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ABSTRACT 
The aim of this work was to develop a production process for the enzyme xyloglucan 

endo-transglycosylase from Populus tremula x tremuloides (PttXET16-34). The natural 

transglycosylating activity of this enzyme has previously been employed in a XET-

Technology. This chemo enzymatic method is useful for biomimetic modification of 

cellulose surfaces and holds great potential for industrial applications. Thus, it requires 

that the XET-enzyme can be produced in larger scale.  

       This work also shows how the wildtype PttXET16-34 was modified into a 

glycosynthase. By mutation of the catalytic nucleophile into an alanine, glycine or serine 

residue, enzymes capable of synthesising defined xyloglucan fragments were obtained. 

These defined compounds are very valuable for further detailed studies of xyloglucan 

active-enzymes, but are also useful in molecular studies of the structurally important 

xyloglucan-cellulose interaction.  

       A heterologous production system for PttXET16-34 was previously developed in the 

methylotrophic yeast Pichia pastoris. A methanol-limited fed-batch process was also 

previously established, but the yield of active XET was low due to proteolysis problems 

and low productivity. Therefore, two alternative fed-batch techniques were investigated 

for the production of PttXET16-34: a temperature-limited fed-batch (TLFB) and an 

oxygen-limited high-pressure fed-batch (OLHPFB).  

       For the initial recovery of XET after the fermentation process, two different 

downstream processes were investigated: expanded bed adsorption (EBA) and cross-flow 

filtration (CFF).  

 

 

Keywords: xyloglucan endo-transglycosylase, retaining glycoside hydrolase, 

glycosynthase, Pichia pastoris, fed-batch fermentation, expanded-bed adsorption 
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SAMMANFATTNING 
Målet för det här arbetet var att utveckla en storskalig produktionsprocess för 

växtenzymet xyloglukan endo-transglykosylas (XET) från Populus tremula x tremuloides 

(PttXET16-34). Naturligt är enzymet aktivt på hemicellulosan xyloglukan (XG) som 

finns i den primära cellväggen hos de flesta växter. Enzymet är aktivt på XG genom en 

transglykosylytisk mekanism: Först klipps en XG-kedja sönder, sedan överförs kedjan till 

en ny XG-kedja och i sista steget klistras de samman. En enzymteknologi (XET-

teknologi) har tidigare utvecklats. Denna metod, med industriell potential, möjliggör 

biomimetisk modifiering av cellulosaytor. En djupare förståelse av XET-enzymets 

katalytiska mekanism samt en breddning av dess användingsområden är viktiga steg i 

utvecklingen av XET-teknologin. Att kunna producera enzymet i större skala är också av 

mycket stor betydelse.  

       I det här arbetet visas hur en mutation av den katalytiska nukleofilen i aktiva-sätet 

förändrar den ursprungliga aktivteten hos vildtypsenzymet till att agera som ett 

glykosyntas. Glykosyntaser är användbara för syntes av oligo- och polysackarider med 

väldefinerad struktur. Här har XET-glykosyntaset används till att syntetisera definerade 

xyloglukan fragment. Dessa fragment är mycket användbara i detaljstudier av andra 

enzymer aktiva på xyloglukan, men även för studier av den naturligt starka interaktionen 

mellan cellulosa och xyloglukan. 

       Ett rekombinant produktionssystem för PttXET16-34 var tidigare utvecklat i 

jästsvampen Pichia pastoris. En fermentationsprocess var även utvecklad, baserad på en 

metanol-begränsad fed-batch process. På grund av proteolysproblem och låg 

produktivitet var utbytet av aktivt enzym lågt. I det här arbetet har därför två stycken 

alternativa fed-batch processer utvärderats för produktion av PttXET16-34: en 

temperatur-begränsad fed-batch (TLFB) samt en fed-batch process med övertryck och 

syrebegränsning (OLHPFB).  

       För primärrening och omhändertagande av XET-enzymet direkt efter 

ferementationsprocessen utreddes två stycken olika nedströmsprocesser: expanderad 

bädd adsorption (EBA) samt filtrering med mikro- och ultrafilter. Dessa jämfördes på 

parameterar som bufferåtgång, renhet hos produkt, total processtid samt totalt utbyte. 
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1 INTRODUCTION 
 
The demand for sustainable and more environmentally friendly products (biofuels, 

bioplastics, biocomposites) has increased rapidly during the past few decades. In order to 

replace petrochemicals, new and alternative technologies are highly desired. Nature has 

built up an endless diversity of materials with different properties: such as size, shape, 

color, etc., from just a few basic building blocks, thus Nature can serve as a great 

resource for exploration of microorganisms or materials with desired properties - useful 

for new products. Another approach for the development of new technologies, is trying to 

mimic Nature. One of the main goals for the research within the Wood Biotechnology 

group at KTH is to develop biotechnological tools for biomimetic material design via 

enzyme discovery in wood. 

       In this work an enzyme from hybrid aspen (Populus tremula x tremuloides), a 

xyloglucan endo-transglycosylase (XET) has been studied. The current lab has previously 

established an enzyme technology: XET-Technology (Brumer et al. 2004), which 

combines chemistry and enzymology, and enables modification of cellulose. To mediate 

introduction of a diverse functionalities onto various cellulose surfaces, an extensive 

toolbox has been developed (Zhou et al. 2005). Deeper knowledge about the action and 

mechanisms of XET will help to further develop this technology for applications in larger 

scale. Thus, this requires approaches for scale-up of the enzyme production.  

 

1.1.1 Enzymes  

Enzymes are biological catalysts. They increase (catalyse) the rate of chemical reactions 

taking place within living cells without being consumed themselves. Enzymes are also 

highly specific and can make reactions happen at very mild conditions. These features 

make them valuable tools for modern, sustainable and environmentally friendly 

applications.  

       Since enzymes can exhibit impressive stereospecificity, regioselectivity and 

chemoselectivity they have been used in the chemical industry or for other industrial 

applications, where extremely specific catalysts are needed (Schmid et al. 2002). 

However, enzymes in general, are limited in the number of reactions they have evolved to 

catalyse and also by their lack of stability in organic solvents and at high temperatures.  
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       Detailed knowledge about the mechanism by which enzymes operate is a prerequisite 

for a successful application in biotechnological processes. Analysis of specific positions 

along the protein structure provides useful information for which sites are involved in 

enzyme catalysis and substrate interactions. This knowledge is also useful for protein 

engineering to change and improve the activity and stability of enzymes. Two basic 

strategies are generally employed: a random or a rational approach. The random approach 

(directed evolution) is used in those cases where no information about the protein 

structure is available or where no specific targets for mutation has been identified. 

Examples of random methods are gene shuffling and random mutagenesis (Stemmer 

1994). The rational approach includes more specific methods, for example domain 

swapping and site-directed mutagenesis. The later method makes use of specific primers 

to introduce mutations at specific sites within the protein. However, in order to 

successfully use the rational techniques knowledge about the protein sequence and 

structure is generally required. For detailed protein analysis, the target protein can be 

purified from its natural source, but often it is more convenient to express recombinant 

proteins in heterologous hosts. Heterologous protein expression does not only give higher 

yields, it also mediates that protein variants are more easily produced with DNA 

techniques, such as site-directed mutagenesis. 

 

1.1.2 Industrial applications of enzymes 

Enzymes found in nature have been used since ancient times in the production of food 

products, such as cheese, sourdough, beer, wine and vinegar, or for the manufacturing of 

leather, indigo and linen (Kirk et al. 2002). The processes relied on enzymes secreted by 

spontaneously growing microorganisms or from enzymes present in preparations added 

such as calves’ rumen or papaya fruit. The enzymes were not used in pure or well- 

characterized form. The development of fermentation processes, aimed specifically at the 

production of enzymes, made it possible to manufacture enzymes in large scale. This 

development allowed for introduction of enzymes into industry processes, for example 

within the detergent-, textile- and starch industries. Today, the use of enzymes in 

industrial processes is becoming increasingly widespread (Table 1), mostly due to their 
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high catalytic efficiency and their ability to operate under “green” conditions (Hancock et 

al. 2006).  

 
Table 1. Enzymes used in various industrial segments and their applications. Adapted from (Kirk et al. 
2002) 

 

1.1.3 Enzymes in the Forest Industry  

The use of enzymes in various steps of the production of pulp and paper started in larger 

scale in the 1980’s and has increased considerably since then (Bajpai 1999). For example 

xylanases, peroxidases and laccases have been valuable for improved pulp bleaching 

Amylases and cellulases have been useful for de-inking. Another current area of interest 

is the use of cellulases and xylanases in the conversion of lignocellulosic biomass, 

consisting of cellulose, hemicellulose (glucans, mannans and xylans) and lignin, into 

soluble sugars suitable for biofuels production (Hancock et al. 2006). 

 

Industry Enzyme class Application 
Detergent Protease 

Lipase 
Cellulase 

Protein stain removal 
Lipid stain removal 
Cleaning, colour clarification, anti re-deposition 

Food Protease 
Lipase 
Lactase 
Pectin methyl esterase 
Pectinase 

Milk clotting, infant formulas, flavour  
Cheese flavour 
Lactose removal (milk) 
Firming fruit-based products 
Fruit-based products 

Beverage Pectinase 
Amylase 
β-Glucanase 
Laccase 

De-pectinisation, mashing 
Juice treatment, low calorie beer 
Mashing 
Clarification (juice), flavour (beer) 

Baking Amylase 
Xylanase 
Lipase 
Protease 
Transglutaminase 

Bread softness and volume, flour adjustment 
Dough conditioning 
Dough stability and conditioning 
Biscuits, cookies 
Laminated dough strengths  

Pulp and paper Lipase 
Protease 
Amylase 
Xylanase 
Cellulase 
XET 

Pitch control, contaminant control 
Biofilm removal 
Starch-coating, de-inking, drainage improvement 
Bleach boosting 
De-inking, drainage improvement, fibre modification  
Fibre modification 

Biofuel Cellulase 
Ligninase 

Breakdown of cellulose to fermentable sugars 
Breakdown of lignin waste 

Textile Cellulase 
Amylase 
Laccase 

Denim finishing, cotton softening 
De-sizing 
Bleaching 
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1.2 Carbohydrate active enzymes 
Carbohydrates play an important role in nature. Living organisms utilize a huge and 

diverse array of mono-, di-, oligo- and polysaccharides in various biological processes, 

such as for: nutrition, storage of energy, structural elements or mediators of cellular 

signalling events (Davies et al. 2005). Different types of carbohydrates, with a broad 

stereochemical variation, are synthesised, modified and hydrolysed by Carbohydrate 

Active enZymes (CAZymes). These enzymes are classified in the CAZy database 

(http://afmb.cnrs-mrs.fr/CAZY/) (Couthino and Henrissat 1999), where they are divided into 

five categories: glycoside hydrolases (GH), glycosyl transferases (GT), polysaccharide 

lyases (PL) and carbohydrate esterases. The non-catalytic carbohydrate-binding modules 

(CBM) are also classified at CAZy.  

 

1.2.1 Enzyme classification  

Enzymes can be classified on the basis of substrate specificity, mechanism of action, 

mode of action or on the basis of amino acid sequence similarities (Davies and Henrissat 

1995). The most traditional classification system, the ‘EC-numbers’, was developed by 

the Enzyme Commission (EC), on demand from the Nomenclature Committee of the 

International Union of Biochemistry and Molecular Biology (IUBMB) 

(http://www.chem.qmul.ac.uk/iubmb/enzyme). Here enzymes are classified on the basis 

of substrate specificity and divided into six main classes, based on the total reaction 

catalysed. Each enzyme is assigned a four number code preceded by "EC", where the first 

number shows to which of the main classes the enzyme belongs. The second and third 

digits describe what kind of reaction is being catalysed, and the fourth distinguishes 

between enzymes by defining the actual substrate. However, with this classification it is 

difficult to distinguish between enzymes catalysing very similar, but non-identical 

reactions, or enzymes that act on several substrates. This is particularly relevant to 

glycoside hydrolases, which can be quite promiscuous with respect to substrate 

specificity, displaying broad, overlapping specificities. For example, endoglucanases, 

typically considered cellulases, are also active on other polysaccharides such as xylan, 

xyloglucan, β-glucan and various artificial substrates.  
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       In 1991, a new classification system for glycoside hydrolases was proposed by 

Henrissat and coworkers (Henrissat 1991). This system, which is complementary to the 

EC-classification described above, is based on amino acid sequence similarities and 

groups the enzymes into different families. Since the folding of proteins is better 

conserved than their sequences, some of the families are also grouped in superfamilies 

called “clans.” The enzymes within one clan share the same structural features and the 

same catalytic machinery. This information helps to reveal the evolutionary relationships 

between enzymes. Currently, 110 sequence-based families of glycoside hydrolases are 

known and arranged into 14 different clans. Over 60 three-dimensional structure 

representatives are available (Davies et al. 2005). The latest structural information about 

CAZymes is updated at (http://afmb.cnrs-mrs.fr/CAZY/). 

 

1.2.2 Reaction mechanism of glycosidases 

Glycosidases hydrolyse glycosidic bonds via general acid catalysis. The hydrolysis can 

occur via two stereochemically different mechanisms: retaining or inverting, resulting in 

either a net retention or an inversion of the anomeric configuration (Koshland 1953; 

Davies and Henrissat 1995). In both cases, two catalytic groups are required for catalysis: 

one acting as proton donor and the other as nucleophile/base. For most glycosidases these 

catalytic groups are either glutamate or aspartate residues. The different catalytic 

mechanisms give rise to a structural difference between inverting and retaining 

glycosidases. In the case of retaining glycosidases the catalytic groups are separated by 

approximately 5 Å and approximately 7-10 Å in inverting glycosidases, which must have 

room for a water molecule between the base and the anomeric carbon (Figures 1 and 2) 

(McCarter and Withers 1994; Davies and Henrissat 1995). The retaining mechanism will 

be described in further detail in 1.2.3. 
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Figure 1. Schematic drawing of the inverting mechanism of glycoside hydrolases. Adapted from 

http://afmb.cnrs-mrs.fr/CAZY/. 

 
 

 
Figure 2. Schematic drawing of the retaining mechanism of glycoside hydrolases. Adapted from 

http://afmb.cnrs-mrs.fr/CAZY/. 

 

1.2.3 Applications of retaining glycoside hydrolases for oligosaccharide synthesis 

Retaining glycoside hydrolases have been very valuable in the synthesis of oligo- and 

polysaccharides (Vocadlo and Withers 2000; Hancock et al. 2006). The synthesis is 

driven by the formation of a glycosyl-enzyme intermediate in the catalytic mechanism, 

which enables these enzymes to perform glycosyl transfer to acceptors other than water. 

However, transglycosylation requires control of the reaction conditions. Two main 

approaches have been employed to achieve transglycosylation: kinetically or 

thermodynamically controlled. Kinetic control involves trapping of the glycosyl-enzyme 

intermediate by using donor substrates with good leaving groups (aryl glycosides and 

glycosyl fluorides). A good leaving group mediates that the enzyme is continuously 
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charged with donor in the donor site, which is important for the second rate-determining 

step in the retaining mechanism. In this step the acceptor substrate attacks the anomeric 

carbon, hydrolyses the glycosyl-enzyme intermediate and in this case, creates a new 

glycosidic linkage. Thermodynamic control of transglycosylation is achieved by 

minimizing the water activity in the reaction, typically by the use of organic solvents, 

which will favour the transfer to the acceptor molecule. In both approaches the yields of 

transglycosylation products are low, since the products eventually also become 

substrates, and are hydrolysed by the enzyme.  

       To overcome this drawback a glycosidase with no hydrolytic activity but with 

transglycosylation potential was developed by Withers and co-workers in 1998. By 

genetic engineering of an exo-β-glucosidase from Agrobacterium they created the first 

glycosynthase (Mackenzie et al. 1998). Glycosynthases are mainly retaining glycosidases 

in which the catalytic nucleophile has been replaced by an inert amino acid residue 

(Figure 3). When acting on fluoride glycosyl substrates, with the opposite anomeric 

configuration to that of the natural substrate, these enzymes catalyse the formation of 

glycosidic bonds, but with no hydrolysis of the glycosylation products. In a one-step 

inverting mechanism, the remaining catalytic residue acts as a base to deprotonate the 

acceptor substrate. The extra cavity created by the mutation into a smaller residue such as 

alanine or glycine, fits the α- fluoride glycosyl donor substrate neatly into the active site, 

thus allowing for the right conformation for nucleophile attack by the activated acceptor 

(Figure 3). 

       Today, the glycosynthase concept has been employed to glycoside hydrolases from 

eight families (Couthino and Henrissat 1999), both to exo- and endo-acting hydrolases, 

covering a large range of glycosyl donors and glycosidic-linkages formations (Moracci et 

al. 2001). Recently, the first glycosynthase from an inverting enzyme, a xylose-realeasing 

exo-oligoxylanase from Bacillus halodurans, was reported (Honda and Kitaoka 2006). 

       Glycosynthases are valuable tools to provide various types of tailor-made substrates 

useful in a variety of fields, such for research purposes to study substrate specificity or 

mapping subsites, or as therapeutic agents in the pharmaceutical industry. Recent work 

has expanded the repertoire of accessible glycosides synthesized by glycosynthases to 
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include glycosphingolipids, which is a class of important therapeutic compounds that has 

been very difficult to synthesize by conventional methods (Hancock et al. 2006).  
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Figure 3. A) Transglycosylation reaction catalyzed by retaining glycosidase. A covalent glycosyl-

enzyme intermediate is formed, which allows for glycosyl transfer to other acceptors than water 

B) Transglycosylation reaction catalyzed by “glycosynthase”, where the catalytic nucleophile has 

been mutated into an alanine. Adapted from (Hancock et al. 2006). 

 

1.3 Xyloglucan endo-transglycosylases 
Xyloglucan endo-transglycosylases (XETs) are enzymes naturally active in the primary 

cell wall of plants (Purugganan et al. 1997). The primary cell wall of dicots and half of 

the monocots is composed of cellulose, hemicellulose and pectin, with xyloglucan as the 

major hemicellulose. The cellulose microfibrils are linked via xyloglucan tethers to form 

a cellulose-xyloglucan network, embedded in the pectin matrix (Figure 4). Most plants 

express a number of different XET isoenzymes with different expression patterns and 

activities. The array of isoenzymes may be responsible for various functions in the plant 

cell wall such as in cell expansion (Purugganan et al. 1997), loosening of the cell wall 

during cell growth (Carpita and Gibeaut 1993), in cell wall restructuring, by 
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incorporation of newly synthesized xyloglucan chains into the architecture of the cell 

wall, linking them to the ends of older chains (Carpita and Gibeaut 1993; Thompson and 

Fry 2001) and, possibly, in reinforcing the connection between the primary and 

secondary cell walls (Bourquin et al. 2002). 

 

 
Figure 4. The xyloglucan molecules in the primary cell wall cover the cellulose microfibrils 

and connect adjacent microfibrils. Adapted from (Rose and Bennett 1999). 

 

1.3.1 Catalytic mechanism of XET 

XET belong to the GH16 family, which contains enzymes applying the retaining 

mechanism for catalysis of their substrates. XET are active on xyloglucan by catalysing 

the cleavage of the xyloglucan polymer, transfer it to another xyloglucan chain and then 

rejoin them. The catalysis occurs in a double-displacement mechanism, involving the 

formation of a covalent glycosyl-enzyme intermediate (glycosylation step) that later is 

decomposed (deglycosylation step) in a general acid/base-catalysed process. Unlike other 

enzymes within the GH16 family, most XETs so far characterized have no hydrolytic- 

but only transglycosylating activity (Johansson et al. 2004; Saura-Valls et al. 2006). 

While hydrolases use a deprotonated water molecule in the nucleophilic attack on the 

anomeric carbon to hydrolyse the glycosyl-enzyme intermediate, true transglycosylases 

use a new glycosyl acceptor for this attack, which results in formation of a new 

glycosidic bond.  
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1.3.2 Structure and physical properties of xyloglucan 

Xyloglucan is structurally related to cellulose as it shares the same backbone of β(1→4)-

linked glucose residues. The major repeating unit contains four glucose units (Figure 5), 

where three out of four glucose units are substituted with α(1→6) xylose residues. Some 

xylose units are substituted by galactose through a β(1→2) bond and these can be further 

substituted with α(1→2) fucose residues. The side chains of xyloglucan, especially when 

substituted with galactose, give rise to remarkably different physical properties compared 

to cellulose; xyloglucan is highly water soluble and cannot form ordered crystalline 

microfibrils (Purugganan et al. 1997).  

       Xyloglucan is the predominant storage polysaccharide in the cell walls of seed 

endosperms from the tree tamarind (Tamrindus indica). Tamarind seeds are used as a 

starting material for enzymatic digestion of xyloglucan, to produce a mixture of 

xyloglucan oligosaccharides (XGOs) (Zhou et al. 2006). Depending on the number and 

position of (β(1→2)) linked galactoses, a mixture of four different XGOs is produced. 

The chemical names of the different XGOs are quite complicated and therefore Fry and 

co-workers introduced a one-letter code for the different oligosaccharides designated 

XXXG, XLXG, XXLG and XLLG. The X represents a α-D-Xylp(1→6)-Glcp unit, L 

represents a β-D-Galp(1→2)-α-D-Xylp(1→6)-Glcp unit and G represents a Glcp residue 

(Purugganan et al. 1997).  
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Figure 5. The structure of the repeating unit of xyloglucan. The main repeating unit contains 

four β(1→4)-linked glucose units, substituted with three α(1→6) xylose residues. Four 

different oligosaccharides are prepared by enzymatic treating of xyloglucan:  XXXG: n=0, 

m=0; XLXG: n=1 m=0; XXLG: n=0, m=1; XLLG: n=1, m=1 (Purugganan et al. 1997). 
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       Xyloglucan binds tightly to cellulose (Zhou et al. 2007; Baumann 2007a). The 

binding occurs in a wide pH range (2 to 8) but decreases at high pH conditions, which are 

typically used for extraction of xyloglucan from plant material. The interactions between 

xyloglucan and cellulose are believed to be non-covalent, but the exact mechanism is not 

fully understood. 

       The natural affinity of xyloglucan for cellulose has been employed in various 

technical applications. Xyloglucan in the form of tamarind kernel powder are commonly 

used as sizing agents in the textile industry but has also been useful as a wet-end additive 

in papermaking (Christiernin et al. 2003; Lima et al. 2003; Zhou et al. 2007).  

 

1.3.3 Applications for XET 

Brumer and co-workers have previously developed a chemo-enzymatic approach for 

modification of cellulose surfaces, based on the transglycosylating activity of XET and 

the tight binding of xyloglucan to cellulose (Brumer et al. 2004). The technology makes 

use of chemically modified XGOs, incorporated enzymatically by XET into high 

molecular mass xyloglucan. The reaction mixture can later be adsorbed onto different 

cellulose surfaces, where only the functionalized high molecular xyloglucan adsorbs to 

the cellulose. A diverse toolbox has been developed, with chemical groups ranging from 

amino groups, protein ligands, fluorescent dyes, optical brightening agents, thiol groups, 

and initiators for polymerisation reactions, which allows for a choice of functions to be 

added onto cellulose surfaces (Zhou et al. 2005). As xyloglucan has shown to bind to 

many types of cellulose surfaces, including wood fibres, filter papers, cotton cellulose, 

bacterial cellulose, microcrystals and regenerated cellulose, the XET/xyloglucan method 

holds great potential for further applications in fibre modification (Brumer et al. 2004), 

and biomedical applications, such as the generation of biocompatible artificial blood 

vessels (Bodin et al. 2007). However, in order to make the technology viable for large-

scale industrial processes the enzyme production must be scaled up. 
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1.4 Protein production 
 

1.4.1 Industrial enzyme production 

Most enzymes used in industry are extracellular i.e. the target enzyme is secreted from 

the microorganism or the expression host into the culture media. Compared to 

intracellular enzymes; extracellular enzymes can be produced more economically since 

the purification is more straightforward. Generally efforts are focused on suppression or 

inactivation of unwanted enzymes secreted by the species rather than into protein 

purification and this yields a culture liquid that can be used directly as an enzyme 

preparation only after conditioning and concentration (Häggström and Enfors 2000). The 

high demand for biocatalysts has been a driving force for the development of a wide 

range of new alternative methods/technologies for enzyme production, including solid-

state fermentation (i.e aerobic microbial transformation of moist solid nutrients) and 

production of enzymes with genetically modified microorganisms or plants (Hood 2002). 

Enzymes from the plant kingdom have so far been rarely exploited in industry. Thus, 

recently the interest for plant enzymes has increased since they have many interesting 

activities such as modifications of cell walls and synthesis of biopolymers etc (Hamann 

and Lange 2006). 

 

1.4.2 Recombinant protein production 

With the technology available today it is possible to clone and overexpress proteins in 

higher yields than when the desired protein is extracted from its natural source. There are 

many different systems for recombinant protein expression, both prokaryotic and 

eukaryotic. Bacterial hosts (Escherichia coli, Bacillus spp. etc) are generally easy to work 

with since they have short generation times and produce large amounts of protein. 

However, these hosts are not capable of performing some of the post-translational 

modifications, such as glycosylation, acylation, phosohorylation and proteolytic cleavage, 

required for fully active enzymes. Eukaryotic systems, such as yeasts and filamentous 

fungi are capable of performing these modifications and are also relatively easy and fast 

to work with. Yeasts (e.g. Saccharomyces cerevisiae and Pichia pastoris) have been 

widely used for production of heterologous proteins. Filamentous fungi, such as different 
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strains of Trichoderma and Aspergillus species are commonly used for production of 

industrial enzymes including cellulases and hemicellulases. For the production of highly 

complex proteins, for example human proteins, higher eukaryotic systems are required. In 

these cases plant cells, insect cells or mammalian cells can be very useful. Compared to 

yeasts, mammalian cells require complex growth media or culture conditions, which 

makes these systems more expensive to work with. 

 
1.4.3 Heterologous expression of XETs  

XETs from different tissues and plants have been heterologously expressed in different 

hosts such as E. coli (Arrowsmith and de Silva 1995; Purugganan et al. 1997; Schröder et 

al. 1998; Bourquin et al. 2002), baculovirus/insect cell systems (Campbell and Braam 

1999) and P. pastoris  (Henriksson et al. 2003; Chanliaud et al. 2004; Kallas et al. 2005) 

for biochemical and enzymatic characterisation. Recombinant expression from E. coli has 

however resulted in low yields of active protein, since the expressed protein accumulates 

as insoluble material in inclusion bodies, requiring solubilization in denaturing conditions 

and refolding. Expression in baculovirus/insect cell systems resulted in secretion of active 

XET into the culture medium (Campbell and Braam 1999), but the baculovirus/insect cell 

systems are quite tedious to work with; and therefore not suitable for large-scale 

production. Attempts to increase the yields and to produce large quantities of XET 

isoenzymes are rare in literature, but recently an attempt to express a potato XET in the 

filamentous fungi A. oryzae was published (Hamann and Lange 2006). However, the 

recombinant expression of XET was not successful, as indicated by the expression levels 

which were neither detectable with SDS-PAGE nor with Western-Blot. Yet, expression 

of various XETs from different species has been successful in the yeast P. pastoris, 

yielding secreted and active enzymes (Catala et al. 2001; Henriksson et al. 2003; 

Chanliaud et al. 2004; Bollok et al. 2005; Kallas et al. 2005; Saladie et al. 2006; Van 

Sandt et al. 2006; Toikkanen et al. 2007; Baumann et al. 2007b).  

 

1.4.4 Heterologous protein production in P. pastoris  

P. pastoris is a frequently used host for production of foreign proteins in milligram-to-

gram quantities, with applications both in research and industry (Cereghino and Cregg 
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2000). P. pastoris is particularly suited for heterologous protein expression due to a 

number of reasons: it is easy to manipulate at the molecular genetic level, it can express 

and secrete recombinant proteins at high levels; it has the ability to perform ‘higher 

eukaryotic’ protein modifications and it secretes very few endogenous proteins, which in 

it self is a substantial purification step and simplifies the product recovery. The Pichia 

Expression system is available as a commercial kit from Invitrogen Corporation 

(Carlsbad, CA, USA). Recent developments of this system, as well as detailed 

descriptions for available host strains, vectors, promoters and selectable markers has been 

essentially reviewed (Daly and Hearn 2005; Macauley-Patrick et al. 2005; Jahic et al. 

2006). 

 

1.4.4.1 Methanol metabolism in P. pastoris  

P. pastoris is a methylotrophic yeast able to use methanol as the sole carbon and energy 

source. While microorganisms growing on carbohydrates use molecular oxygen mainly 

for respiration, yeasts growing on methanol also require considerable amounts of oxygen 

for the initial oxidation of methanol to formaldehyde. Methanol is metabolised in a 

specific pathway, taking place in specialized compartments, the peroxisomes (Cereghino 

and Cregg 2000; Jahic 2003a). All methanol taken up by the Pichia cell is oxidized to 

formaldehyde in a coupled enzyme reaction, involving two key enzymes, alcohol oxidase 

(AOX) and catalase (CAT) (Figure 6). The generated formaldehyde leaves the 

peroxisomes, and is divided into two fluxes: one flux going into anabolism and the other 

flux into energy metabolism. 
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Figure 6. Metabolism of methanol by P. pastoris. The initial metabolism takes place in the 

peroxisomes and is catalysed by the two key enzymes: alcohol oxidase (AOX) and catalase (CAT). 

The generated formaldehyde can either enter a pathway for energy metabolism or an anabolic 

pathway to provide biomass. Picture adapted from (Jahic et al. 2002). 

 

The genome of P. pastoris contains two alcohol oxidase genes, AOX1 and AOX2. The 

AOX1 gene is responsible for the majority of AOX activity in the cells and is tightly 

regulated at the transcriptional level. The regulation involves two mechanisms: a 

repression/derepression mechanism plus an induction mechanism, where the presence of 

methanol is essential to induce high levels of transcription. Since the AOX-enzyme has 

low affinity for oxygen, the cells compensates for this by expressing large amounts of the 

enzyme. Therefore, the AOX-promoter system has been widely employed for production 

of foreign proteins in P. pastoris (Cereghino and Cregg 2000). There are however other 

promoter systems available, for example the glyceraldehydes 3-phosphate dehydrogenase 

(GAP) promoter, which has been used for constitutive expression of recombinant proteins 

(Goodrick et al. 2001). 

 

1.4.5 Fed-batch techniques for P. pastoris 

When microorganisms grow in batch cultivations, the growth rate of the biomass 

increases exponentially, and if the culture is aerobic, also the oxygen consumption is 

exponentially increased. However, the dissolved oxygen concentration eventually 

becomes low, and this results in decreased growth-rate. To extend the growth and to 
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avoid oxygen limitation, a fed-batch technique is generally employed. In fed-batch 

fermentations one substrate component is added at such rate that the growth is controlled 

by the feed-rate of this particular component. Thereby the oxygen concentration can be 

held at an acceptable level, and as a result higher cell densities are achieved.  

       P. pastoris can grow to very high cell densities (more than 150 g L-1dry cell weight) 

(Jahic et al. 2002). This characteristic is important when a high yield of recombinant 

protein is desired. High cell density is however not achievable in shake-flask cultures, but 

only in the controlled environment of a bioreactor. To simulate the growth rate and the 

oxygen consumption in high cell-density fed-batch fermentations, Jahic and coworkers 

applied a kinetic model for anabolism and energy metabolism to P. pastoris grown 

sequentially on glycerol and methanol (Jahic et al. 2002). These simulations showed that 

growth on methanol has high oxygen demand and to avoid oxygen limitation, the 

methanol has to be kept at growth limiting concentrations. A four-stage fed-batch process 

was developed to better control the repression/de-repression and induction of the AOX1 

promoter and to avoid oxygen limitation at high cell density (Jahic et al. 2002). The first 

phase involved batch growth on glycerol to provide biomass, while product formation 

was prevented due to the repression of the AOX1 gene. The second phase, involved an 

exponential glycerol feed aimed to prevent oxygen limitation. Due to low residual 

glycerol concentration in the fermenter media, the AOX1 gene was de-repressed and as a 

consequence, the AOX-activity required for methanol oxidation, was slightly increased. 

The third stage, induction phase, was started by adding methanol to the culture at a slow 

rate, which prepared the cells for higher methanol concentrations and created a smooth 

transition to the next phase. In the forth phase, the foreign protein expression was 

initiated. The specific growth rate of P. pastoris was adjusted by the methanol feed rate, 

in a methanol-limited fed-batch (MLFB) process. The MLFB technique is one of the 

most commonly used; yet it has a number of limitations, such as catabolite repression of 

the AOX1 promoter, low cell viability and proteolysis problems. One major drawback 

with high cell-density cultures of P. pastoris is proteolytic degradation of the secreted 

recombinant protein by extracellular-, cell-bound- and/or intracellular proteases from 

lysed cells (Boehm et al. 1999; Jahic et al. 2003c). New alternative fed-batch techniques 
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have therefore been developed to solve these different limitations, and these have been 

recently reviewed (Jahic et al. 2006). 

 

1.4.5.1 Fed-batch techniques for reduced proteolysis 

In the TLFB technique, the common methanol limitation is replaced by temperature 

limitation, in order to avoid oxygen limitation and cell death at high cell density. 

Previously, the TLFB process was successfully employed for production of a proteolysis-

sensitive fusion protein, CBM-CALB (Jahic et al. 2003). 

    The first phases in the TLFB process are controlled in the same way as in the standard 

MLFB process, but only until the dissolved oxygen tension (DOT) in the fermentor 

media reaches approximately 25 % air saturation. At this point, the temperature controller 

is programmed to use the DOT-value (25%) as a set point. At a DOT below this set point, 

the temperature is decreased and correspondingly, at values above the set point, it is 

increased.  

 

1.4.5.2 Fed-batch techniques for increased oxygen transfer rate 

P. pastoris is an obligatory aerobe when grown on methanol. It is also relatively 

insensitive to oxygen limitation and does not produce alternative, inhibiting by-products, 

such as ethanol or acetic acid from fermentative metabolism, as is the case for S. 

cerevisiae and E. coli (Cereghino and Cregg 2000). Thus, by running the process at 

oxygen limitation, i.e. at DOT ≈ 0, the driving force for oxygen can increase the oxygen 

transfer rate in a fermentor culture of P. pastoris. Two different approaches were 

previously reported for increased oxygen transfer rate during fed-batch production of the 

Thai Rosewood β-glucosidase: oxygen limited fed-batch (Charoenrat et al. 2005) and 

high-pressure fed-batch (Charoenrat et al. 2006).  
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1.5 Downstream processes 
Downstream processing involves procedures for isolation, purification and formulation of 

biological entities. The feedstocks from which proteins are prepared are quite often 

highly complex, containing solid and dissolved biomass of various molecular sizes and 

chemical complexities respectively. Despite the nature of the starting material, most 

processes aim to eventually obtain a pure, defined substance, which usually imply that 

downstream processing stands for the major cost of the overall bioprocess (Van Beilen 

and Li 2002; Hubbuch et al. 2005). Harvest of target protein products from cell culture or 

fermentations processes is often performed by a combination of several unit operations. 

The most important unit operations for downstream processing of extracellular proteins 

are listed in (Figure 7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7. The main unit operations used in downstream processing of extracellular proteins. 

Adapted from (Häggström and Enfors 2000). 
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Lately, the need for more rapid and efficient downstream processes has increased and 

several methods, which combine solid-liquid separation with initial fractionation, have 

been reported (Thömmes et al. 2001). Classical methods have been complemented with 

new methods for bioseparation, including aqueous two-phase extraction; reverse micelle 

extraction, cloud-point extraction as well as new tools for field-assisted (acoustic, electric 

and magnetic) separation (Van Beilen and Li 2002). Expanded bed adsorption (EBA) is 

one such integrated method, which combines particle separation, product concentration 

and partial protein purification into one single unit operation (Figure 8). The technique is 

based on an upward fluidised bed, where the void fraction is significantly higher than for 

packed adsorbents, which allows cells and cell debris to pass, while the target protein is 

adsorbed. The first reports on the use of EBA, were published in the early 1990s by 

Draeger and Chase (Chase and Draeger 1992). In this work expanded bed adsorption 

(EBA) was employed for the primary recovery of XET, in comparison to the more 

conventional technique - cross-flow filtration (CFF).  

 

 
Figure 8. Overview of an expanded bed adsorption process: 1-2) The culture broth from the 

bioreactor is pumped over a fluidized bed; 3) The target protein binds to the adsorbent, while cells 

and cell debris passes through the column with the up-ward flow; 4) The target protein is 

recovered by elution with for example a salt gradient. Adapted from Randall Willis (2000) 

http://pubs.acs.org/subscribe/journals/mdd/v04/i12/html/12toolbox_fig.html. 
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2 AIMS OF THE PRESENT INVESTIGATION 
 
The general aim of the present investigation was to produce and employ XET from 

hybrid aspen. The specific aims were: 

• To develop a large-scale production system for XET, where the 

fermentation process in Pichia pastoris is integrated with initial 

product recovery and protein purification. 

• To investigate the potential of XET to act as a glycosynthase, 

useful for oligo- and polysaccharide synthesis. 
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3 MATERIALS AND METHODS 
 
This section describes methods used in the downstream processes for the primary 

recovery and purification of XET after fermentation (previously unpublished data). All 

other methods are described in Publications I and II. 

 

3.1 Expanded bed adsorption 
 
3.1.1 Protein analytical methods  

Analytical methods (XET-activity, total protein concentration and SDS-PAGE etc.) used 

for estimation of the yields from the recovery processes of XET with EBA and CFF are 

described in Publication II. 

 
3.1.2 Adsorbents 

Streamline Direct SPA800 is a prototype adsorbent developed by (GE Healthcare, 

Uppsala, Sweden). It is a strong cation exchanger with low salt tolerance and sulphonate 

groups as ligands. SPA800 has a stainless steel core underneath the agarose matrix and 

density 1.8 kg dm-3, allowing higher viscosities and flow velocities, compared to the 

regular Streamline SP (GE Healthcare, Uppsala, Sweden) adsorbent, having a crystalline 

quartz core and density 1.2 kg dm-3. Streamline Direct HST1 is agarose based with a 

multi-modal ligand, a stainless core and density 1.8 kg dm-3. It is salt tolerant and can 

stand high conductivities; needing no prior dilution of the feedstock. SP Trisacryl (M 

grade) (Biosepra; PALL) is an ion exchanger with spherical semi-rigid micro beads of 

acrylic copolymers with mean particle size 40 – 80 µm. 

 

3.1.3 Method scouting 

Method development for binding and dissociation conditions was performed in packed 

bed mode, with both pure protein, and feedstock clarified by centrifugation. The column 

(XK16; 16 mm i.d) (GE Healthcare, Uppsala, Sweden) was filled with 3 mL Streamline 

Direct SPA800 or HST1 adsorbent and equilibrated with 5 column volumes (CV) loading 

buffer [SPA800: 100 mM sodium acetate buffer (pH 4.5); HST1: 100 mM sodium 

phosphate buffer (pH 4.5)]. Protein samples and feedstock were dialyzed against loading 
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buffer to adjust pH and conductivity. Proteins were eluted by linear gradients: for the 

SPA800 adsorbent, by a linear 0 to 1 M NaCl gradient in 100 mM sodium acetate (pH 

5.5) and for HST1, by a pH-gradient from 100 mM sodium phosphate buffer (pH 8.0) 

containing 0.1 M NaCl. Fractions under the peaks (UV 280 nm) in the ÄKTA-

chromatogram were assayed for XET-activity and total protein concentration. 

 

3.1.4 XET recovery process and breakthrough capacity  

Loading, washing and elution conditions as well as the adsorbent chosen for the recovery 

of XET from unclarified P. pastoris culture broth were selected from the above described 

experiments. A Streamline 24 column (24 mm i.d.) (GE Healthcare, Uppsala, Sweden) 

was packed with 190 mL Streamline Direct SPA800 adsorbent (44 cm sedimented bed 

height), connected to a peristaltic pump and a UV detector. The adsorbent was 

equilibrated with 500 mM and 50 mM sodium-acetate buffers (pH 4.5), for 2 column 

volumes and 4 column volumes respectively, in expanded mode at flow velocities of 400 

cm h-1. The unclarified P. pastoris culture broth was diluted 2x with 50 mM sodium-

acetate buffer (pH 4.0 or pH 4.5), which resulted in the desired pH and conductivity 5 mS 

cm-1. The feedstock was applied onto the column at the same flow velocity as used for 

equilibration. Assaying the effluent after every 500 ml, for protein concentration and 

XET-activity, monitored breakthrough capacity. A washing step was performed with 50 

mM sodium-acetate buffer (pH 4.5), until all residual cells and unbound proteins were 

removed (A280 back to baseline). Elution was performed using 1 M NaCl in 100 mM 

sodium-acetate buffer (pH 5.5).  

 

3.1.5 Cross-flow filtration 

 

3.1.5.1 Small-scale 

The small-scale cross-flow filtration processes was carried out on a Sartoflow Slice 

filtration unit (B. Braun Biotech International, Sartorius Group). Micro filtration (MF) 

and ultra filtration was performed with filters from PALL CentramateTM. The MF filter 

had pore size 0.22 μm and area 0.09 m2. The UF filter had 10 kDa cut off, area 0.09 m2 

(Omega) and medium screen channel. A cell culture broth, containing more than 50 % 
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cells, was washed 4 times with 50 mM sodium acetate buffer (pH 5.5). The filtration 

process was performed at room temperature, while keeping the MF-filtrate on ice. 

Samples from each step of the process were assayed for XET-activity and total protein 

concentration.  

 

3.1.5.2 Large-scale 

The large-scale process was carried out as above, but on a Sartoflow Beta filtration unit 

(B. Braun Biotech International, Sartorius Group) and with PALL CentrasetteTM filters. 

MF: Pore size 0.22 μm and area 0.5 m2 (PALL). UF: Cut off 10 kDa, area 0.46 m2 and 

medium screen channel.  
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4 RESULTS AND DISCUSSION 
 
4.1 XET can act as a glycosynthase (Publication I) 
Glycosynthases are useful tools for the design of tailor-made oligo- and polysaccharides 

with applications in research and industry. Here we demonstrate how PttXET16-34 was 

transformed into a glycosynthase. 

      By mutation of the catalytic nucleophile in PttXET16-34 into an alanine, glycine or 

serine residue, enzymes with no detectable wild-type activity were obtained. These were 

however able to catalyse the regio- and stereospecific condensation of the α-xyloglucosyl 

fluoride donor substrates XXXGαF and XLLGαF (Fig. 1, Publication I) to produce 

homogenous xyloglucan fragments. In this study the PttXET16-34 glycosynthases were 

compared to the Humicola insolens Cel7B E197A glycosynthase, which has been widely 

used to produce oligosaccharides for enzyme structure-function studies (Fort et al. 2000a; 

Fort et al. 2000b; Boyer et al. 2002; Blanchard et al. 2007a; Blanchard et al. 2007b).  

       Initially the pH-optima for the glycosynthases reaction were determined for all three 

PttXET16-34 glycosynthases mutants E85A, E85G and E85S. The pH-rate profile (Fig. 

2, Publication I) indicates no significant difference between the created mutants and a 

similar profile as the wildtype PttXET16-34, having maxima at pH 5.0-5.5 and a sharp 

drop at pH values below 5. At pH 5.0, all three PttXET16-34 glycosynthases had almost 

the same rate for the homocondensation of two molecules XXXGαF, therefore was 

further analysis/characterisation focused only to the PttXET16-34 E85A mutant.  

 

4.1.1.1 Kinetic parameters 

PttXET16-34 E85A and HiCel7B E197A demonstrated saturation kinetics in the 

condensation of XXXGαF at varying concentrations (Fig. 3A and 3B, Publication I). The 

kinetic parameters Km and kcat are summarized in Table 2. The Km values for PttXET16-

34 E85A, with XXXGαF (1.59 ± 0.36) and XLLGαF (3.78 ± 0.22) as donor substrates, 

are comparable to other glycosynthases derived from endo-acting glycosidases, ranging 

from 1-10 mM (Hrmova et al. 2002; Ducros et al. 2003; Jahn et al. 2003; Sugimura et al. 

2006). The kcat value (1.06 ± 0.06) for PttXET16-34 E85A acting on XXXGαF is 

relatively low compared to other endo-glycosynthases (Hrmova et al. 2002; Jahn et al. 
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2003; Sugimura et al. 2006) and compared to the HiCel7B E197A glycosynthase, kcat is 

5-fold lower. However, with XLLGαF as donor, PttXET16-34 E85A is a much faster 

glycosynthase than HiCel7B E197A, which shows no significant catalytic rate on this 

substrate (Table 2). The kcat value (1.44 ± 0.04) for PttXET16-34 E85A with XLLGαF is 

slightly higher than the value obtained with XXXGαF as donor (Table 2 and Fig. 3C, 

Publication I).  

 
Table 2. Kinetic parameters for PttXET16-34 E85A and HiCel7B E197A glycosynthases 

Mutation Donor 
kcat 

(min-1) 

Km 

(mM) 

kcat/Km 

(mM-1 min-1) 

PttXET16-34 E85A XXXGαF 1.06 ± 0.06 1.59 ± 0.36 0.66 

HiCel7B E197A XXXGαF 5.17 ± 0.41 6.68 ± 1.06 0.77 

PttXET16-34 E85A XLLGαF 1.44 ± 0.04 3.78 ± 0.22 0.38 

HiCel7B E197A XLLGαF No activity No activity No activity 

 

4.1.1.2 Product analysis 

HPAEC-PAD analysis was utilized to analyse the products formed in the 

homocondensation reactions catalysed by the PttXET16-34 E85A and HiCel7B E197A 

glycosynthases. A reference chromatogram was created by incubation of wildtype 

PttXET16-34 and the tetradecasaccharide XXXGXXXG (Fig.4A, Publication I). This 

chromatogram shows a distribution of peaks ranging from the free oligosaccharide 

XXXG up to fragments with lengths (XXXG)6. Comparison of the products formed in the 

wild-type reaction with those formed after incubation with PttXET16-34 E85A 

glycosynthase and XXXGαF showed that elongation products with structure 

(XXXG)nαF was formed (Fig. 4B, Publication I). Double peaks are seen in the 

chromatograms from the glycosynthase reactions, and this is due to the slightly shorter 

retention times of the glycosyl fluorides than the corresponding free sugars (Fig. 4C, 

Publication I). The HiCel7B E197A glycosynthase formed elongation products of the 

same length as PttXET16-34 E85A (data not shown). When the glycosynthases instead 

were incubated with XLLGαF, PttXET16-34 E85A formed elongation products in the 

same manner as acting on XXXGαF (Fig. 5). In the case of HiCel7B E197A, no 

elongation products were detected by HPAEC-PAD analysis (data not shown), thus 
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confirming the results obtained from determination of the kinetic parameters where no 

activity was found.       

       Previously, a library of well-defined xylogluco-oligosaccharides based on an XXXG-

backbone, useful for revealing the catalytic mechanism of PttXET16-34 (Saura-Valls et 

al. 2006), was synthesized with help from the HiCel7B E197A glycosynthase (Saura-

Valls et al. 2006). The new PttXET16-34 glycosynthases hereby generated could be very 

helpful for the synthesis of a new library of defined substrates, but based on an XLLG-

backbone. These homogenously galactosylated substrates are very valuable for further 

investigations of xyloglucan-active enzymes. 

 

4.2  XET production process (Publication II) 
The XET technology (Brumer et al. 2004; Zhou et al. 2005; Zhou et al. 2006) has many 

potential applications but most of them require relatively large amounts of the enzyme. 

We have therefore investigated the possibilities of scaling up the production of XET at 

several levels in the recombinant protein production process. First, the protein expression 

can be improved within each P. pastoris cell, by choosing a host strain that has high 

expression. The construct coding for PttXET16-34 (Kallas et al. 2005) was transformed 

into two different P. pastoris strains: SMD1168 (his4 pep4) and MC100-3 (arg4 his 4 

aox1Δ::SAR4 aox2Δ::Phis4), and was compared to the previous strain GS115 (his4). We 

were however unable to find a clone from these transformations that had higher XET-

expression than the previous (data not shown). Instead we had to focus on optimizing the 

growth conditions for the existing PttXET16-34 construct, by improving the 

fermentations techniques.  

 

4.2.1 New fermentations techniques for XET 

In a first attempt to produce PttXET16-34 in larger scale the common methanol-limited 

fed batch (MLFB) technique was employed (Bollok et al. 2005). The recombinant protein 

was considerably degraded by proteases when running the process at 30 °C. Measurable 

product accumulation was only obtained after lowering pH to 4.0 and the temperature to 

15 °C. However, the cell productivity was low in this process and proteolytic degradation 

was still a problem.  
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       New alternative fed-batch techniques for recombinant protein production in P. 

pastoris have been developed ‘in house’. A temperature-limited fed-batch (TLFB) 

technique was previously shown to drastically improve the production of a proteolytically 

susceptible fusion protein CBM-CALB (Jahic et al. 2003c). Techniques to increase the 

oxygen transfer rate in the bioreactor, and thereby increasing the productivity of a Thai 

rosewood ß-glucosidase was recently reported by (Charoenrat et al. 2005; Charoenrat et 

al. 2006). In this study we used CBM-CALB as a model protein, to investigate the effects 

on the protein expression when the oxygen transfer was remarkably increased in the 

bioreactor via an oxygen limited high-pressure fed-batch (OLHPFB) technique. These 

techniques (TLFB and OLHPFB) were then investigated for production of XET. For 

detailed descriptions of the MLFB-, TLFB- and OLHPFB techniques, the reader is 

referred to Fig. 1 in Publication II. 

 

4.2.1.1 Production of CBM-CALB  

In previous fed-batch processes for production of CBM-CALB, 0.76 g protein was 

obtained with the standard MLFB technique. When this process was improved, due to 

reduced proteolysis, in the TLFB-technique, the yield of CBM-CALB increased to 3 g. 

With the OLHPFB technique, developed in this work, the yield was 33% higher 

compared to the TLFB process and resulted in 4 g CBM-CALB.  

       Methanol metabolism in P. pastoris has high oxygen demand. The productivity of 

recombinant proteins is therefore dependent on the oxygen transfer capacity in the 

bioreactor. Applying the OLHPFB technique, we were able to increase the oxygen 

transfer capacity in the bioreactor. Two different approaches were applied. First, the 

driving force for oxygen diffusion from the air bubbles to the water phase was increased 

when the dissolved oxygen tension (DOT) was permitted to approach 0% air saturation 

during conditions of oxygen limitation (Fig. 1C, Publication II). Secondly, the driving 

force for oxygen was increased using hyberbaric pressure, e.g. the pressure used under 

sterilization (1.9 bar compared to 1.2 bar in the TLFB and MLFB processes). The 

increased oxygen transfer rate resulted in a correspondingly increased methanol feed rate 

(Fig. 2B, Publication II) and also in increased biomass production (Fig. 1B, Publication 

II).  
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       The cell yield per methanol was reduced, which indicates that the maintenance 

demand was increased. This means that methanol was used for energy metabolism 

instead of being used for biomass production. The cell viability analysis also indicated an 

elevated physiological stress in the OLHPFB process, 10% dead cells compared to 4% in 

the TLFB process (Table 1, Publication II). High cell death could be a problem if 

intracellular proteases are released in cell lysis. However, SDS-PAGE analysis of 

samples taken from the culture supernatant during the fermentation did not indicate 

proteolysis problems (Fig. 4, Publication II).  

 

4.2.1.2 Production of XET 

In the fermentation process reported by (Bollok et al. 2005), the yield of XET was 2000 

U L-1 after 120 hours cultivation process. The TLFB process, applied in this work, 

increased the yield of XET to 3900 U L-1 (Table 1, Publication II). Thus, the productivity 

was increased 50% by the new temperature-limited process. This could be a result of the 

more strict control upon reducing the temperature in the TLFB-phase, where the 

temperature is feed-back controlled by DOT. It could also be a result of lower proteolytic 

degradation in the fermentor. Low proteolysis can be expected, as the cell death was only 

4%. Another indication of low proteolysis is seen from the SDS-PAGE analysis of 

samples withdrawn from the fermentor, which shows accumulation of XET without any 

accumulation of bands at lower molecular weights (Figure 9).  

       Production of XET with the OLHPFB technique resulted in 24% increased yield of 

XET, compared to what was obtained in the TLFB process. The productivity is slightly 

lower compared to that of CBM-CALB, which was increased by 33% (Table 1, 

Publication II). This could be due to limitations in for example the secretion efficiency, or 

in some other important cell-bound processes. Previously it was suggested, that despite 

using the same strains, expression vectors and methodology; large differences in 

expression- and secretion levels can be observed for different recombinant proteins 

(Cereghino and Cregg 2000; Cereghino et al. 2002). SDS-PAGE analysis showed clear 

bands corresponding to the size of XET. Also for this process, the proteolysis can be 

assumed to be low as the cell death was only 4% (Fig. 6 and Table 1, Publication II). 
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        By combining oxygen limitation with an increased air pressure in the bioreactor, not 

higher than what is used for sterilisation, increased productivity was achieved. The 

increased oxygen transfer rate resulted in increased oxygen and methanol consumption 

rates, but it also resulted in increased maintenance and cell death, indicating that the 

process conditions in the OLHPFB technique impose some physiological stress on the 

organism. In spite of this, considerably higher productivities were achieved for both 

recombinant proteins investigated. 

 

 

 

Figure 9. Left) SDS-PAGE analysis of samples withdrawn from the culture supernatant from P. 

pastoris cultivation with first: a temperature-limited stage followed by a methanol-limited stage. 

Right) Total protein concentration in OLHPFB processes for production of CBM-CALB (open 

triangles) and XET (filled circles.)  
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4.3 Downstream processes (Unpublished material) 
A great advantage with P. pastoris is that it allows for the secretion of the heterologous 

protein directly into the growth medium, which simplifies recovery and purification 

processes. In this work two different techniques has been employed for the primary 

recovery of XET: expanded bed adsorption (EBA) and cross-flow filtration (CFF). 

 
4.3.1 Method scouting experiments for EBA  

To find optimal binding and elution conditions for the primary recovery of XET with 

EBA, packed-bed experiments were performed with clarified feedstock, comparing two 

different Streamline Direct adsorbents: SPA800 and HST1, packed into an XK16-column 

(GE Healthcare, Uppsala, Sweden). The adsorption and dissociation was followed by the 

A280-signal recorded on an ÄKTA-Explorer (GE Healthcare, Uppsala, Sweden). XET 

showed binding to both adsorbents, although less protein was measured in the flow-

through from binding to the HST1 adsorbent than to SPA800. However, in the elution 

process, the A280-signal was higher for SPA800 than for HST1 (Figure 10). For HST1 

tailing was observed, indicating that the elution conditions (sodium phosphate buffer; pH 

8.0 and 0.1 M NaCl) were not sufficient to dissociate XET. The overall yield was higher 

for SPA800 (50%), compared to HST1 (20%). The recovery of XET from crude P. 

pastoris culture broth was therefore conducted with SPA800. 
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Figure 10. Method scouting for EBA on XK16 column a) HST1; elution with 100 mM sodium 

phosphate buffer; pH 8.0; 0.1 M NaCl b) SPA800; elution with 100 mM sodium acetate buffer; pH 

5.5; 1 M NaCl. 
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 31

4.3.2 Primary recovery of XET with EBA 

An EBA-process in larger-scale was performed with the conditions found from method 

scouting. Crude culture broth from a Pichia-fermentation was diluted two times with 50 

mM sodium-acetate buffer (pH 4.5) yielding 9500 mL feedstock that was directly loaded 

onto the column at a flow velocity of 370 cm/h. Samples were taken continuously from 

the effluent to follow the breakthrough capacity of SPA800 towards XET (Figure 11). 

After only 1000 mL loaded, XET-activity was measured in the flow-through. Elution was 

performed with 1 M NaCl in 100 mM sodium acetate buffer (pH 5.5) and was collected 

in 200mL-fractions. The XET-protein was eluted early in the gradient; almost all protein 

was concentrated to fractions 3 and 4 (total 12 fractions). The total yield of the process 

was 67 %. 
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Figure 11. Breakthrough capacity of XET towards the Streamline Direct SPA800 adsorbent. C0 is 

the initial XET activity (U mL-1) and C is the activity of XET in the effluent.  

 

4.3.3 Comparison of EBA and CFF for primary recovery of XET  

To compare the performance of EBA towards an alternative downstream technique, 

cross-flow filtration (CFF), 3900 mL crude P. pastoris culture broth was divided into two 

parts: one going into the CFF-line and the other to the EBA-line (Table 2). 
 



 32

Table 2. Comparison of EBA and CFF process 

 
Tot 
vol 
(mL) 

Sup vol 
(mL) 

XET activity 
(Units/mL) 

Tot activity 
(Units) 

Activity 
yield 
(%) 

Prot conc 
(mg/mL) 

Tot prot 
 

Prot yield 
(%) 

Spec act 
(Units/mg) 

Fermentation 
Break 3900 1950 1.05 2048 100 3.44 6703 100 0.31 

          
EBA-line 2500 1250 1.05 1313 100 3.44 4300 100 0.31 
Elution pool  460 0.8 368 28 0.08 37 0.9 9.9 
CFF-line 1400 700 1.05 735 100 3.44 2408 100 0.31 
MF Diafiltrate  2800 0.16 448 61 0.37 1036 43 0.43 
UF 
Concentrate  220 0.80 176 24 3.41 750 31 0.23 

          
EBA-process 9500 7125 0.60 4275 100 0.62 4418 100 0.97 
Elution pool  1200 2.37 2844 67 0.22 264 0.06 10.8 
          

 

4.3.3.1 EBA-line 

2500 mL crude culture broth was diluted to yield a 5000 mL feedstock (pH 4.5 and 

conductivity 5 mS/cm), and applied onto 189 mL Streamline Direct SPA800 (GE 

Healthcare, Uppsala, Sweden) adsorbent, packed into a Streamline Direct 24 column. 

Already after 500 mL feedstock loaded onto the column, XET-activity was measured in 

the effluent. This indicates low binding and low dynamic capacity for XET to the 

SPA800 adsorbent, rather than actual breakthrough. Low binding to various cation-

adsorbents, as well to various anion-adsorbents, has been observed in-house for 

PttXET16-34 in previous purification attempts (Data not shown). Also purification of 

PttXET16-34 with an XGO-based affinity column showed to be unsuccessful (Baumann 

et al. 2007b). Elution was performed with 1 M NaCl in 100 mM sodium acetate buffer 

(pH 5.5) and collected in fractions of 200 mL. The overall process time, including 

loading, washing and elution was 2 h L-1 culture broth. Product purity was analysed by 

SDS-PAGE (Figure 12), where the eluted fractions were relatively pure, showing one 

clear band at the expected molecular size for XET (33 kDa).  
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Figure 12. SDS-PAGE gels from XET-recovery processes: Left) EBA-line: Lane 1 and 10 

Molecular markers; Lane 2 Feedstock loaded onto column; Lane 3-5 Flow-through 1500 mL, 

2500 mL and 5000 mL and Lane 6-9 Elution fractions Right) CFF-line: Lane 1 and 5 Molecular 

markers; Lane 2 Fermentor culture supernatant (5x); Lane 3: Diafiltrate from microfiltration (1x) 

and Lane 4: Concentrate from ultrafiltration. 

 

4.3.3.2 CFF-line 

Microfilters with pore size 0.22 μm and area 0.09 m2, were used for cross-flow filtration. 

1400 mL culture broth, (700 ml supernatant) was washed four times with sodium-acetate 

buffer (pH 5.5), resulting in an end-volume of 2800 mL and a yield of 61%. Dia- and 

ultrafiltration was performed on filters with 10 kDa cut off and area 0.09 m2, where the 

filtrate volume was reduced from 2800 mL to 220 mL. The yield from this process was 

24%. The product purity of the concentrate was analysed with SDS-PAGE (Figure 12), 

where the gel show several protein bands at various molecular weights. XET corresponds 

to one of the strongest bands but the concentrate needs further purification, e.g. IEX 

chromatography, to yield a sample with the same purity as after recovery with EBA.  

 

4.3.4 EBA versus CFF: Process time, yield and product quality  

The process time for the recovery of XET with EBA was 2.0 h L-1 Pichia culture broth 

and resulted in a yield of 28%. Since many separation and purification steps are labour 

intensive and time consuming, the relatively short process time and few handlings steps 

of the EBA process has to be considered when evaluating the suitability for interfacing 

this technique with fermentations in larger-scale. It is also important to consider the 

product quality/purity of the recovered samples. The eluted samples from EBA were 
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relatively pure and had improved stability, compared to the concentrate from CFF, which 

needs further purification (Figure 12). Protein samples from EBA were useful for 

modification of xyloglucan, prior to further purification. When stored at –20 °C, XET-

activity was measured for these samples even after 4 months storage. The overall process 

time for the CFF-line, was 2.9 h L-1 Pichia culture broth and resulted in a yield of 24%. 

Since this process needs further handling steps, to yield samples of the same purity as 

EBA, the overall process time will be longer and the yield further decreased. Passage 

through various pieces of filtration equipment can expose the cells to shear forces, 

causing damage of the cells and release of intracellular proteins, including proteolytic 

enzymes. The target protein product is then highly susceptible to enzymatic degradation. 

This step is often followed by subsequent ultra/diafiltration, necessary for higher product 

concentration, which may even intensify the degree of degradation due to recycling of the 

culture fluid. Additionally, buffer consumption was lower for EBA compared to CFF. 

This is also an important parameter to consider when scaling up the production process.  

       To conclude, EBA seems to be the most suitable technique for the primary recovery 

of XET from P. pastoris fermentations.  
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5 CONCLUDING REMARKS AND PERSPECTIVES 
XET has by nature an interesting activity, which has proven to be useful for coupling of 

xyloglucan fragments of various lengths together, and thereby mediating the modification 

of cellulose. This natural transglycosylating activity was here mutated, to yield an 

enzyme with glycosynthase activity. This new enzyme allows for synthesis of defined 

oligo- and polysaccharides, which are very useful for further studies of xyloglucan-active 

enzymes, but they also has potential to further expand the XET-Technology toolbox. The 

expansion of the existing technology is however dependent on the supply of enzyme.  

       In this work we aimed to scale-up the recombinant production of XET in P. pastoris. 

Efforts to find a new construct with improved XET-expression were unsuccessful. 

Instead, growth conditions and fermentation techniques were improved, and resulted in 

relatively high amounts of active XET. The new techniques developed are scalable and 

can be used in industrial processes. Different methods for initial product recovery were 

also investigated, where EBA was shown to be a promising method for the recovery of 

XET directly after the fermentor.  

       We have tried to optimize the entire production process, including the protein 

production, the protein recovery and purification, as well as how to use the final enzyme 

product in best possible way. This work was performed in collaboration with the end-

consumers, and included investigations to find optimal enzyme dosage and how to store 

the protein after purification.  

       Even though the expression of XET was remarkably improved compared to what has 

been obtained in previous attempts, there is still a lot of work to do before having a real 

large-scale production process for XET. Here, protein engineering could be a potential 

approach to improve the protein properties (higher stability, broader pH-optima, modified 

protein surface for better interfacing with chromatography adsorbents, etc.). By this way 

the productivity and yield might be improved. Another approach could be the use of an 

improved expression system. Currently, enzymes are being explored for use in several 

different industrial segments. The increased use of enzymes will possibly result in the 

development of new improved expression systems. In the future, such systems might be 

helpful to improve the recombinant expression of XET. 
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6 LIST OF ABBREVIATIONS 
AOX   alcohol oxidase 
AOX1   alcohol oxidase gene one 
BCA   bicinchoninic acid 
CALB   Candida antarctica lipase B 
CAZyme  carbohydrate active enzyme 
CBM   carbohydrate binding module 
CBM-CALB Candida antarctica lipase B fused to the cellulose-binding module 

Neocallimastix patriciarum cellulase 6A 
CEL   cellulase 
CFF   cross-flow filtration 
DNA   deoxyribonucleic acid 
DOT   dissolved oxygen tension 
EBA   expanded bed adsorption 
EC   enzyme commission 
Gal   galactose 
GAP   glyceraldehydes-3-phosphate dehydrogenase 
GH   glycoside hydrolase 
Glc   glucose 
GlcNAc  N-acetyl glucosamine 
GT   glycosyl transferase 
Hi   Humicola insolens 
HPLC   high-pressure liquid chromatography 
Man   mannose 
MF   microfiltration 
MLFB   methanol limited fed-batch 
OCR   oxygen consumption rate (mol h-1) 
OLHPFB  oxygen limitation high-pressure fed-batch 
PCR   polymerase chain reaction 
Ptt   Populus tremula x tremuloides 
SDS-PAGE  sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
TLFB   temperature limited fed-batch 
UV   ultraviolet 
XEH   xyloglucan endohydrolase 
XET   xyloglucan endotransglycosylase 
XG   xyloglucan 
XGO   xyloglucan oligosaccharide 
Xyl   xylose 
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