently reliable to permit accurate model 

predictions. 

5.3 Two-Zone Model Solution Algorithm 

The set of coupled transport equations (5.3, 5.4 and 5.8) were solved numerically 

by a finite-difference iteration scheme written in F O R T R A N 90. Initial and boundary 

conditions for the column continuity equation are: 

C , = 0 

c, =cfea + 

dz 

feed , D, dC, 

u„ dz 

t = 0 , 0 < z < L 

z = 0, all t>0 

z = L, all t > 0 

(5.14) 

Time and space domains were discretized by a Crank-Nicolson scheme (Crank and 

Nicolson 1996) to approximate differentials by a central difference in time and an 

average central difference in space. The column was meshed in the z dimension into N 

(at least 400) volume elements to match (or slightly exceed) the number of theoretical 

units (NTUs) within the column, and the number of radial volume elements within the 

stationary phase particle was set equal to 30. Finer meshing within the stationary phase 

increased computational time without a noticeable improvement in model accuracy. This 
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discretization of the model equations yields a set of tridiagonal linear algebraic equations 

that were solved by the Thomas algorithm (Holland and Liapis 1983) and the application 

of a first-order upwind-corrected power-law scheme (Patankar 1980) to ensure diagonal 

dominant matrices. Time increments for solution of equations 5.3 and 5.8 were set at 

0.0\L/Nu and 0.002Z/M/, respectively, where L is the column length and u is the 

superficial velocity. 

5.4 Materials and Methods 

5.4.1 Chromatographic Media and Reagents 

Perloza™ MT100 was purchased from Iontosorb Inc. (Czech Republic). 

Perloza™ MT100 is a porous, spherical media derived from regenerated cellulose. The 

particle diameter (dp) distribution of Perloza™ MT100 as well as the average dp was 

determined by light scattering using a Malvern Mastersizer 2000 (Malvern Instruments, 

UK). The average particle volume was calculated assuming a spherical geometry from 

which the mean particle diameter of the sphere was obtained using MIE theory (Barber 

and Hil l 1990). Perloza™ MT100/G15 has a particle diameter (dp) distribution of 56 urn 

to 159 um with a mean value of 84 ± 0.6 um. 

Sephadex G15 and Ni+ 2-Sepharose IMAC media were obtained from Sigma-

Aldrich (Mississauga, ON, Canada) and Novagen (Milwaukee, MI), respectively. 

5.4.2 Scanning Electron Micrographs 

Scanning electron micrographs of Perloza™ MT100 media and its associated pore 

structure were obtained using a Hitachi S-4700 Field Emission scanning electron 

microscope operating at an accelerating voltage of 5 kV with a working distance of 5 to 

15 mm. Samples were prepared by loading a high-pressure freezing hat with 

approximately 3 uL of concentrated Perloza™ MT100 in nano-pure water. The hat was 

immersed for 5-7 seconds in subcooled liquid nitrogen (-210 °C), then fractured open by 

microtome cleavage. The exposed resin surface was mounted and then sputter coated 

with gold for 30 s to generate the appropriate phase contrast for imaging. 
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5.4.3 Protein Production 

The cloning of CBM9 and CBM9-GFP is reported elsewhere (Kavoosi et al. 

2004). CBM9 or CBM9-GFP was produced in a 60 L fermentation as follows. BL21 

(DE3) cells containing the pET28-CBM9-GFP expression vector were grown at 37°C in 

Laural broth (LB) to a cell density (OD600 nm) between 0.8 and 1.0. Protein expression 

was induced with isopropyl-l-thio-P-D-galactoside (IPTG) to a final concentration of 0.1 

mM and the cells allowed to incubate for a further 10-12 h at 30°C. The cells pellet was 

resuspended in high salt buffer (1 M NaCl, 50 m M potassium phosphate, pH 7.0), 

ruptured by two passages through a French pressure cell (21000 lb in"2), and the cell 

debris was removed by centrifugation (27,000 x g) for 30 min at 4°C. Highly pure CBM9 

or CBM9-GFP was obtained by first passing the clarified cell extract over a Pharmacia 

XK-16 column (10 cm x 1.6 cm I.D.) packed with the Perloza™ MTlOO-based composite 

media. Contaminating' proteins were removed by washing the column with 10 column 

volumes (CV) of high salt buffer, followed by 5 C V of low salt buffer (150 m M NaCl, 50 

m M potassium phosphate, pH 7.0). CBM9 or CBM9-GFP was then eluted from the 

column with 2 C V of 1 M glucose in TBS8 (15 m M NaCl, 10 m M Tris-HCl, pH 8.0) and 

the eluent peak was injected into a column packed with Ni+ 2-Sepharose I M A C media and 

purified according to the manufacturer's instructions. The protein eluted from the IMAC 

column was buffer exchanged into low salt buffer, concentrated in a stirred ultrafiltration 

(UF) unit (Amicon, Beverly M A ) and stored at 4°C until use. The concentration of the 

purified protein was determined by U V absorbance (280 nm) using a calculated molar 

extinction coefficient of 43100 M " 1 cm"1 (CBM9) or 62870 M " 1 cm"1 (CBM9-GFP) (Mach 

etal. 1992). 

5.4.4 Equilibrium binding isotherms 

Equilibrium isotherms for binding of CBM9 and CBM9-GFP to Perloza™ 

MT100 and to the Perloza™ MT100/G15 composite media were measured at pH 7.0 and 

4°C. Purified protein at concentrations ranging from 1 to 30 u M was mixed with 

stationary phase media (1 mg dry weight) in low salt buffer to a final volume of 1 ml. 

Samples were then incubated overnight under continuous end-over-end rotation. The 

142 



media was removed by centrifugation (27,000 x g) for 16 min. The supernatant was 

collected and the concentration of free protein was determined by U V absorbance (280 

nm) using a Cary 100 Spectrophotometer (Varian). 

The resulting isotherm was generated by plotting the concentration of bound 

protein (pmol g"1 dry resin), determined by total mass balance, against the concentration 

of free protein (mol L" 1). Binding parameters were then determined by non-linear 

regression of the Langmuir adsorption isotherm equation to the experimental data using 

GraphPad Prism 3.0 software. 

5.4.5 Confocal Laser Scanning Microscopy (CLSM) 

Time-course fluorescence intensity profiles for uptake of CBM9-GFP into 

Perloza™ MT100 media packed into an optically transparent two-dimensional 

chromatography column were measured according to the procedures described in 

(Hubbuch et al. 2002) using an inverted Zeiss L S M 510 confocal laser scanning 

microscope equipped with a water immersion 63x/NA1.2 C-Apochromat (Zeiss) 

objective and an argon laser. The GFP chromophore has an absorbance maximum at 475 

nm. Excitation was conducted at 488 nm, on the red-shifted shoulder of the absorbance 

peak, to attenuate the resulting fluorescence emission at 505 nm to avoid saturation of the 

signal. The laser intensity was kept constant for all experiments. Slight adjustments (±20 

V) of the photomultiplier (PMT) detector gain were necessary to account for signal 

attenuation effects from neighboring particles in the packed bed. A n 80/20 filter and no-

band or long-pass filter before the PMT were used to improve signal-to-noise. The 

fluorescence intensity profile within the central particle was measured every second with 

300-500 frames in total. A l l profiles were stored as eight-bit single scans with a 

resolution of 512 x 512 pixels representing an area of 146.2 x 146.2 m. The chosen time 

interval allowed monitoring of the diffusion both into and out of the particle in one run. 

Bleaching of GFP was not observed. Before each individual run, the reflection mode of 

the microscope was used to verify that the focal plane went through the center of the 

particle. The image frame consisted of the particle of interest, other particles (focal plane 
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not necessarily through particle center), and interstitial areas between the particles, from 

which the average bulk protein concentration was determined. 

5.4.6 Characterization and Application of Perloza™ MT100/G15 Composite 

Media Column 

A Pharmacia Inc. (GE Healthcare) FPLC system with two P-500 reciprocating 

pumps, an 8-port mixing and injection valve, a UV-MII flow spectrophotometer 

(monitoring absorbance at 280 nm), and a Frac-200 fraction collector was used to 

measure all chromatograms. Columns 7 to 10 mL in volume (Pharmacia Inc. HR-10 

column (1.0 cm I.D.) were packed with either degassed Perloza™ MT100 or a 50% 

Perloza™ MT100 (by mass)/50% Sephadex G15 degassed slurry under a superficial 

velocity u of 4.25 x 10"4 m s"1 and then equilibrated with degassed loading buffer (50 m M 

potassium phosphate, 150 m M NaCl, 0.02% NaN 3 , pH 7.0) prior to use. 

In all columns used, the column length L to diameter dc ratio (L/dc) was 

maintained well above 2 to minimize end effects (Jungbauer 1993). In addition, the 

volume of solute pulses used for moment analysis was kept well below 0.5% of the 

column void to minimize any precolumn solute dispersion effects (Ladisch et al. 1984). 

Wall effects could be ignored since the column diameter to particle diameter ratio was 

much higher than 30 (Knox et al. 1976). 

5.5 Results and Discussion 

5.5.1 Geometric and Sorption Properties of Perloza™ MT100/Sephadex 

G15 Composite Media 

Perloza™ MT100 is a highly porous, hydrophilic media derived from regenerated 

cellulose with its structural elements comprised of partially microcrystalline regions 

stabilized by interchain hydrogen bonds (Iontosorb, CZ). Scanning electron micrographs 

(SEM) of the spherical MT100 particles (Figure 5.1 A) show that this media offers a 

network of primarily submicron pores with a small percentage of larger pores up to 2 um 

in nominal diameter (Figures 5.IB and 5.1C). Simple hydrodynamic calculations 
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proposed by Liapis (Heeter and Liapis 1997) predict for the 80-u.m particles and range of 

linear solvent velocities used in this work that intraparticle convective flow requires pores 

greater than ca. 4 to 5 um in nominal diameter. Thus, diffusion is the primary solute 

transport process within this stationary phase media. 

Adsorption of CBM9 and CBM9-tagged fusion proteins to Perloza™ MT100 has 

previously been shown to follow Langmuir-type adsorption behavior (Kavoosi et al. 

2004). Efficient purification from clarified E. coli cell lysates of CBM9-tagged fusion 

proteins on analytical-scale MT100 columns (i.e. less than 5 ml in volume) has also been 

demonstrated (Kavoosi et al. 2004). Due to the compressible gel-like nature of the 

MT100 matrix, scale-up of a packed MT100 column to a volume above ca. 10 to 15 mL 

is compromised by stationary-phase compression effects that degrade column 

performance. Mechanical stabilization of the stationary phase is therefore required and 

can be achieved through addition of an inert support media, in this case Sephadex G15, 

that provides a rigid mechanical scaffold stabilizing the active stationary phase to allow 

stable columns to be prepared on the semi-preparative to preparative scale. Here, 

however, our focus is on validation of our proposed generalized two-zone model of 

adsorptive chromatography. 

Equilibrium isotherms for pure CBM9-GFP binding to a 50/50 (by dry mass) 

composite media of MT100/G15 (Figure 5.2), and regression of the Langmuir isotherm 

parameters (Table 5.1) to those data show that the addition of the G15 mechanical 

support does not affect the equilibrium association constant (Ka) for CBM9-GFP binding 

to MT100 but reduces the static capacity of the composite media (q{

sat) to half its value 

when the stationary phase consists of pure Perloza™ MT100. This is expected since q™1 

is reported in terms of the total volume of the stationary phase, only half of which is 

MT100 in the composite media suitable for scale-up. Nevertheless, due to the 

extraordinarily high binding capacity of MT100 for CBM9 tagged fusion proteins (ca. 

11-12 pmol g"1 dry resin), the MT100/G15 composite column is capable of binding 45 to 

60 mg of CBM9-GFP per column mL, making it highly competitive with popular 

commercial affinity chromatography media.. Finally, control experiments confirm that 

the binding interaction is between CBM9 and cellulose (Table 5.1). Interactions between 
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CBM9-GFP and Sephadex G15 and between untagged GFP and Perloza™ MT100 are 

insignificant. 

5.5.2 Purification of CBM9-GFP on Perloza™ MT100/G15 Composite Media 

Column 

The chromatogram and gel documentation for purification of CBM9-GFP from a 

clarified cell lysate are shown in Figure 5.3 and Figure 5.4, respectively. Eluent from the 

column was continuously monitored both for total protein using absorbance at 280 nm 

(A280) and for CBM9-GFP using the intrinsic fluorescence of GFP (excitation at 395 nm 

and emission at 509 nm). Initial breakthrough of contaminating proteins was observed 

just after 1 column void volume. The small fluorescence peak observed within the 

contaminant breakthrough peak is due to the presence in the feed mixture of free GFP, 

released as a result of a small amount of degradation (no protease inhibitors were used 

during the purification) within the linker region connecting CBM9 to GFP (Kavoosi et al. 

2007). Two wash steps were used to effectively remove most of the contaminating 

proteins present in the column. As evident by the overlapping A280 and fluorescent 

signals (Figure 5.3), addition of 1 M glucose to the mobile phase elutes CBM9-GFP as a 

single sharp peak. 

Table 5.2 compares the yield, purity and concentration factor for the affinity 

purification of CBM9-GFP on the MT100/G15 composite column relative to that 

achieved on the pure MT100 column (Kavoosi et al. 2004). The performance of the two 

columns is very similar at the relatively small column scales used in this study (10 mL 

composite column, 7 mL pure MT100 column). 

5.5.3 Characterization of Solute Mass Transfer Within Perloza™ 

MT100/G15 Composite Columns 

Measured solute (CBM9-GFP) mass-transfer and column-geometry parameters 

for our proposed generalized two-zone model for mass transport in a Perloza™ 

MT100/G15 composite media column are listed in Table 5.3. Good column packing 

uniformity, defined according to the guidelines proposed by Bristow and Knox (Bristow 
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and Knox 1977), is indicated both by a peak asymmetry factor (As) close to unity and a 

reduced plate height value (h) close to 3 for pulse injection of 100 uL at a superficial 

velocity of 2.1 x 10"3 cm s"1. 

The column void fraction £was determined by pulse injection of blue dextran 

(MW = 2,000,000 Da) as a function of the superficial velocity, u (m s"1). Elution peaks 

for this large, non-binding solute were Gaussian or very nearly Gaussian in shape. Direct 

computation of the first moment ( fix) of each elution peak and application of the theory 

of Haynes and Sarma (Haynes and Sarma 1973) 

yielded sfrom the slope of a plot of versus u'1 (Figure 5.5) under the approximation 

that sp = 0. The estimated value of s is slightly higher than the value expected for a 

column packed uniformly with spherical beads (Ladisch et al. 1984), but agrees well with 

an independent measure of s obtained from application of the Blake, Kozeny and Carmen 

(Allen 1997) equation 

for pressure drop data across the column measured as a function of u, where rj is the fluid 

viscosity (g m"1 s"1). For spherical packing, the aspect factor k is assumed equal to 5 

(Janson and Ryden 1998). 

Protein-based probes were used to determine the effective porosity Sp of the 

MT100/G15 composite media as a function of protein molecular mass (Figure 5.6). Each 

data point in the figure was determined by measuring /u\ as a function of u for the 

respective marker and application of equation 5.15 using the measured void fraction of 

0.425. Interpolation between measured ep data was facilitated by fitting to an exponential 

decay type equation of the form: 

(5.15) 

AP = 36k (5.16) 
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-M/ 

ep = ae / y -8 (5.17) 

where a, 5 and y are fitted parameters and M is the protein molecular weight (kg mol"). 

The solid curve in Figure 5.6 represents the best fit, for which a = 0.815, 8 = 0.033 and y 

= 207.8. 

Numerical determination of the second moment (o2) of the elution peak as a 

function of the interstitial velocity, u0, was combined with the Laplace transform results 

of Haynes and Sarma (Haynes and Sarma 1973) for operation within the linear region of 

the adsorption isotherm 

u„cr L 

2rf 
= D L + K 

1 ( £ ^ 1 + 
-2 

(5.18) 

to obtain values for the parameters characterizing mass transfer of the CBM9-GFP fusion 

protein within the Perloza™ MT100/G15 composite media column. In equation 5.18, 

which has been used in many similar parameter estimation studies (e.g. (Giddings 1965; 

Guiochon et al. 1994; Ladisch 2001)), KM is the overall solute mass transfer coefficient, 

given by 

K M 3£y 
rP 

1 

\5sPDp k ads 

V 2 

1 + f (5.19) 

where RM is the overall resistance to solute mass transfer, k/ is the film mass-transfer 

coefficient (m s"1) and kacis is the sorption rate constant (M" 1 s"1). Equations 5.18 and 5.19 

can be applied under both binding and nonbinding conditions to estimate the axial 

dispersion coefficient (DL) (m 2 s"1) and the overall mass transfer coefficient (%) from the 

y-intercept and slope, respectively, of a plot of u0r^L/(2jui2) versus u0

2. Results for 

CBM9-GFP under nonbinding conditions (i.e., in the presence of 2-M glucose) are shown 

in Figure 5.7, from which the parameters in Table 5.3 were determined following 

estimation of the film mass transfer coefficient using the correlation of Wilson and 

Greankoplis (Wilson and Geankoplis 1966) 
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Sh = (5.20) 
V 8 J 

for solute mass transfer in a packed bed of porous, spherical particles at conditions where 

0.0016 < Re < 55 and 165 < Sc < 70600. The correlation of Young and Carroad (Young 

et al. 1980) was used to estimate the bulk molecular diffusivity DM (m 2 s"1) of CBM9-

GFP 

where T is the temperature (K) and M is the molecular mass of the solute in units of g 

estimated using either the correlation of Wakao et al. (Wakao et al. 1958) or of Goto et al. 

(Goto etal. 1983). 

First and second moments analysis of the first derivative of breakthough curve 

data for frontal loading of pure CBM9-GFP under binding conditions indicates that the 

last term on the right-hand side of equation 5.19 makes less than a 1% contribution to RM-

This indicates that kads > 0.33 m 3 mole"1 s"1, which is consistent with the value of kads 

determined by Jervis et al (Jervis et al. 1997) for the binding of the family 2a 

carbohydrate binding module (CBM2a) to the surface of crystalline cellulose. The 

measured mass-transfer and adsorption-kinetics parameters allow calculation of the 

column Peclet (Pe = 2rpua/Dp), Biot (Bi = kfrp/3Dp) and Damkohler 

(Da = C"kadsrp/DP) numbers (Table 5.3), which together indicate that pore diffusion 

limits CBM9-GFP mass transport within the composite media column. As a result, the 

local equilibria approximation can be invoked for the column loading process, with 

elution band profiles and the rate of solute uptake within the stationary phase best 

described by an appropriately formulated pore diffusion model of chromatography. As 

noted previously, relatively slow rates of intraparticle diffusion often limit affinity 

chromatography processes as well as other forms of adsorptive chromatography 

(Jungbauer 1996; Ladisch 2001), particularly under conditions where the concentration of 

solute in the feed is significantly greater than XIKa (Hall et al. 1966), as was the case in 

(5.21) 

mole"1. The estimate of fu s ing this approach is in close agreement (±10%) with that 
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our experiments. The CBM9-GFP affinity capture process therefore provides a suitable 

system for investigating the advantages of treating intraparticle solute uptake in pore-

diffusion-limited adsorptive chromatography processes using the proposed generalized 

two-zone model of affinity chromatography relative to using the traditional P D M for 

spherical sorbent particles encoded in equations 5.1 through 5.6. 

5.5.4 CLSM-Derived Rates of CBM9-GFP Uptake 

Time-course fluorescence-intensity profiles (Figure 5.8) for batch uptake of 

CBM9-GFP into a Perloza™ MT100 particle routinely show a two-zone behavior 

characterized by a region within the interior of the sorbent particle containing no protein, 

and a second region in which S[ is nonzero and increases with r. In this experiment, the 

interstitial volume of the 100 uL viewing chamber was rapidly flooded with CBM9-GFP 

feed solution to an initial concentration of 5.4 u M to permit fluorescence intensities both 

within the central particle and within the surrounding interstitial volume to be monitored 

as a function of time. Fluorescence intensities in the outer protein-containing shell of the 

stationary phase particle do not exhibit the square-wave characteristics predicted by the 

traditional shrinking-core model, where adsorption equilibrium is described by the 

rectangular isotherm. Instead, finite concentration gradients within the shell region are 

observed, whose description is better described through use of a more realistic 

equilibrium relationship such as the Langmuir-type isotherm used in the traditional P D M 

and the two-zone model proposed here. 

Time-dependent radial profiles of CBM9-GFP uptake within a Perloza™ MT100 

particle predicted by the P D M (Figure 5.9A) and by the new T Z M (Figure 5.9B) are 

compared with normalized fluorescence intensities measured by C L S M for an interstitial 
o 

feed concentration (Cj ) of 5.4 uM. This feed concentration represents conditions within 

the linear portion of the adsorption isotherm, and both models accurately capture initial 

rates and profiles of CBM9-GFP uptake under this moderate loading condition. 

Divergence of the traditional P D M from the measured solute uptake profiles is observed 

after ca. 10 to 18 minutes of exposure, with the model predicting a faster rate of protein 

uptake due to an unrealistically rapid accumulation of solute near the center to the 
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stationary phase particle - an error created by the continuous nature of the model that 

requires both c\(r=0,t) and q\(r=Q,i) to become nonzero immediately upon contact of the 

stationary phase particle with the mobile phase liquid. By eliminating this approximation 

and incorporating a realistic isotherm model (relative to the traditional shrinking core 

model), the T Z M accurately predicts the experimentally observed rates and profiles of 

solute uptake within the Perloza™ MT100 particle throughout the loading process. This 

includes model predictions of rc(t), which agree with C L S M estimated values to within 

experimental error (Figure 5.10). 

Errors in rates of CBM9-GFP uptake predicted by the P D M decrease with 
0 

increasing protein load in the feed. When C\ is increased to 49 pM, adsorption 

equilibrium lies in the nonlinear region of the isotherm, resulting in a more rapid 

penetration of solute into the sorbent particle and improved agreement of P D M 

predictions with both experiment and T Z M predictions (Figure 5.11). Indeed, under 

nonlinear or overload conditions, model predictions are more sensitive to the choice of 

isotherm model than to improvements provided by the T Z M . 

5.5.5 Simulation of Breakthrough Curves 

Figures 5.12A and 5.12B compare model predictions to normalized breakthrough 

curve data for the cases where binding equilibrium is within the linear and non-linear 

regions of the isotherm, respectively. Under linear binding conditions, the T Z M agrees 

with experiment while the traditional P D M over-predicts the dynamic capacity of the 

column, resulting in a significant delay in the predicted onset of breakthrough. Both 

models provide a reliable prediction of breakthrough behavior when the concentration of 

CBM9-GFP in the feed is increased to nonlinear loading conditions due to the more rapid 

rate of protein uptake in the stationary phase. Model agreement, however, is not exact. 

The experimental breakthrough curve is slightly asymmetric, such that the leading edge 

of the breakthrough transition is a bit sharper than the approach to saturation. This slight 

asymmetry, present in the other breakthrough curves measured at low linear velocities, 

could be due to a number of factors not fully captured in either of the two models, 
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including non-uniform mixing in some regions of the bed, non-specific adsorption, or 

conformational changes in the adsorbed protein (Johnston and Hearn 1990). 

T Z M predictions are compared in Figure 5.13 to raw breakthrough data to show 

that the model captures changes in elution band profiles and dynamic capacity over a 

wide range of feed concentrations. The T Z M also predicts the dependence of the elution 

band profile on u (Figure 5.14) and thus the expected changes in solute dispersion and 

dynamic capacity (Mao et al. 1991; Mao et al. 1995). 

5.5.6 CBM9-GFP Breakthrough from a Clarified Cell Extract Feed 

Figures 5.12 to 5.14 present breakthrough data for a binary buffer solution 

containing pure CBM9-GFP. We have previously shown that our custom expression 

vectors for expression of CBM9-tagged fusion proteins direct high-level production of 

the chimeric protein, typically yielding concentrations of soluble product between 0.4 to 

5 grams per liter (Kavoosi et al. 2004). This high level expression is exemplified in 

Figure 5.4, where soluble CBM9-GFP comprises approximately half of the total protein 

within the clarified cell extract. Nonbinding contaminant effects on mass transport and 

affinity binding of the target protein are therefore likely to be relatively minor, suggesting 

that T Z M predictions using the one-component Langmuir isotherm and pure-component 

transport parameters (Table 5.3) may be sufficient to predict product elution bands for a 

clarified cell extract feed containing CBM9-GFP. 

Figure 5.15 compares predictions of this simplified T Z M to breakthrough data for 

frontal loading of a clarified cell extract containing 25 ± 0.7 u M CBM9-GFP onto a 7.5 
3 1 

ml Perloza™ MT100/G15 composite column at a superficial velocity of 8.5 x 10" cm s" . 

The breakthrough of CBM9-GFP was continuously monitored using the intrinsic 

fluorescence of GFP (excitation at 395 nm, emission at 510 nm). The results confirm that 

our pseudo-binary solution assumption is accurate provided the fusion-protein makes up 

a high percentage of the total protein in the feed and the total protein load in the feed is 

not greater than ca. 3 g L" 1 . 
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5.6 Conclusions 

We have introduced a novel generalized two-zone model for adsorptive 

chromatography and compared it to the traditional pore-diffusion model for protein 

uptake within a porous stationary phase. The T Z M divides each stationary phase particle 

into two zones, an inner protein-free core and an outer zone into which a finite mass of 

protein has penetrated. The T Z M replaces the rectangular isotherm of the traditional 

shrinking-core model with Langmuir theory, thereby allowing for simultaneous 

intraparticle mass transport and sorbent loading within the outer region of the porous 

particle by accounting for the presence of a protein concentration gradient within this 

outer region. The model therefore improves upon the P D M by eliminating a boundary 

condition that forces the unrealistic prediction of a nonzero protein concentration at the 

center of the particle immediately upon contact of the empty particle with a protein-

containing mobile phase. Confocal laser scanning microscopy results indicate that under 

linear loading conditions, both models accurately predict the initial rate of solute uptake. 

As loading time increases, the P D M deviates from experimental results due to errors 

associated with the continuous nature of the model, while the T Z M continues to 

accurately predict experimental data. Under nonlinear loading conditions, both models 

performed well, with the choice of isotherm model becoming the more critical factor in 

determining the accuracy of the prediction. Finally, the T Z M was able to predict product 

breakthrough over a range of feed concentrations and superficial velocities, including 

accurate prediction of product breakthrough during frontal loading of a clarified cell 

extract. 
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5.7 Tables 

Table 5.1 Measured Langmuir isotherm parameters for binding of CBM9-GFP and 
each of its fusion partners to Perloza™ MT100, Sephadex G15, and the 
composite MT100/G15 media at 4 °C. The solvent consisted of 50 mM 
potassium phosphate, 150 m M NaCl, pH 7. N B indicates that no binding 
was observed.. 

P e r l o z a ™ M T 1 0 0 M T 1 0 0 / G 1 5 C o m p o s i t e S e p h a d e x G 1 5 

P r o t e i n 
Ka x 1 0 6 

( M 1 ) 

„ max 

( u m o l / g ) 

Ka x 1 0 6 

( M - 1 ) 

„ max 
Ii 

( u m o l / g ) 

Ka x 1 0 6 

( M 1 ) ( u m o l / g ) 

CBM9-GFP 1.5 (±0.21) 9.93 (±0.31) 1.2 (±0.15) 5.27 (±0.18) NB NB 

CBM9 1.2 (±0.06) 11.2 (±0.15) 0.85 (±0.15) 5.67 (±0.32) 

GFP NB NB 

* reported errors represent ±2o (i.e. 95% confidence interval) 
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Table 5.2 Yield, purity and concentration factor for the affinity purification of 
CBM9-GFP on a MT100/G15 composite column and on a pure MT100 
column. Clarified E. coli cell lysate containing CBM9-GFP was loaded 
onto each column at a superficial velocity of 4.25 x 10"3 cm s"1. Fractions 
were collected and analyzed both by absorbance at 280 nm and by 
fluorescence intensity to obtain reported data. The total lysate volume 
loaded was 65 mL and contained a CBM9-GFP concentration of 5.7 uM. 

MT100/G15 Column MT100 Column 

Purity* > 95% > 95% 

Yield 80 ± 3% 82 ± 3% 

Concentration Factor (Q/C°) 29 ± 2 31 ± 2 

*Determined from SDS-PAGE analysis 
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Table 5.3 Measured mass-transfer and column-geometry parameters for CBM9-GFP 
transport in a Perloza™ MT100/G15 composite media column. 

Column Property Value Units 

L 7.9-11.4 cm 

dc 1.0 cm 

M 83.7 ±0 .6 pm 

PP 1.33 ±0.73 kg m"3 

8 0.425 ±0.015 

sp 
0.65 ± 0.03 

h (reduced plate height) 2.9 ±0 .3 

As (peak asymmetry factor) 1.20 ±0.03 

DL 3.0 x 10"5 m V 1 

kf 8.45 x 10"6 m s"1 

DM 
1.54 x 10"11 m V 1 

Dp 7.17 x 10"12 m V 

Pe 500-2000 

Bi 16.4 

Da >82 

* reported errors represent ±2o (i.e. 95% confidence interval) 
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5.8 Figures 

Figure 5.1 Scanning electron micrographs of Perloza™ MT100 beaded media. 
Figures A , B and C show an MT100 particle at 1.0k, 13.0k and 80.0k 
magnification, respectively. The pore structure shown at the center of 
Figure B is further magnified and shown in Figure C. 
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Figure 5.2 Equilibrium adsorption isotherm for batch binding of CBM9-GFP to 
Perloza™ MT100/G15 composite media at 4°C. The solvent consisted of 
50 m M potassium phosphate, 150 m M NaCl, pH 7. The solid curve 
represents the best fit of the experimental data to the Langmuir isotherm 
equation. 
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Figure 5.3 Chromatogram for CBM9-GFP purification on Perloza™ MT1007G15 
composite media. Clarified E. coli cell lysate containing CBM9-GFP was 
loaded at a superficial velocity of 4.25 x 10"3 cm s"1 onto a 10 mL column. 
Fractions were collected and analyzed both by absorbance at 280 nm (line) 
and by fluorescence intensity (solid diamond) as shown. 



CBM9-GFP 

Figure 5.4 SDS-PAGE documentation of CBM9-GFP purification on a 10 mL 
Perloza™ MT100/G15 column. A l l samples were dissolved in sample 
buffer containing 10% SDS. Lane M : molecular mass markers; Lane 1: 
clarified cell lysate prior to column loading; Lane 2: column flow through; 
Lane 3: high salt wash; Lane 4: low salt wash; Lane 5: CBM9-GFP eluted 
in low salt buffer containing 1 M glucose. 
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Figure 5.5 First moment (pi) analysis for a 10 mL column packed with Perloza™ 
MT100/G15. Integrated pi values are reported for pulse injections of a 50 
pL solution of blue dextran (MW 2000 kDa) over the interstitial velocity 
range 4.25 x 10"3 cm s"1 to 2.02 x 10"2 cm s"1. The mobile phase consisted 
of 50 m M phosphate buffer, 150 m M NaCl (pH 7, 4°C). 
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Figure 5.6 Measured average porosity ep of composite media as a function of 
molecular weight of standard proteins. Pulse injections of standard 
molecular weight protein markers were used over the interstitial velocity 
range 2.1 x 10"3 cm s"1 to 8.5 x 10"3 cm s"1. The porosity was determined 
from equation 5.15 using the measured void fraction of 0.425. 
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Figure 5.7 Determination of axial dispersion coefficient £>L and overall solute mass-
transfer coefficient KM for injection of CBM-GFP under nonbinding 
conditions onto a 10 mL column packed with Perloza™ MT100/G15. 
Pulse injections of a 50 uL solution of CBM9-GFP was used over the 
interstitial velocity range 4.25 x 10"3 cm s"1 to 1.38 x 10"2 cm s"1. The 
mobile phase consisted of 50 m M potassium phosphate, 150 m M NaCl 
(pH 7, 4°C) with 2 M glucose added to achieve nonbinding conditions. 
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gure 5.8 Time course fluorescent intensity profile of CBM9-GFP uptake into 
Perloza™ MT100 particle. Protein uptake monitored by an inverted Zeiss 
L S M 510 confocal laser scanning microscope with the center of the 
particle used as the focal plane. Excitation and emission wavelengths 
were 488 nm and 505 nm, respectively. The initial CBM9-GFP 

0 
concentration Cx outside the particle was 5.4 pM. 
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Figure 5.9 Time dependent radial profiles of CBM9-GFP uptake into a Perloza™ 
MT100 particle for a feed concentration of 5.4 uM. Predicted uptake rates 
using (Figure 9A) pore-diffusion model and (Figure 9B) two-zone model 
are compared with experiment. The rapid drop in fluorescence intensity at 
radial positions above ca. 39 pm indicates the position of the outer radius 
of the bead. 
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ure 5.10 Comparison of T Z M model predictions of rc(t) with values computed from 
C L S M data. C L S M determined core radius reported as the radius at 
which the measured fluorescence intensity falls below 3X the standard 
deviation of the background fluorescence. Load conditions same as stated 
in Figure 5.9. 
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Figure 5.11 Time dependent radial profiles of CBM9-GFP uptake into a Perloza™ 
MT100 particle for a feed concentration of 49 pM. Predicted uptake rates 
using (Figure 11 A) pore-diffusion model and (Figure 11B) two-zone 
model are compared with experiment. 
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Figure 5.12 Comparison of T Z M (solid curve) and P D M (dashed curve) predictions 

with experimental (points) breakthrough curves. Pure CBM9-GFP loaded 
at a superficial velocity of 8.5 x 10"3 cm s"1 onto a Perloza™ MT100/G15 
composite media column: (A) frontal load of 3.4 x 10"3 mol m"3 CBM9-
GFP, (B) frontal load of 1.85 x 10"2 mol m"3 CBM9-GFP. 
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Figure 5.13 T Z M predicted (line) and experimental (points) breakthrough curves for 
pure CBM9-GFP loaded onto a Perloza™ MT100/G15 composite media 

2 3 
column at three different feed concentrations: C° = 4.77 x 10" mol m" 
(triangles), 2.2 x 10" mol m (squares), and 8.0 x 10" mol m" (circles). 
Mobile phase loaded at a flow rate of 0.4 mL min"1. 
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Figure 5.14 T Z M predicted (line) and experimental (points) breakthrough curves as a 
function of interstitial velocity. Pure CBM9-GFP loaded onto a Perloza™ 
MT100/G15 composite media column: u = 1.7 x 10"2 cm s"1 (triangles), 8.5 
x 10" cms" (circles), and 4.2 x 10" cms" (squares). 
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Figure 5.15 Predicted (line) and experimental (points) breakthrough curves for frontal 
loading of a clarified cell extract onto a Perloza™ MT100/G15 composite 
media column. The clarified cell extract contained 25 u M CBM9-GFP 
and was loaded at a superficial velocity of 8.5 x 10" cm s" . Eluent 
absorbance data at 280 nm (open squares) are also shown to indicate total 
protein as a function of time. 
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6 A Mechanically Stable Porous Cellulose Media for 
Affinity Purification of CBM9-Tagged Fusion Proteins 

6.1 Introduction 

Recombinant D N A technology and affinity chromatography have advanced the 

field of protein purification such that many proteins and peptides can now be purified 

without extensive a priori knowledge of the physicochemical properties of the desired 

product. By designing a chimeric protein incorporating a known affinity tag, the protein 

of interest can be purified from a culture supernatant in a single, highly selective capture 

step (Ford et al. 1991; Lowe et al. 2001). Affinity tags have been used extensively at the 

laboratory scale (Hearn and Acosta 2001; Nilsson et al. 1997), yet their application at the 

preparative scale has been limited, due in large part to the cost and stability (both 

chemical and mechanical) of the associated affinity matrices (Terpe 2003). For example, 

IMAC technology, based on the (His)6 affinity tag, relies on a stationary phase bearing 

iminodiacetate or imidazole groups to which a transition metal ion may complex. The 

complexed metal ions act as the coordination sites for selective binding of (His)6-tagged 

proteins (Porath et al. 1975; Rulisek and Havlas 2000). Although a popular and effective 

technology for laboratory-scale applications, the cost associated with the synthesis of the 

stationary phase along with concerns related to leaching of the bound metal ion into the 

eluent make this technology less attractive at preparative scales. Other popular affinity-

tag systems such as the glutathione S-transferase tag (Guan and Dixon 1991; Smith and 

Johnson 1988) and the F L A G tag (Einhauer and Jungbauer 2001; Hopp 1988) likewise 

* A version of this chapter has been accepted for publication in the Journal of 
Chromatography A. [Reference: Mojgan Kavoosi, Dexter Lam, Jenny Bryan, Douglas G. 
Kilburn, Charles A . Haynes, A mechanically stable porous cellulose media for affinity 
purification of CBM9-tagged fusion proteins. J. Chromatography A. In Press] 
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exhibit properties that limit their scalability to preparative applications (Linhult et al. 

2005). The successful scale-up of tag-based affinity chromatography would therefore 

benefit from an affinity tag that provides efficient capture and elution on an inexpensive, 

yet chemically and mechanically robust stationary phase. 

Kavoosi et al. (Kavoosi et al. 2004) recently introduced novel vectors for high-

level production in E. coli of soluble chimeric proteins comprised of a target protein or 

peptide fused to CBM9, the family 9 carbohydrate binding module (CBM9) of xylanase 

10A of T. maritima. CBM9 strongly binds both insoluble cellulose and soluble 

polysaccharides (Boraston et al. 2001), allowing for the specific capture of CBM9-tagged 

fusion proteins on a cellulose-based capture column and quantitative elution of the 

purified protein using an inexpensive soluble sugar such as glucose. The CBM9-

cellulose affinity cassette is potentially attractive for preparative-scale applications 

because cellulose is inexpensive, chemically inert, and can be machined into well defined 

geometries offering high specific surface area (Rodriguez et al. 2004). Cellulose has also 

been approved for many pharmaceutical and human uses and is unlikely to introduce any 

harmful agents into the purified product (Hoenich et al. 1997; Varela et al. 2001). 

Cellulose beads have therefore been widely utilized as packing materials in 

chromatography, including serving as the base chemistry for a wide range of size-

exclusion and ion-exchange media (Motozato and Hirayama 1984). Kuga (Kuga 1984) 

has reviewed preparation methods of cellulose beads and their separation properties. 

CBM9 binds directly to the reducing ends of cellulose chains (Boraston et al. 

2001), permitting most commercially available cellulose-based stationary phases to serve 

as the affinity media without the need for additional chemical processing. As an 

example, the porous cellulosic media Perloza™ MT100 (henceforth referred to as 

MT100) binds CBM9 strongly (Ka ~ 106 M" 1), with very high capacity (^,max~ 500 mg 

protein/g dry media), and without significant fouling, so that repeated purification cycles 

from a clarified bacterial cell extract consistently result in high product purities and 

yields (Kavoosi et al. 2004). However, a limitation of highly porous cellulose-based 

matrixes such as MT100 is the tendency for bed compression at elevated flow rates or at 

larger bed dimensions (Colby et al. 1996b; Ostergren et al. 1998). Conventional cellulose 
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beads, including MT100, are characterized by relatively large particle-size distributions, 

resulting in an additional flow resistance in columns packed with these media that is 

associated with smaller particles occupying void spaces among larger ones. Pure 

cellulose media is also susceptible to compressive deformation, which can not only 

increase flow instabilities within the packed bed, reducing dynamic capacity and column 

performance, but can also significantly increase band broadening in extreme cases (Colby 

et al. 1996a; Mohammad et al. 1992). Scale-up of columns utilizing these media 

therefore requires a strategy to mechanically stabilize the packed bed. 

Sephadex and other popular hydrophilic gel-like chromatographic media typically 

achieve mechanical strength through interchain cross-linking (Hjerten et al. 1987; Laas 

1976; Leonard 1997). In contrast, the mechanical stability of Perloza™ MT100, a highly 

porous, hydrophilic media derived from regenerated cellulose, is only from interchain 

hydrogen bonds and dispersion forces between disordered and partially crystalline 

regions of its regenerated cellulose architecture (Iontosorb, CZ). This suggests that the 

mechanical stability of MT100 may be improved through cross-linking using an 

appropriate epoxide or halohydrin (Narayanan and Crane 1990). A particularly 

promising cross-linking agent for this purpose is epichlorohydrin, which yields 

hydrophilic linkages, is industrially proven, and is readily available and inexpensive. The 

resulting epoxide bond is stable at high pH, permitting stringent clean-in-place protocols 

using caustic. Epichlorohydrin is therefore the preferred crosslinking agent in the 

preparation of Sephadex (Holmberg et al. 1995) and its reaction chemistry is compatible 

with cellulose. Ruckenstein and Guo (Guo and Ruckenstein 2001), for example, have 

shown that cross-linking with epichlorohydrin can be used to increase the mechanical 

stability of cellulose-based filter paper. 

This paper focuses on the use of response surface methodology (RSM) to identify 

optimal reaction conditions for synthesis of a mechanically stable, porous cellulose 

affinity chromatography media for use with CBM9 fusion-tag technology. Intraparticle 

cross-links are introduced into MT100 using epichlorohydrin-based epoxide chemistry 

with the concentrations of epichlorohydrin and dimethyl sulfoxide (DMSO) representing 

the two input variables. Treated and untreated media are compared both by monitoring 
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pressure drop across the column and by identifying the critical superficial velocity w c ri t for 

column compression, with the latter being used as the response variable. A mechanically 

enhanced, cross-linked media is identified and moment analysis, equilibrium binding 

isotherms and HETP analysis are used to compare the binding and transport properties of 

this mechanically stabilized media against untreated MT100. The application of this 

cross-linked media to the affinity purification of a recombinant protein from E. coli is 

also demonstrated. 

6.2 Materials and Methods 

6.2.1 Reagents 

Epichlorohydrin, glucose and all other reagents were analytical grade and 

purchased from Sigma-Aldrich (Mississauga, ON, Canada) unless otherwise stated. 

Perloza™ MT100 chromatographic media with a nominal particle diameter distribution 

of 50 to 80 urn was purchased from Iontosorb Inc. (Czech Republic). E. coli BL21 

(DE3) was obtained from Novagen (Madison, WI, USA). 

6.2.2 Cross-Linking of MT100 

Cross-linking reactions were carried out in a 200 mL round-bottom flask 

immersed in a water-filled jacket. A PolyScience 910 constant-temperature water pump 

(Preston Ind, USA) circulated heated water through the jacket, maintaining the reaction 

temperature at 50°C. The reaction flask was charged with a magnetic stir bar and 

appropriate volumes (mL per gram MT1Q0 cellulose) of 5.0 M sodium hydroxide, 

epichlorohydrin and DMSO were added. The reagents were allowed to mix and 

thermally equilibrate before the addition of an aliquot of MT100 slurry equivalent to 2 g 

of dry media. The resulting mixture was well stirred throughout the reaction, which was 

allowed to proceed for 2 hours before being quenched with acid addition to neutralize pH 

and immediate immersion in an ice bath. The cross-linked media was then filtered and 

repeatedly washed with 200 mL of water before being degassed as a dilute slurry. 

The cross-linking reactions were continuously mixed to prevent formation of 

interparticle linkages and to ensure that all cross-linking occurred inside the resin 
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particle. Lack of interparticle cross-linking was verified by optical microscope imaging 

of the reaction products. 

6.2.3 Hydrodynamic Characterization 

MT100 or cross-linked MT100 media were packed into a Pharmacia HR10 

column (I.D. = 1.0 cm) at an elevated flow rate using standard inclined pouring 

techniques. A silica filter pad was positioned on top of the bed and the flow distributor 

lowered and secured to achieve finger-pressure compression of the bed. The final bed 

heights ranged between 8.5 and 10.6 cm. 

The flow curve for each column was measured by pumping buffer (50 mM 

potassium phosphate, 100 m M NaCl, pH 7.0) through the column at specified superficial 

velocities and measuring the pressure drop at steady state. Compression of the stationary 

phase, measured as the separation of the bed from the flow distributor was also monitored 

at each flow rate by recording time-lapse images of the top surface of the bed using a 

Logitech Quickcam Pro 4000 web camera. 

6.2.4 Measurement of Binding Isotherms 

Equilibrium adsorption isotherms for binding of CBM9-GFP to MT100 and each 

cross-linked MT100 preparation were performed at 22°C in low salt buffer (50 m M 

potassium phosphate, 100 m M NaCl, pH 7.0). Purified protein at concentrations ranging 

from 1 to 30 uM was mixed with media (1 mg dry weight) in low salt buffer to a final 

volume of 1 ml. Samples were then incubated overnight at 22°C while mixing end-over-

end. The supernatant was collected after centrifugation at 27,000 x g for 20 min at 22°C 

and the concentration of unbound protein was determined by U V absorbance (280 nm) 

using a Cary 100 Spectrophotometer (Varian, Palo Alto, CA) and a calculated molar 

extinction coefficient of 62870 M " 1 cm"1 (Mach et al. 1992). The above protocol was 

repeated for binding of ovalbumin to identify any non-specific binding that may arise due 

to the cross-linking reaction. Langmuir-type binding parameters were determined by 

non-linear regression of the Langmuir isotherm equation to the experimental data using 

GraphPad Prism 3.0 software. 
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6.2.5 Affinity Purification of CBM9-GFP 

An overnight 5 mL culture of E. coli BL21 (DE3) cells carrying the pET28-

CBM9-GFP vector (Kavoosi et al. 2004) was used to inoculate 500 mL of Laural Broth 

(LB). Cells were then grown at 37°C to an ODeoo nm of about 0.8 and protein production 

was induced by the addition of 0.1 m M isopropyl-l-thio-(3-D-galactoside (IPTG). The 

culture was further incubated at 30°C for another 10-12 hours after which the cells were 

harvested by centrifugation for 20 min at 8,500 x g and 4°C. The cells were resuspended 

in high salt buffer (50 m M potassium phosphate, 1 M NaCl, pH 7.0) and ruptured by two 

passes through a French pressure cell (21,000 lb/in ). The cell debris was removed by 

centrifugation at 27,000 x g for 30 min and 4°C. The clarified cell extract was frontal 

loaded onto an XK26 column (GE Healthcare) packed with MT100 or a cross-linked 

MT100 preparation. Unbound proteins were washed through the column using 210 mL 

of high salt buffer followed by 150 mL of low salt buffer. Bound CBM9-GFP was 

isocratically eluted with 100 mL of 1 M glucose in low salt buffer; 10 mL fractions were 

collected throughout the process. 

The chromatogram for the purification process was detected using in-line U V 

absorbance at 280 nm and off-line measurement of the fluorescence intensity (395 nm 

excitation of GFP, 509 nm emission) of each collected fraction using a Cary Eclipse 

fluorescence spectrophotometer (Varian). Process yields were determined by comparing 

the fluorescence intensity of appropriately diluted elution fractions to that of the original 

cell lysate. The purity of the combined product peak was analysed by 12% SDS-PAGE. 

6.3 Results and Discussion 

6.3.1 Response Surface Methodology to Improve Mechanical Properties 

Both flow curve and bed-compression visualization data were used to evaluate the 

mechanical stability of unmodified MT100 and of each chemically modified cellulose 

stationary phase. As illustrated in Figure 6.1, significant compression of a packed bed of 

unmodified Perloza™ MT100 is observed at all superficial velocities above 0.64 x 10"4 m 
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s'1, indicating the need for mechanical stabilization of this media prior to column scale-up 

to permit acceptable throughput without column compression. 

The epichlorohydrin-based cross-linking chemistry proposed to stabilize the 

mechanical properties of MT100 against pneumatic compression is described in Figure 

6.2. Cross-linking reactions involving epoxides such as epichlorohydrin are typically 

carried out under strong caustic conditions to deprotonate all solvent-exposed hydroxyl 

groups and increase their reactivity. Previous studies have shown that the reaction 

product is relatively insensitive to NaOH provided the concentration of NaOH is 

sufficient to bring the reaction pH above 12 (Guo and Ruckenstein 2001). A polar 

organic co-solvent such as methanol, or in this case DMSO, is generally used to swell the 

matrix and improve accessibility of reactive hydroxides to the cross-linking reagent, and 

the mechanical stability of the reaction product is therefore likely sensitive to the 

concentration of the co-solvent ([DMSO]) used. The concentration of epichlorohydrin 

([Epi]) is also expected to be a determinant of the characteristics of the reaction product. 

We investigated the dependence of the mechanical stability (response variable 

Went, detailed below) of epichlorohydrin cross-linked media on the MTlOO-normalized 

concentration of epichlorohydrin (input variable in mL Epi/g MT100) and DMSO 

(input variable £ 2 in mL DMSO/g MT100) used in the formulation reaction. For each 

column prepared at a given , £ 2 condition, pressure drop was measured as a function of 

superficial velocity u to determine wcrj t, the value of u at which the flow curve deviates 

from linearity, which was used as our response variable quantifying mechanical stability. 

In all Cases, Wcrit 

differed by less than 15% from the linear velocity at which incipient bed 

collapse was observed, suggesting that the onset of flow curve non-ideality is directly 

related to bed compression. 
A general response model for this system can be written as: 

u c n l ^ y ^ f ( ^ 2 ) + ^ (6.1) 

where ^represents random variation (e.g., measurement error or background noise) and 

is assumed to have a normal distribution with mean zero and variance o 2. To identify a 
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range of , £ 2 values for which model (6.1) is applicable, we first determined a set of , 

£ 2 pairs that yielded a well-defined reaction product and for which a value of wCrit could 

be measured reproducibly. The resulting values suggested an input variable space of 0,0 

< £,,£ 2 - 12,12 mL/g, which is consistent with the range of epichlorohydrin and DMSO 

concentrations previously used by Ruckenstein and Guo (Guo and Ruckenstein 2001) to 

optimize cross-linking of cellulose filters. As the true response function / was unknown, 

we first performed a nonparametric exploration of the observed response values. To 

obtain a flexible and smooth representation of the response surface, we used locally 

weighted polynomial regression, in which the fitted response surface for a target point 

results from a weighted, least squares fit of a polynomial to the data points in a 

neighborhood of the target (Cleveland and Devlin 1988). The resulting estimate of the 

response surface / depicted in Figure 6.3, showed strong evidence for substantial 

curvature; specifically, a mound-shaped response surface was suggested by the data. This 

fit implies that the mechanical stability w c ri t is maximized when [epichlorohydrin] and 

[DMSO] are 4.08 and 8.2 mL/g respectively, which is consistent with maximum 

observed in our experiment at input concentrations of £,= 2.78 mL/g and £ 2 = 8.33 mL/g. 

The plots of the response surface also suggest that mechanical stability at or near this 

maximum is only achieved in a relatively small set of DMSO and epichlorohydrin 

concentration pairings. 

For the purposes of conducting inference and interpreting model parameters, it 

was also desirable to pose a more structured, global model. Interestingly, the standard 

second-order response surface model can be seen as simply a global implementation of 

the polynomial fits employed above (Box et al. 2005): 

««* = /fc>&) = A + +Mx + Aitf +P*£ +012^2 +v (6-2) 

where fi\ and f5\ \ are the linear and quadratic regression coefficients for the main effect of 

[Epi] on M C r i t , and fin is the regression coefficient for linear interaction effect between 

and £ 2 . The results of fitting model (6.2) are presented in Table 6.2 and Figure 6.4, and 

the interaction effect /?12 is seen to be highly insignificant (p = 0.8664 » 0.05), whereas 

all other non-intercept terms are highly significant (maximum p = 0.0134 < 0.05). The 
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results of fitting a version of model (6.2) without the interaction term are also presented 

in Table 6.2 and we find that both the estimates and the strong statistical significance of 

the remaining non-intercept terms are essentially unchanged. The simplified model 

therefore permits a direct and unambiguous analysis of the dependence of wcrjt on the 

input variables and £ 2 , each of which was found to influence the mechanical stability. 

At low DMSO concentrations, the observed improvement in ucrn with increasing £ 2 is 

consistent with the known solvating effects of DMSO. The parabolic dependence of « c rj t 

on £ 2 is then observed because DMSO concentrations greater than 8.33 mL/g result in 

significant swelling of the particles, weakening interchain hydrogen bonds between 

disordered and partially crystalline regions of the regenerated cellulose architecture of 

MT100 even in the presence of a large concentration of crosslinking agent. Similarly, 

excessive crosslinking of the media at high epichlorohydrin loads (i.e., > 3 mL/g) results 

in significant swelling and mechanical breakdown of the media, presumably through the 

high osmotic pressures and new interchain forces created through the crosslinking 

reaction. Thus, the experimental and R S M results suggest that chemical crosslinking can 

improve the mechanical stability of MT100 only under conditions where the reaction 

does not disrupt the interchain hydrogen-bonding forces that naturally provide 

mechanical stability to the unmodified MT100 media. 

Finally, a two-fold change in the volume of 5.0 M NaOH added was also applied 

at two randomly chosen reaction conditions (£,= 0.56 mL/g,£ 2 = 8.33 mL/g; and 

11.11 mL/g,£ 2 = 11.11 mL/g) to verify, as reported by Ruckenstein and Guo (Guo and 

Ruckenstein 2001), that the NaOH concentration does not influence the reaction product 

provided the concentration of NaOH is sufficient to bring the reaction pH above 12. 

As quantified by « c rj t , the mechanical stability of C R L 100-7 (wcrjt = 6.0(±0.15) x 

10"4 m s"1) is ca. an order of magnitude greater than that of untreated Perloza™ MT100 

(wCrit = 0.64 x 10"4 m s"1). This is verified in Figure 6.5, which compares the measured 

flow curve for a packed bed of each media to show the significant extension of the 

desired linear response in pressure drop to increases in flow. As a result, mechanically 

permissible linear velocities within the CRL100-7 column extend deep onto the linear 

region of the van Deemter plot (as will be shown later in this manuscript), allowing 
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column operating conditions to be selected based on the traditional trade-off between 

throughput and mass-transfer related reductions in column efficiency. Thus, cross-linked 

media CRL100-7 was selected and further characterized as a potentially scalable matrix 

for affinity capture and purification of CBM9-tagged fusion proteins. 

6.3.2 Comparison of Sorption Properties 

Equilibrium adsorption studies were performed to determine the influence of 

cross-linking on the binding properties of the media. Adsorption isotherms for CBM9-

GFP binding to untreated MT100 and to the cross-linked media are shown in Figure 6.6. 

Both data sets are well described by the Langmuir equation, which shows that the 

epichlorohydrin cross-linking reaction does not alter binding affinity,, but reduces static 

capacity by ca. 25% (Table 6.3). The epichlorohydrin cross-linking chemistry is 

expected to target free hydroxyls (Figure 6.2), including the reducing ends of solvent-

exposed cellulose chains within the media, leading to the observed decrease in the ligand 

density for CBM9 binding. Nevertheless, the static capacity, which equates to 370 mg 

CBM9-GFP bound per g cross-linked media, remains significantly higher than that 

reported for most commercially available media used for fusion-tag based affinity 

chromatography (Lichty et al. 2005). Finally, negligible binding of ovalbumin was 

observed (Figure 6.6), indicating that cross-linking of the media produced no chemical 

alterations that enhance non-specific binding of proteins. 

6.3.3 Comparison of Column Parameters and Properties 

Using methods described previously (Rodriguez et al. 2004), moments analysis 

(Kubin 1965; Kucera 1965) was combined with van Deemter theory (Van Deemter et al. 

1956) to determine parameters characterizing the geometric properties of columns packed 

with CRL100-7 media and the mass-transfer behavior of CBM9-GFP within those 

columns. Experiments were conducted under nonbinding conditions with the column 

length to diameter (L/dc) ratio maintained above 5 to minimize end effects (Jungbauer 

1993). A l l wall effects were ignored since the ratio of dc to particle diameter (dp) was 

well above that needed to safely ignore column wall contributions to band broadening 

(Knox etal. 1976). 
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Measured parameters and properties are listed in Table 6.4 for both an unmodified 

MT100 column and our C R L 100-7 cross-linked media column. A peak asymmetry 

factor (As) close to unity and a reduced plate height (h) close to 2 are both good indicators 

(Bristow and Knox 1977) that the cross-linked media packs uniformly. The first moment 

Oi) for CBM9-GFP elution (nonbinding conditions) from the C R L 100-7 column shows a 

linear dependence on solute residence time (Figure 6.7) that, together with a regressed e 

value lower than measured for the untreated MT100 column, indicates the more 

mechanically stable cross-linked media packs somewhat more efficiently than the 

compressible media. 

A decrease in stationary-phase porosity sp with protein molecular weight is 

expected for media with pore diameters within the size range of the partitioning proteins. 

Stationary-phase porosities were therefore determined with respect to partitioning of 

CBM9-GFP, a 53 kDa fusion protein. Cross-linking decreases £p for this protein probe 

from its original value of 0.81 for untreated MT100 to 0.67, indicating a significant 

change in intraparticle pore architecture that is consistent with the 25% drop in static 

binding capacity reported in Table 6.3. Such changes in stationary-phase architecture 

might also alter solute mass transport such that gains in mechanical stability achieved 

through the cross-linking reaction occur at the expense of overall column performance. 

Second moment (a2) data for CBM9-GFP elution peaks were therefore determined as a 

function of interstitial velocity u0 and combined with the moments theory of Haynes and 

Sarma (Haynes and Sarma 1973) for operation under nonbinding conditions 

2/4 L \\-ej 
1 + 

rp , - rp 
3kf \5£pDpj 

(6.3) 

to obtain values for the parameters characterizing mass transfer of the CBM9-GFP fusion 

protein within a column packed with cross-linked MT100 media. The second moment 

data are plotted in Figure 6.8 according to equation 6.3, where D L is the axial dispersion 

coefficient, and kf and Dp are the film mass-transfer coefficient and pore diffusivity, 

respectively. Standard correlations for the bulk molecular diffusivity D M (Young et al. 

1980) and kf (Wilson and Geankoplis 1966) therefore permit estimation of D L and Dp 
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through regression of equation 6.3. The subsequent calculation of the column Peclet (Pe) 

and Biot (Bi) numbers then provides a sound basis for determining i f the cross-linking 

reaction has negatively impacted solute mass transport within the column. In a previous 

study (Kavoosi et al. 2007b), we determined that uptake of CBM9-tagged proteins within 

a MT100 column is limited by the rate of solute diffusion within the pores of the 

stationary phase, with axial dispersion providing no significant contribution to elution 

band broadening. As shown in Table 6.4, cross-linking of the MT100 media changes this 

result very little. Axial dispersion remains insignificant, mass transfer across the fluid 

film is enhanced by the small reduction in column voidage, and the pore diffusivity 

decreases only slightly compared to the column utilizing untreated MT100. As a result, 

both Pe and Bi are largely unchanged by the cross-linking reaction, indicating that rates 

of solute mass transfer and overall mass transfer behavior are quite similar in the two 

columns. 

Finally, as noted previously, the van Deemter plot (Figure 6.9) characterizing 

CBM9-GFP transport within the CRL 100-7 column confirms that this cross-linked media 

can be reliably operated far into the flow regime where reduced plate height is controlled 

by solute mass transfer kinetics within the stationary phase. 

6.3.4 Preparative Scale Affinity Purification of CBM9-GFP on CRL100-7. 

Figure 6.10 shows the chromatogram for the purification of CBM9-GFP from 

clarified E. coli BL21 cell lysate on a 60 mL CRL 100-7 column, which represents an 8-

fold column scale-up by volume. No protease inhibitors were added to the cell extract 

and the purification was performed at room temperature (21°C). Although u in this 

separation is ca. three times larger than wcrjt for untreated Perloza™ MT100, the 

purification on the C R L 100-7 column proceeded in a similar manner to that on the 

MT100 column (Kavoosi et al. 2004) when both chromatograms are reported in terms of 

elution volume. Initial breakthrough of contaminating proteins was observed after ca. one 

column void volume. The small fluorescence peak observed within the breakthrough 

profile for contaminating proteins indicates the presence in the clarified cell lysate of free 

GFP, released as a result of a small amount of degradation within the linker region 
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connecting CBM9 to GFP (Kavoosi et al. 2007a). Two wash steps were used to 

effectively remove most of the contaminating proteins present in the column. As evident 

by the overlapping A280 and fluorescent signals, addition of 1 M glucose to the mobile 

phase elutes CBM9-GFP as a single sharp peak. 

The product yield obtained in the pooled elution peak for the first cycle was 75 ± 

2 % (Table 6.5). Most of the lost product can be attributed to CBM9-GFP degradation 

products in the feed. Nevertheless, the yield from the initial run on the cross-linked 

column is lower than the 86% yield previously recorded for the same separation 

performed on an untreated MT100 column at a 3.6-fold lower linear velocity of 0.41 x 

l C W . 

SDS-PAGE gel documentation of the scaled-up purification (Figure 6.11) shows 

quantitative flowthrough (Lane 2) of contaminating proteins with minimal presence of 

CBM9-GFP, resulting in elution of the 53 kDa CBM9-GFP product (Lane 5) 

characterized by a purification factor greater than 95%. The weak 26 kDa elution band in 

Lane 5 corresponds to CBM9 affinity tag released by proteolytic degradation of the 

fusion protein within the linker region. As the purification was performed at 21°C with 

no protease inhibitors, activity from endogeneous proteases was likely responsible for the 

observed product degradation. Higher product yields may therefore be realized through 

application of a suitable protease inhibitor. 

6.3.5 Column Reusability 

The ability of CRL100-7 to provide acceptable and predictable purification 

performance with repeated column use was also investigated. Three consecutive 

purifications were performed at a superficial velocity of 1.5 x 10"4 m s"1 to identify any 

changes in column performance with increasing number of purification cycles. In all 

three purification cycles, very high product purity (>95%) was observed. Interestingly, 

product yield increased after the first column use (Table 6.5) to a value comparable to 

that observed for the untreated MT100 column. This suggests that the cross-linking 

reaction introduces a small number of sites that exhibit irreversible binding to CBM9-
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GFP. These sites are blocked in the first cycle, leading to the higher observed yields in 

the second and subsequent cycles. 

6.4 Conclusions 

The mechanical stability of porous Perloza™ MT100 cellulosic matrix was 

enhanced through an R S M optimized cross-linking reaction using epichlorohydrin to 

create a chromatographic media for affinity purification of recombinant CBM9-tagged 

fusion proteins. The chemistry used to cross-link MT100 is simple to conduct and 

inexpensive, yielding a stable affinity media that is ca. 1750th - l/100 t h the cost of popular 

affinity media currently used for industrial processing. The mechanically enhanced 

CRL100-7 media can withstand mobile-phase superficial velocities up to 6 x 10"4 m/s, 

representing an order of magnitude improvement in throughput over unmodified MT100. 

The cross-linking reaction alters pore architecture, reducing the porosity of the stationary 

phase by 20% and thereby lowering binding capacity by ca: 25%. Despite this loss in 

capacity, CRL100-7 is capable of binding 7.1 umol CBM9-GFP/g media (376 mg/g), a 

value superior to most commercial affinity-tag systems. The mechanical stability of the 

cross-linked media is maintained during (at least) modest column scale-up. Consecutive 

purifications on a scaled-up column showed yields equal to or greater than 82%, 

demonstrating reliable column performance from cycle to cycle. 
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6.5 Tables 

Table 6.1 Cross-linked resins and reaction conditions 

Resin Epichlorohydrin 
(ml/g cellulose) 

D M S O 
(ml/g cellulose) 

Merit 

(m/s) 

MT100 0 0 0.64 (±0.10) x 10"4 

CRLlOO-1 0.28 0 1.3 (±0.20) x lO" 4 

CRL 100-2 2.78 0 1.1 (±0.17) x 10"4 

CRL100-3 11.11 0 1.1 (±0.17) x 10"4 

CRL 100-4 0 8.33 0.64 (±0.10) x 10"4 

CRL100-5 0.28 8.33 1.2 (±0.18) x 10"4 

C R L 100-6 0.56 8.33 1.5 (±0.23) x 10"4 

CRL100-7 2.78 8.33 6.0 (±0.90) x 10"4 

CRL100-8 0 11.11 0.74 (±0.11) x 10"4 

CRL100-9 0.28 11.11 1.1 (±0.17) x 10"4 

CRL100-10* 11.11 11.11 1.2 (±0.18) x 10"4 

*The reaction for CRL100-10 had 2.8 ml/g of cellulose of 5 M NaOH. A l l other 
reactions had 1.4 ml/g of cellulose of 5 M NaOH. 
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Table 6.2 Results of fitting quadratic response surface models to the data set 
reported in Table 6.1 

Regression Equation 

«** =A>+ PA + + Pu?x + Putt + + * 

C o e f f i c i e n t E s t i m a t e 
S t a n d a r d 

E r r o r 
f - s t a t i s t i c p - v a l u e 

0.548 0.425 1.289 0.205 

Pi 0.710 0.163 4.353 9.79 x 10"5 

Pi 0.432 0.140 3.094 0.0037 

Pn -0.068 0.013 -5.085 1.02 x 10"5 

Pn -0.033 0.013 -2.595 0.0134 

Pn 0.002 0.010 0.169 0.8664 

Residual standard error: 1.079 on 38 degrees of freedom 
Multiple R-Squared: 0.5281 
Adjusted R-squared: 0.466 
F-statistic: 8.506 on 5 and 38 DF 
p-value: 1.784 x 10"5 

Regression Equation 

C o e f f i c i e n t E s t i m a t e 
S t a n d a r d 

E r r o r 
/ - s t a t i s t i c p - v a l u e 

Po 0.512 0.363 1.410 0.167 

P\ 0.720 0.148 4.851 2.00 x 10"5 

Pi 0.436 0.135 3.223 0.0026 

Pn -0.068 0.013 -5.152 7.75 x 10"6 

P22 -0.033 0.013 -2.622 0.0124 

Residual standard error: 1.066 on 39 degrees of freedom 
Multiple R-Squared: 0.5278 
Adjusted R-squared: 0.4793 
F-statistic: 10.9 on 4 and 39 DF 
p-value: 4.997 x 10"6 
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Table 6.3 Equilibrium adsorption parameters for MT100 and CRL100-7 affinity 
media determined from two independent experiments 

Resin 
Affinity Capacity 

(pmol/g resin) 

MT100 

CRL100-7 

0.71 (±0.05) x 106 

1.04 (±0.21) x 106 

9.53 (±0.23) 

7.10 (±0.33) 

* reported errors represent ±2a (i.e. 95% confidence interval) 
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Table 6.4 Column properties and parameters 

Parameter MT100 CRL100-7 Units 

L 9.3 11.4 cm 

h 2.3 (± 0.02) 2.6 (± 0.03) 

A, 1.1 (±0.03) 1.01 (±0.09) 

s 0.53 (± 0.07) 0.49 (±0.01) 

ep 0.81 (±0.02) 0.67 (± 0.01) 

DL 2.9 (± 1.8 ) x 10"9 5.0 (± 1.4) x 10"8 m2/s 

kf* 7.2 (± 0.13) x 10'6 7.8 (±0.23)x 10"6 m/s 

DM 6.54 x 10"11 6.54 x 10~" m2/s 

Dp* 4.5 (±0.21)x 10"12 1.7 (± 0.07) x 10"12 m2/s 

Pe* 613 (±29) 1668 (±69) 

Bi* 17 (±0.8) 51 (±2.3) 

* Properties determined for superficial velocity of 4.25 x 10"5 m/s at 294 K; two 
independent columns were packed to determine the error in the packing procedure. 
* reported errors represent ±2o (i.e. 95% confidence interval) 
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Table 6.5 Yield and purity for consecutive purification cycles of CBM9-GFP on a 
C R L 100-7 column 

Column cycle Yield Purity* 

1 74.8 (±2)% >95% 

2 88.7 (±3)% >95% 

3 83.5 (±3)% >95% 

*Determined by SDS-PAGE analysis 
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6.6 Figures 

Figure 6.1 Picture of an MT100 column pre- and post-compression. Picture shows 
bed compression at a superficial velocity of 1.06 x 10"4 m/s. 
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^ure 6.2 Schematic representation of the proposed epoxide-based reaction for 
cross-linking cellulose with epichlorohydrin. 
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Figure 6.3 Imageplot (A) and wireframe surface (B) for a locally weighted 
polynomial regression fit to the measured wcrjt (in m s"1 x 104) data set 
reported in Table 1. Created with the loess, levelplot, and wireframe 
functions in R (Young et al. 1980) and the add-on package Lattice (Lattice 
Graphics R package, version 0.14-16), with a span of 0.65 and a degree of 
2 (i.e. local fits are quadratic). The location of the maximum is indicated 
by (®). 
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Superficial Velocity X 104 ( m / s ) 

Figure 6.5 Pressure curve for solvent flow through an MT100 (open circles) or 
CRL 100-7 (filled circles) column monitored over a range of superficial 
velocities. The pressure drop curve for C R L 100-7 was compiled from two 
independent experiments. 
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Figure 6.6 Equilibrium adsorption isotherms for binding of CBM9-GFP to MT100 
(filled circles) and C R L 100-7 (open squares) at 21°C. Control experiment 
shows ovalbumin binding to CRL 100-7 (filled squares) at 21°C. The 
mobile phase buffer consisted of 50 m M phosphate buffer, 100 m M NaCl, 
pH 7. The curve represents the best fit of the experimental data to the 
Langmuir adsorption isotherm equation where q\ is the protein 
concentration bound to the media surface and c{ is the equilibrium 
concentration of protein free in solution. 
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Measured first central moment for blue dextran (filled squares) and 
CBM9-GFP (filled circles) on a column (I.D. 1.0 cm) packed with 
CRL 100-7. 
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Figure 6.8 Second moment analysis under non-binding conditions for a column (I.D. 
1.0 cm) packed with C R L 100-7 media. Pulse injections of CBM9-GFP 
were used over the superficial velocity range 4.25 x 10"5 m/s to 4.25 x 10"4 

m/s. The mobile phase consisted of 2 M glucose in 50 m M potassium 
phosphate, 100 m M NaCl (pH 7, 21°C). 
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Figure 6.9 Van Deemter plot describing CBM9-GFP transport within the CRL100-7 
column (I.D. 1.0 cm X 11.4 cm); the reduced plate height h 
= (a2L)/(jU\dP) is plotted as a function of the reduced linear velocity, 
given by (udv)IDM)-
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Figure 6.10 Chromatogram for purification of CBM9-GFP on a 60-mL CRL100-7 
column at 21°C. Clarified cell extract from E. coli BL21 were loaded onto 
a CRL100-7 column (2.6 cm I.D. X 11.8 cm) at a superficial velocity of 
1.5 x 10"2 m/s, washed with ca 3 column volumes (CV) of high salt buffer, 
ca 2.5 C V of low salt buffer and bound CBM9-GFP was eluted with I M 
glucose in low salt buffer. 10 ml fractions were collected and analyzed by 
both absorbance at 280 nm (solid line) and fluorescence emission at 509 
nm (filled circles). 
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Figure 6.11 12% S D S - P A G E documentation for preparative-scale affinity purification 
of C B M 9 - G F P on a CRL100-7 column (I.D. 2.6 cm). A l l samples were 
dissolved in sample buffer containing 10% SDS. Lane M : molecular 
weight markers in kg/mole; Lane 1: clarified cell extract prior to column 
loading; Lane 2: column flow through; Lane 3: high salt wash; Lane 4: 
low salt wash; Lane 5: pure C B M 9 - G F P eluted in low salt buffer 
containing 1 M glucose. 
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7 Conclusions and Recommendations 

Recombinant proteins are the fastest growing sector of the pharmaceuticals 

industry, providing effective therapy for a number of life-threatening diseases. They are, 

however, difficult and expensive to produce. Growing this important industry in a 

manner that meets the public's increasing demand for lower healthcare costs therefore 

requires new more efficient technologies for producing recombinant protein therapeutics. 

In this thesis, I have addressed this need by introducing an inexpensive affinity-tag 

technology for both research and preparative-scale purification of recombinant proteins. 

The technology centers on fusing a novel affinity tag, the family 9 carbohydrate-binding 

module (CBM9) of xylanase 1 OA from T. maritima, to either the N - or C- terminus of a 

target therapeutic. CBM9 has a strong and specific affinity for both soluble sugars and 

insoluble cellulose, allowing for effective capture of CBM9-tagged fusion proteins on an 

inexpensive cellulose-based chromatographic media and subsequent selective elution 

using 1-M glucose. The technology was successfully used to purify CBM9-tagged green 

fluorescent protein (CBM9-GFP) from a clarified bacterial cell extract with yields of 83 

(± 3)% following fusion-tag removal. GFP was selected as the first target protein to 

exploit its endogenous fluorescence, which provided a reliable means to quantitatively 

monitor each step of the purification. Subsequently, the CBM9 fusion tag technology has 

been successfully used to produce and purify a wide range of recombinant proteins in a 

cost-competitive manner. 

Along with verifying the utility of this cost-effective purification technology, the 

use of GFP as target permitted identification of a number of areas where improvement of 

the prototype technology could be realized. In particular, losses in fusion protein due to 

nonspecific cleavage within the short peptide connecting the tag and target were 

observed, indicating the need to identify linker sequences that provide improved 

proteolytic resistance. I therefore established two bioinformatic-based strategies for 

designing CBM9-tagged fusion proteins with enhanced stability within the solvent-

exposed linker region connecting the two protein domains. Both strategies, one based on 

identifying naturally occurring linkers within the proteome of the host organism, and the 

second based on screening peptidases and their known specificities using the 
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bioinformatics software MEROPS™, were successfully used to design a linker with 

improved resistant to endogeneous proteases of the host when compared against the 

traditional poly-glycine linker. Although widely used, the glycine-rich linkers were 

found by tandem MS data to be susceptible to hydrolysis by E. coli peptidases. The 

natural (PT)XP and MEROPS™-designed S3N10 linkers were significantly more stable, 

indicating both strategies provide a useful approach to linker design. As both 

bioinformatics-based approaches are easily implemented as an in silico high-throughput 

screen, they can potentially be used to optimize linker design for any given fusion 

protein, an area that deserves further study given the paucity of available strategies for 

linker design. 

Given the low cost of the bacterial production system and the cellulose-based 

affinity chromatography column, the overall process economics of fusion protein 

production and purification using the CBM9 affinity tag is largely dictated by the cost of 

the enzyme-catalyzed cleavage step required to remove the tag and recover the target 

protein. Use of GFP as the target protein provided a convenient way to show that the 

choice of the processing enzyme and the local structure of the cleavage site (including the 

adjacent linker sequence) affect the rate of tag bioprocessing, which in turn, influences 

the yield and economics of the bioprocess. I therefore introduced a simple spectroscopic 

method to screen a candidate library of processing-enzyme/linker-sequence combinations 

to identify a pair that enhances the rate of processing of our target CBM9-tagged fusion 

protein while providing resistance to nonspecific cleavage by endogenous peptidases. 

The assay, based on the Luminescence Resonance Energy Transfer (LRET), monitors 

nonradiative energy transfer from a lanthanide-based donor specifically bound to CBM9 

and an acceptor fluorophore presented on the target protein. Enzyme catalyzed 

hydrolysis of the fusion protein terminates the resonance energy transfer, leading to a 

decrease in the sensitized fluorescence intensity of the acceptor that can be continuously 

monitored to quantify substrate concentration over time. The LRET-based assay is 

simple, fast and provides accurate kcJKu values with standard errors of less than 3%, 

allowing measurement of both substantial and subtle differences in bioprocessing 

kinetics. Application of this technology to design the CBM9-tagged fusion proteins may 
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therefore speed product transfer to the manufacturing scale and decrease production 

costs. 

The high cost of affinity resins is another factor currently limiting the industrial 

application of affinity chromatography. Although not manufactured for this purpose, the 

extraordinarily inexpensive cellulose-based chromatography media Perloza™ MT100 

selectively binds CBM9-tagged fusion proteins with remarkably high capacity (e.g. 583 

mg/g). However, this economic advantage over other commercially available affinity 

matrixes cannot be realized at the preparative scale because Perloza™ MT100 is prone to 

bed compression at elevated flow rates. Epoxide-based cross-linking chemistry was 

therefore used to mechanically stabilize Perloza™ MT100 at higher linear velocities to 

improve throughput and permit column scale up. A fixed-effect two-way response 

surface methodology was used to identify reactant concentrations resulting in an order-

of-magnitude improvement in the mechanical stabilization of the media without 

significantly diminishing column capacity. The purification performance and stability of 

the cross-linked cellulose column were shown to not be diminished by modest scale-up, 

suggesting that this modified resin may provide a practical and economical purification 

system for preparative-scale purification of CBM9-tagged recombinant therapeutics. 

However, further studies are certainly required to establish a comprehensive 

understanding of process scale-up. 

The use of CBM9 fusion tag technology at the industrial-scale would also benefit 

from an accurate mathematical model to predict fusion protein mass transfer and elution 

under a variety of loading conditions and column geometries. The traditional pore-

diffusion model (PDM) forms the basis of the most popular models describing protein 

uptake within porous affinity chromatography columns. The predictive power of this 

model can be compromised by a boundary condition that can result in unrealistic 

concentration profiles within the stationary phase. I have relaxed this unnecessary 

approximation by introducing a generalized two-zone model (TZM) for adsorptive 

chromatography capable of predicting column performance under both linear and non

linear loading conditions and over a range of superficial velocities. The T Z M divides the 

porous sorbent particle into two zones: an inner protein-free core and an outer zone where 
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the protein concentration gradient, described by the Langmuir theory, dictates solute 

loading and adsorption. The novel T Z M is able to accurately predict fusion protein 

loading and breakthrough in the presence of clarified bacterial cell extract, thereby 

providing an important tool for technology scale-up and simulation. 

In this thesis, I have therefore developed a new cost-effective affinity-tag 

technology for production and purification of recombinant therapeutics, identifying and 

effectively addressing a number of issues that could impact the use of the technology at 

larger scales. Although my work has largely focused on issues related to recombinant 

protein manufacturing, the fusion-tag technology I describe is highly flexible, allowing 

its potential use in a number of important areas of biotechnology, including the growing 

field of proteomics. The CBM9 affinity system can be used in a small-scale, high-

throughput format to analyze protein expression and purification protocols under 

different environmental conditions. The technology can therefore be applied to parallel 

production of proteins within a proteome of interest or to rapid identification of 

promising strategies for producing a protein of interest at high yield and purity. The 

complementary technologies developed to assist with the technology transfer to 

preparative scales can also be applied in a small-scale, high throughput format to other 

areas of research. For example, the LRET-based technology can be applied to any 

system for parallel high-throughput monitoring of the rate of hydrolysis. Incorporating a 

lanthanide binding tag (Sculimbrene and Imperiali 2006) and the K coil of the de novo-

designed coiled-coil heterodimerization tag technology (Chao et al. 1998; Tripet et al. 

1996) at opposing ends of the fusion protein of interest, allows for the selective labeling 

of the fusion protein with both a lanthanide donor and an appropriate acceptor 

fluorophore; in the latter case, through binding of a synthesized E coil to which an 

appropriate fluorophore has been covalently attached (E and K coils will spontaneously 

associate into a full helical, stable (K a ~1 X 109 M" 1) coiled-coil structure, Chao et al. 

1998). These promising applications were not addressed in this thesis, but could form the 

basis of an important and interesting follow-up research project. 
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