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Abstract 

_____________________________________________________________________ 

 

Primary cell walls are a composite of cellulose microfibrils and 

hemicelluloses.  Xyloglucan is the principal hemicellulose of primary 

cell walls of dicotyledons.  Xyloglucan endotransglycosylases (XETs) 

cleave and religate xyloglucan polymers in plant cell walls.  A XET 

(PttXET16A) from hybrid aspen has been heterologously expressed 

and characterized in our lab.   

To study XETs enzymology on a molecular level a series of novel 

xyloglucan oligosaccharides (XGOs) have been synthesized.  The 

chromogenic 2-nitrophenol XGO and fluorogenic XGOs have been 

used as kinetic probes for PttXET16A.  The first 3-D structure of the 

XET and of the enzyme-substrate complex revealed new insights into 

the requirements for transglycosylation. 

Cellulose fibers are an important raw material for many 

industries.  In a novel chemo-enzymatic approach, the 

transglycosylating activity of XET was used for biomimetic fiber 

surface modification.  The aminoalditol XGO derivate was used as key 

intermediate to incorporate novel chemical functionality into 

xyloglucan.  The XGO derivatives were integrated into xyloglucan with 

PttXET16A.  The resulting modified xyloglucan was used as a versatile 

tool fiber surface modification.   
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Sammanfattning 

_____________________________________________________________________ 

 

Primära cellväggar är kompositer bestående av 

cellulosamikrofibriller och hemicellulosa. Xyloglukan är den 

huvudsakliga hemicellulosan i primära cellväggar hos tvåhjärtbladiga 

växter, och xyloglukan endo-transglukosylaser (XETs) är de enzymer 

som klyver och ligerar ihop xyloglukanpolymerer i cellväggen. En XET 

(PttXET16A) som identifierats i hybridasp, har uttryckts heterologt 

samt karakteriserats i vårt laboratorium. 

En serie nya xyloglukan-oligosackarider (XGO) har syntetiserats 

för studier av XET´s enzymologi på en molekylär nivå. Kromogen 

2-nitrofenol-XGOs samt fluorogena XGO har använts som kinetiska 

prober för PttXET16A. Den första tre-dimensionella strukturen av XET 

och dess enzym-substrat-komplex har givit nya insikter i 

transglykosylerings-mekanismen. 

Cellulosafibrer är en viktig råvara inom industrin. I en ny kemo-

enzymatisk approach XET´s trans-glykosyleringsaktivitet använts för 

biomimetisk modifiering av fiberytan. Aminoalditol-XGO derivat har 

använts som en nyckelintermediär för att ge xyloglukan en ny kemisk 

funktionalitet. XGO-derivaten integrerades in i xyloglukan med hälp 

av PttXET16A. Det erhållna modifierade xyloglukanet har använts 

som ett mångsidigt verktyg för fibermodifiering. 
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1 Introduction 

1.1 Forest products 

Forests cover approximately half of Sweden’s land area and the 

forest industry is one of Sweden’s largest industries.  In 2002, forest 

and forestry products constituted 14% of Sweden’s total export value.  

Large amounts of the raw material from the forest are used in the pulp 

and paper industry.  The pulp and paper industry is the largest 

manufacturer of forest products in Sweden.   

1.2 Fiber composites  

Composite materials represent a significant breakthrough in 

modern material development.  The current industrial standards are 

glass fiber, carbon fiber or kevlar reinforced plastics.  The trend 

towards more environmentally friendly materials and more 

sustainable development has stimulated an interest in renewable 

fibers as the reinforcing component.  Plant fibers are a renewable raw 

material and thereby available in more or less unlimited quantities 

(Bledzki and Gassan 1999).  Cellulosic fibers are a natural product 

with high versatility.  In paper, the stiffness and ability of fibers to 

aggregate spontaneously is used to form a large, even surface with low 

mass and high strength.  Cellulose fibers can also be used to replace 

man-made fibers, e.g. glass fibers in composite materials.   

For instance the automobile industry has a keen interest in 

replacing the fibers in glass fiber-reinforced plastics. Renewable and 

lightweight cellulose fibers are an optimal candidate to reduce the 

weight and the environmental impact of the vehicles.  Various kinds of 

fiber sources such as hemp, flax, jute sisal and cotton have been 

tested and used (Mohanty et al. 2002).  Cellulose fibers have 

comparable or better tensile strength and often better strength as 

compared to same mass of glass fibers.  Cellulose fibers open the way 

to lighter and therefore energy-saving composite materials for the car 
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industy (Mohanty et al. 2002).  One important intrinsic problem of 

cellulose fiber composites is the poor interfacial compatibility of the 

cellulose fibers with the thermoplastic resin.  The interphase between 

fiber and matrix is significant for the properties of the resulting 

composite (Khan et al. 2001).  Several physical or chemical methods 

have been developed to strengthen the interaction between the 

hydrophilic fiber surface to the hydrophobic matrix (Bledzki and 

Gassan 1999).  However, chemical fiber modification is limited to the 

hydroxyl groups available on the cellulose surface.  Since the integrity 

of the cellulose microfibril is depends on the same groups, chemical 

modification generally leads to a gradual disruption of the fiber 

structure (Bismarck et al. 2001) and loss of the desired outstanding 

physical properties.   

1.3 Fiber surface modification 

Fiber surface modification has increasing importance in paper 

industrial product development.  To meet the requirements of the 

printing industry, the nearly pure cellulosic fibers of paper must be 

combined with various kinds of coatings and filler materials during 

the paper making process.  One of the key issues, besides enhancing 

brightness, is to increase the smoothness and hydrophobicity of paper 

surfaces.  This is on one hand to improve printability, on the other 

hand it is important for packaging purposes.  Cellulose fibers are a 

raw material with excellent physical properties (high specific stiffness 

and tensile strength) but the surface offers very little chemical 

reactivity.  Most of the hydroxyl groups (both primary and secondary) 

on the cellulose fiber form tight interactions in the crystal lattice and 

are therefore slow to undergo chemical reactions.  A very selective and 

mild reaction is needed to modify the available surface hydroxyl 

groups without disrupting the crystal lattice and altering the physical 

properties of the fiber.  Extensively substituted cellulose derivates e.g. 

cellulose acetate, CMC, HEC etc. are widely used in applications that 

do not rely on the load-bearing properties of microfibrils.  Bragd et al. 
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have demonstrated a mild oxidation process for polymeric 

carbohydrates such as potato-starch, inulin, guar-gum, pullulan, 

dextrines, cellulose and chitosan (Bragd et al. 2000; Bragd et al. 2001; 

Bragd et al. 2002; Lenzi et al. 2003).  This method has a high 

selectivity for primary hydroxyl groups and the depolymerisation of 

the main chain seems to be limited.  However, this method is mainly 

used to oxidize starch, widely used as sizing agent in the paper and 

textile industries, and other gelling carbohydrates.   

 

1.4 The plant cell wall 

The plant cell wall is a natural composite material in which the 

load-bearing crystalline cellulose microfibrils are embedded in a non-

crystalline carbohydrate matrix.  The plant cell wall has several 

important functions.  It is responsible for the shape and durability of 

plants; it protects the cell against attack by microbes, insects and acts 

both as a water barrier and a water-conducting element.  The plant 

cell wall is deposited in several developmental phases and in distinct 

layers.  The pectin-rich middle lamella is deposited during cell division, 

whereafter the primary cell wall is created.  In some cell types, such as 

wood fibers (xylem), a secondary cell wall is deposited on the inside of 

the primary cell wall.  Cell wall lignification, a type of radical 

polymerization finishes the development of the plant cell wall.  In this 

thesis, the focus is on the primary cell wall.  

1.4.1 Primary cell wall 

Primary cell walls of dicotylodendons are built from two main 

components: cellulose microfibrils and xyloglucan (XG).  The 

xyloglucan-cellulose network in the primary cell wall has to be strong 

enough to resist the turgor pressure and provide support, but flexible 

enough to allow controlled cell expansion.  It has been shown that 

pure cellulose forms a stronger and stiffer network than a mixture of 

cellulose and xyloglucan (Whitney et al. 1999; Chanliaud et al. 2002).  

 10



It can thus be concluded that xyloglucan mediates the dynamic 

interactions between the cellulose microfibrils.  It is believed that 

xyloglucan molecules form a sheath around the cellulose microfibrils 

preventing from direct aggregation.  XG can even be woven into the 

amorphous parts of the microfibrils.  Other xyloglucan molecules 

cross-link different cellulose microfibrils provide a flexible and strong 

network in the primary cell wall (Figure 1).  Pauly et al. described the 

extraction of different fractions of xyloglucan from cell walls (1999).  A 

readily extracted first fraction contains the cross-linking xyloglucan 

chains, whereas a second fraction of xyloglucan entrapped between or 

within the microfibrils was harder to access.   

 
Figure 1. The xyloglucan molecules in the primary cell wall cover the cellulose 

microfibrils and connect adjacent microfibrils. Picture adapted from Rose and 

Bennett (1999). 

 

1.4.2 Secondary cell wall 

The Secondary cell wall is deposited when the cell has reached 

its final size and shape.  In the secondary cell wall, the cellulose 

microfibrils are deposited in a highly ordered manner.  In wood (xylem) 

cells this is, for example, the orientation of the secreted cellulose 

microfibrils follows a thread-like line around the length of the cell.  In 
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general, the secondary layer of the cell wall is several orders thicker 

than the primary layer.  Furthermore, the microfibrils of the 

secondary cell wall are embedded in a more complex mixture of 

hemicelluloses.  

 

1.4.3 Components of the cell wall 

The major components of the plant cell wall are cellulose, lignin, 

and hemicelluloses.  In addition, there are small amounts of pectin, 

extractives and structural proteins.  The relative composition of these 

components varies according to the type of cell wall and plant species 

(Fry 2004).  Cell wall components are divided upon physical properties 

into crystalline or semi-crystalline compounds (cellulose) and the non-

crystalline matrix (hemicelluloses). 

 

1.4.3.1 Cellulose  

Cellulose is the most abundant polysaccharide on earth.  It is a 

linear, unbrached polymer composed of up to β(1→4)-linked 

glucopyranose units.  The solubility of cellulose oligosaccharides 

decreases rapidly after a degree of polymerization 6.  Cellulose chains 

are organized in a crystalline or semi-crystalline lattice, giving rise to 

microfibrils with a high tensile strength.  In higher plants, each 

microfibril contains on average 36 cellulose chains, held together by 

hydrogen bonds.   

 

1.4.3.2 Hemicelluloses and pectin 

The non-crystalline matrix of plant cell walls is built of a 

number of different hemicelluloses such as galactoglucomannan, 

glucomannan, arabinoglucoronoxylan, glucuronoxylan and xyloglucan 

(Timell 1967).  Hemicellulose is an archaic term with describes the 

non-pectin base-extractably polysaccharide compound of the cell wall. 
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Some hemicelluloses are more common in primary cell walls, 

others occur in the secondary cell wall.  The type of hemicellulose also 

differs from plant to plant.  Hemicelluloses form the matrix in which 

the cellulose microfibrils are embedded.   

Pectins are hydrophilic polysaccharides that are found in the 

middle lamella and the primary cell wall.  Pectins in the middle 

lamella mediate the inter-cellular contact.  Hemicelluloses and pectins 

are synthesized in the Golgi apparatus (Reiter 2002), while the 

cellulose microfibrils are synthesize by rosette-like complexes in the 

plasma membrane (Doblin et al. 2002).  It is a generally accepted 

model that pectins and hemicelluloses associate with cellulose 

microfibrils upon export to the cell wall (Darley et al. 2001).  

 

1.4.3.3 Xyloglucan 

Xyloglucan is the principal hemicellulose of primary cell walls of 

dicots and in about half of the monocots.  It is structurally related to 

cellulose as it shares the same backbone of β(1→4)-linked glucose 

residues.  The main repeating unit contains four glucose units.  Three 

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

(Figure 2).  Some xylose units are further substituted by galactose 

through a β(1→2) bond.  In addition to these sugar units, the 

galactose residues can be further substituted with α(1→2) fucose.  The 

side chains on XG give raise to radically different change the physical 

properties of the polymer compared to cellulose; xyloglucan is highly 

water soluble and cannot form ordered crystalline microfibrils as 

cellulose (Fry 1989). 
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Figure 2. The structure of the repeating unit of xyloglucan: one unit is made 

from four β(1→4)-linked glucose units, substituted with three α(1→6)-bound 

xylose units, which can be substituted with β(1→2)bound galactose and in 

some cases further with arabinose or fucose (not shown). 

 

The pattern of xyloglucan substitution is species and tissue 

specific (Hayashi 1989).  In addition, xyloglucan can be partly 

acetylated after synthesis in the Golgi apparatus (Carpita and Gibeaut 

1993).  Xyloglucan is the predominant storage polysaccharide in seed 

endosperm cell walls of Tamarindus (tamarind), Primulaceae (primrose 

family), Linaceae (flax family) and Ranuculacaeae (buttercup 

family)(Carpita and McCann 2000).   

Xyloglucan is believed to bind through non-covalent interactions 

to cellulose, but the exact mechanism is unknown.  The degree of 

polymerization (DP) of the backbone and the type of side chains are 

very important for the binding of xyloglucan to cellulose.  Xyloglucans 

with a backbone shorter than 12-16 glucose units do not bind to 

cellulose (Vincken et al. 1995a).  The observed chain length of 

xyloglucan in plants varies from 300 to 3000 glucose units (Fry 1989).  

It has been shown that the higher substituted pea xyloglucan binds 

better to cellulose than the less substituted nasturtium seed 

xyloglucan (Levy et al. 1997).  This is consistent with the dissimilar 

role in the two species; in nasturtium seeds xyloglucan is deposited as 

storage polysaccharide and in pea xyloglucan serves as the structural 

hemicellulose in primary cell walls.   
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1.4.3.4 Lignin 

Lignin is a very complex molecule which is composed of three 

different polyphenolic precursers: coumaryl alcohol, coniferyl alcohol, 

and sinapyl alcohol (Grima-Pettenati and Goffner 1999).  The 

precursors are linked in a wide variety of bonds in the final polymer.  

The linkage pattern of lignin is irregular; the resulting polymer is 

hydrophobic and fills all the space in the cell wall that is not occupied 

by other components.  The major part of lignin is found in the middle 

lamella, where it serves as hydrophobic glue.  Lignin is also found in 

the secondary cell wall and thereby covers the finally differentiated cell 

wall completely (Timell 1967).   

 

1.4.4 Cell expansion 

During cell differentiation, cells can increase their shape and/or 

size dramatically.  Therefore, the primary cell wall has to be 

restructured during cell growth.  The expansion or elongation is driven 

by the balance pressure and cell wall rigidity.  The limited weakening 

of the primary cell dictates the future cell shape.  In order to maintain 

wall strength during cell enlargement, new material must be 

continuously incorporated.  Most likely, a whole set of cell wall 

loosening enzymes is required for this process (Rose and Bennett 

1999).  The acid growth hypothesis suggests that auxine acidifies the 

cell wall by activation of a plasma membrane bound proton pump.  A 

low pH-value in the cell wall would in turn activate the cell-wall 

loosening enzymes (Rayle and Cleland 1992).   

Expansins are considered among the most important cell-wall 

loosening enzymes, in spite of their apparent lack of hydrolytic activity 

(Cosgrove 1998; Cosgrove 2000a; Cosgrove 2000b).  In primary cell 

walls, expansins might be involved in growth control by regulating the 

accessibility of glycan for other cell wall-loosening enzymes (Carpita 

and McCann 2000).  The mechanism of expansins is not fully 

understood, but expansins are thought to interfere with the hydrogen 
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bonds between cellulose and xyloglucan.  Several hydrolytic enzymes 

such as endo-(1→4)-β-glucanases and glycosidases are also thought to 

be important for cell wall loosening (Rose and Bennett 1999).   

In the early 1990’s a new group of enzymes capable of cleaving 

and rejoining xyloglucan molecules was described (Fry et al. 1992; 

Nishitani 1992).  The proteins were named xyloglucan 

endotransglycosylases (XETs, Fry et al. 1992), or endo-xyloglucan 

transferase EXG or EGXT (Nishitani and Tominaga 1992).  Farkaš et 

al. characterized a xyloglucan specific endo-(1→4)-β-glucanase (1992).  

It now is clear that all these references described enzymes show same 

predominant activity, which is known as XET.  Rose et al. suggested a 

new name: xyloglucan endotransglycosylase / hydrolase (XTH) (2002), 

however in this thesis xyloglucan endotransglycosylase (XET) will be 

used. On the Web site of the International Union of Biochemistry and 

Molecular Biology 1  XET enzymes are currently designated as EC 

2.4.1.207.  However, the hydrolyzing XEH enzymes are designated as 

EC 2.4.1.151.  Since the primary cell wall is a xyloglucan-cellulose 

composite, enzymes able to modify xyloglucan are of great interest for 

fiber engineering.   

 

1.5 Xyloglucan endotransglycosylase  

Xyloglucan endotransglycosylases (XETs) have been found in 

almost all plants (Arrowsmith and de Silva 1995; Burstin 2000; Uozu 

et al. 2000; Vissenberg et al. 2000; Vissenberg et al. 2003) and their 

activity has been classified as EC 2.4.1.207.  The CAZy database2 

describes the families of structurally related catalytic and 

                                       
1  Web site of the Nomenclature committee of the International Union of 

Biochemistry and Molecular Biology at http://www.chem.qmul.ac.uk/iubmb 

/enzymes/EC2/4/1/207 or http://www.chem.qmul.ac.uk/iubmb/enzymes 

/EC2/4/1/151 
2  Carbohydrate-Active Enzymes server at URL http://afmb.cnrs-

mrs.fr/~cazy/CAZY/index.html 
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carbohydrate-binding modules of enzymes that degrade, modify, or 

create glycosidic bonds.  According to this classification, XETs belong 

to the glycosyl hydrolase family 16 (GH16).  Family GH16 is relatively 

heterogeneous and its members are active on a wide spectrum of 

different substrates.  The family contains enzymes with five major 

specificities: β-agarase, endo-(1→3)-β-glucanases (laminarinases), 

endo-(1→3)-(1→4)-β-glucanases (lichenases), κ-carrageenases and 

xyloglucan endotransglycosylases (Figure 3).  XET and the other 

members of family 16 share the same catalytic motif; ExDxE or 

ExDxxE, and possess a similar β-jelly roll fold (Planas 2000).  As first 

shown for the B. lichenoformis lichenase all members of family 16 use 

the retaining reaction mechanism (Malet et al. 1993, for a detailed 

description of the reaction mechanism see 1.5.2).   

Common Ancestor
active site:

β-bulge + histidine

Family 7

Family 16

Cellulases:
Endoglucanases and
Cellobiohydrolases
(1,4-b-glucanases)

κ-Carrageenases

β-Agarases
(1,3-α-1,4-β-galactanases)

Laminarinases
(1,3-β-glucanases)

Lichenases
(1,3-1,4-β-glucanases)

XETs
 

Figure 3. Evolution in Clan B.  A schematic tree based on the structural 

features conserved in each enzyme family, figure adapted from Michel et al 

(2001) 

 

Based on their sequence similarity, glycosyl hydrolase families 

can be further grouped in clans.  In addition to the enzymes in the 

family GH16, clan B contains cellobiohydrolases and endoglucanases 

from family GH7 (Figure 3).  
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Protein structures have been previously determinated for several 

lichenases, one κ-carrageenase and two β-agarases (Table 1).  Also 

several family GH7 structures are known (Divne et al. 1994; 

Sulzenbacher et al. 1996; Davies et al. 1997a; Divne et al. 1998b; 

Munoz et al. 2001), but.   

Most of the XETs so far published share common features such 

as a hydrophobic N-terminus, which serves as a signal peptide 

directing the protein to the cell wall.  Furthermore, four or six cysteine 

residues are found in the C-terminal region.  Compared to the 

hydrolases from family GH16, most XETs have a C-terminal extension 

(Campbell and Braam 1999b).  Based on the differences in the C-

terminal amino acid sequences XETs can be divided into four 

subfamilies (Campbell and Braam 1999b; Uozu et al. 2000).  Most 

XETs have a conserved N-glycosylation site close to the active site and 

a molecular mass of ca. 33 kDa.   

 

Table 1. Currently published protein structures of family GH16 (adapted form 

CAZy website) 

Protein Organism EC# PDB reference 

lichenase (Bg1) Bacillus licheniformis 3.2.1.73 1GBG (Hahn et al. 1995b) 

lichenase M  Bacillus macerans 3.2.1.73 1AJK (Hahn et al. 1995a) 

lichenase  
Fibrobacter 

succinogenes 
3.2.1.73 1MVE (Tsai et al. 2003) 

xyloglucan 

endotransglycosylase 

(PttXET16A) 

Populus tremula x 

Populus tremuloides 
2.4.1.207 

1UMZ  

1UN1 

 

(Johansson et al. 

2003) 

κ-carrageenase   

Pseudoalteromonas 

carrageenovora  

ATCC 43555 

3.2.1.83 1DYP (Michel et al. 2001) 

β-agarase A (AgaA)   
Zobellia 

galactanivorans Dsij 
3.2.1.81 

1O4Y, 

1URX 

(Allouch et al. 

2003) 

β-agarase B (AgaB)   
Zobellia 

galactanivorans Dsij 
3.2.1.81 1O4Z 

(Allouch et al. 

2003) 
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Many plants contain genes for a large number of XET isozymes 

belonging to different subfamilies (Dong et al. 2004).  For example, six 

cDNA clones have been isolated from kiwifruit (Schröder et al. 1998), 

and 33 genes are reported from Arabidopsis thaliana (Yokoyama and 

Nishitani 2001).   

Several isozymes in the same species suggest either subtle 

differences in enzyme activity or a differential expression pattern.  

Both cases have been demonstrated: In A. thaliana four isozymes 

(TCH4, Meri-5, EXGT and XTR9) showed different pH and temperature 

optima.  In addition, they had slightly different substrate preferences.  

XTR9 showed less activity with fucosylated xyloglucan, whereas others 

were equally active on various xyloglucans (Campbell and Braam 

1999a).  In nasturtium (Tropaeolum majus), two XETs are known; 

NXG1 is expressed exclusively in cotyledons whereas XET1 is found in 

all vegetative tissues (Rose et al. 1996).   

Several studies describe XET isozymes with small differences in 

activity and substrate specificity (Arrowsmith and de Silva 1995; Rose 

et al. 1996; Burstin 2000; Steele and Fry 2000; Uozu et al. 2000; 

Reidy et al. 2001; Nakamura et al. 2003; Sulová et al. 2003).   

The majority of the known XETs have primarily transglycosylase 

activity.  However, a few XETs have been reported to have both 

hydrolytic and transglycosylase activity (Fanutti et al. 1993; Tabuchi 

et al. 1997; Schröder et al. 1998).  In all these cases the enzymes have 

been purified from their natural source.  Consequently the hydrolytic 

activity could be caused by contaminations from other cell wall 

enzymes.  The transglycosylase activities were in all cases several 

times higher than the hydrolytic activity.  Recently, a purely hydrolytic 

XET from azuki bean (Vigna angularis) has been reported (Tabuchi et 

al. 2001); currently only twenty-three amino acids of two protein 

fragments are known from this enzyme.  In order to determine the 

genetic relationship of this enzyme to other known XETs, the full 

protein sequence is required.   
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Some XETs have been expressed in heterologous hosts such as 

E. coli (Schröder et al. 1998), insect cells (Campbell and Braam 1998; 

Oh et al. 1998; Campbell and Braam 1999a), or the yeast Pichia 

pastoris (Catalá et al. 2001; Henriksson et al. 2003; Kallas et al. 2004).  

Heterologous expression has three main advantages compared to 

purification from the natural source. First, the amounts of obtained 

protein are much higher. Secondly due to over-expression of the 

desired protein high purities can be more easily achieved.  Finally the 

protein obtained is free of contaminating activities by other plant 

enzymes.   

 

1.5.1 Natural roles of XET 

XET activity has been shown by in vivo detection in a wide 

variety of plants and tissues (Vissenberg et al. 2000; Bourquin et al. 

2002; Vissenberg et al. 2003; Fry 2004).  The multitude of genes found 

for XET enzymes are a hint of differential expression or different 

functions in the plant body.  Some XETs might be involved in the cell 

wall restructuring, others in incorporation of newly synthesized 

xyloglucan into the cell wall and possibly yet others in hydrolyzing 

xyloglucan.  It has been shown that the molecular weight of 

xyloglucan decreases during fruit ripening while XET is active in the 

tissue (Schröder et al. 1998; Rose and Bennett 1999).  It is clear that 

XETs have the potential to modify the cellulose-xyloglucan network, 

thus XETs will most likely be involved in reconstruction of the cell 

walls during cell expansion (Carpita and Gibeaut 1993).  Two ways are 

possible to loosen primary cell walls: the binding of xyloglucan to 

cellulose can be disrupted (cfr. expansins 1.4.4) or the xyloglucan 

interconnections between cellulose microfibrils can be cut.  The 

cleavage of xyloglucan chains could be done by endo-(1→4)-β-

glucanases, but then the cell wall would loose its strength irreversibly.  

A transient cutting and religation, as performed by XETs, would be 

more feasible for maintaining the strength of the primary cell wall.  
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During cell expansion, the surface area of the cell wall increases 

dramatically. In spite of this, the thickness of the cell wall is kept 

constant, which means that new cell wall material must be 

incorporated continuously during cell expansion.  It has been shown 

in vivo that newly synthesized xyloglucan in added to the cell wall 

xyloglucan pool (Thompson and Fry 2001).  Most likely, XETs are 

involved in this process.  

Recently it was shown that XET activity could be detected from 

the primary cell wall to the early development of the secondary cell 

wall.  In situ assays of XET in hybrid aspen have shown that XET 

activity can be found in xylem and phloem fibers that are actively 

depositing the secondary cell wall.  Immunolocalizion with antibodies 

raised against XET16A from hybrid aspen confirmed the presence of 

XETs in these tissues and developmental stage (Bourquin et al. 2002).  

However, since hybid aspen has a large number of genes for XETs it is 

currently unclear which XET isozymes were visualized.   

 

1.5.2 The retaining mechanism of family GH16  

All enzymes from glycosyl hydrolase family 16 are believed to 

utilize the double displacement mechanism for catalysis.  This means 

that a substituent on the anomeric C-atom of a sugar ring is twice 

exchanged with another substituent resulting in an overall retention 

of the anomeric configuration (Figure 4) (Sinnott 1990).   

The substrate sugar residues are numbered according to the 

following convention: the numbering of sugars is done with respect to 

their position to the cleavage of the sugar chain.  The sugar residues 

on the reducing end of the cleavage site are counted up starting with 

+1 and the sugar residues on the non-reducing end are counted down 

starting with -1.  Hence the cleavage of the chain occurs between the 

sugar rings -1 and +1 (Davies et al. 1997b).   

The double displacement mechanism passes through two 

transition states.  In the first step a deprotonated carboxylic acid acts 
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as a nucleophile that attacks the anomeric C1 to form covalent 

glycosyl-enzyme intermediate.  At the same time, another carboxylic 

acid side chain residue acts as a general acid and protonates the 

leaving group.  In the second step of the reaction mechanism the very 

same amino acid residue acts as a base to deprotonate either water (in 

hydrolases) or a glycosyl acceptor (in transglycosylases).  During the 

nucleophilc attack on the anomeric carbon of the enzyme-glycosyl 

intermediate is decomposed.  In transglycosylases a new glycosidic 

bond is thus formed (Withers 2001).  
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Figure 4 The retaining transglycosylation mechanism, adapted from Withers 

(2001) 

1.5.3 Substrates of XET 

XETs have so far only shown activity on xyloglucan. No activity 

with cellulose has been observed, even though xyloglucan can be 

regarded as substituted cellulose (Fry et al. 1992). For the XET from 

nasturtium, it was demonstrated that xylosyl substitution in position 

+2 or +3 are required for activity (Fanutti et al. 1996).  Very early it 

was established that xyloglucan oligosaccharides (XGOs) can be 

utililized as acceptors (Fry et al. 1992). It has been shown that 

chemical modifications of the acceptor at the reducing end has no 

negative effect on the reaction rates of poplar XET (Teeri and Brumer 

2003). The smallest acceptor molecule for transglycosylation by bean 

(Phaseolus vulgaris) or pea (Pisum sativum) XET is build from 

cellotriose decorated with two α(1→6) bound xylose residues and with 

a unsubstituted glucose residue on the reducing end (Lorences and 

Fry 1993).  
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Xyloglucan oligosaccharides (XGOs) can be easily prepared by 

enzymatic digestion of xyloglucan by cellulases (York et al. 1993; 

Vincken et al. 1995b).  These oligosaccharides have four β(1→4)-linked 

glucose units, which are decorated with three α(1-4)-linked xyloses.  

The glucose unit at the reducing end is unsubstituted.  A cellulase 

digestion of tamarind xyloglucan produces four different XGOs.  These 

oligosaccharides differ in the number and position of β(1→2) linked 

galactoses (Figure 5).  The chemical names of the different xyloglucan 

oligosaccaries are rather complicated, therefore Fry et al. introduced 

an unambiguous one letter code for XGOs (1993).  X represents a 

Xylp(α1→6)-Glcp unit, L represents a Galp(β1→2)-Xylp(α1→6)-Glcp-

unit and G represents a Glcp unit. When written sequentially, a 

β(1→4)linkage between the Glcp units is implied with the reducing 

end on the right. Strucure 1 from Figure 5 is designated as XLLG 

when n and m are one.  
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Figure 5. Xyloglucan oligomers (1) as obtained from cellulase digestion of 

deoiled tamarind powder, Lissamine-rhodamine labeled XGO (2), and 2-

aminopyridine labelel XGO (3) 

 

XGOs can be used to measure XET activity either by a 

colorimetric assay (Sulová et al. 1995) or by a radioactive assay using 

radiolabeled XGOs (Fry et al. 1992). Fluorescently labeled XGOs can 

be utilized to visualize XET activity in vivo (e.g. lissamine rhodamine 
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labeled XGOs, Figure 5, 2) (Fry 1997) or for in vitro measurements 

(e.g. 2-aminopyridine labeled XGOs Figure 5, 3) (Nishitani 1992).  In 

all these assays XET activity is based on the incorporation of the 

labeled XGOs into high molecular mass xyloglucan. 

High molecular mass xyloglucan is as a polymer rather ill 

defined, and contains a large number of possible cleavage sites for 

XET.  Even if the labeled XGO is provided with high excess, a certain 

number of catalytic events will not result in the incorporation of a 

label.  Thus from these assays it is not possible to precisely quantitate 

the number of catalytic events.  Additionally, these assays do not 

allow the detection of hydrolytic activity.  For that other assays have 

to be employed e.g. quantification of reducing ends or viscometry.  

 

1.5.4 Enzyme discovery in hybrid aspen 

Hybrid aspen (poplar, Populus tremula x tremuloides) is widely 

used as model system for studies of wood formation (Mellerowicz et al. 

2001).  Poplar is a wood forming plant that has a relatively small 

genome (550 Mb, 40 times smaller than the pine genome) and it is 

easy to transform.  In addition, it is a fast growing tree, which flowers 

after ~8 years.  Moreover, the flowering can be induced within the first 

year using transgenic lines or early flowering types (Brunner et al. 

2004).  Through collaboration between KTH and Umeå University, 

over 120000 EST sequences from 19 hybrid aspen cDNA libraries were 

obtained (http://poppel.fysbot.umu.se/). Subsequent transcription 

profiling was performed to study the expression pattern of almost 

3000 genes (Hertzberg et al. 2001).  Further information about the 

proteins can be obtained by heterologous expression and functional 

studies (Figure 6).   
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Figure 6. Interesting genes are identified from hybrid aspen EST library by 

bio-informatic analysis.  Microarray analysis, development of transgenic trees 

and immunolocalisations give information about the expression pattern and 

function of the proteins that the genes encode. Heterologous expression 

enables enzyme characterization and crystallization.  

 

Among the dataset of over 120000 poplar ESTs, 27 putative XET 

genes have been identified (Nishikubo, N., personal communication).  

Expression profiling has shown that the isozyme PttXET16A is highly 

upregulated in the expansion zone (Hertzberg et al. 2001).   

The gene for PttXET16A was obtained as a full length sequence 

from the hybrid aspen cDNA library and was cloned into the pPIC9 

vector in frame with the secretion signal sequence from the S. 

cerevisiae α-factor prepro protein.  Recombinant PttXET16A was 

expressed with high yields in P. pastoris.  The pure protein has been 

crystallized (Johansson et al. 2003) and basic enzymatic 

characterization has been carried out (Kallas et al. 2004). 
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2 Aim of present investigation: 

Design and synthesis of xyloglucan oligosaccharides for 

structure-function studies of xyloglucan endotransglycosylases. 

 

Design and synthesis of selected xyloglucan oligosaccharides for 

the modification of cellulosic surfaces.  
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3 Material and Methods 

This section describes (i) the preperation of a mixture of XGO 

monomers (hereafter called Glc4), (ii) a mixture of XGO dimers 

(hereafter called Glc8), (iii) the synthesis of XGO-CNP, a potential 

donor substrate for XETs and (vi) the synthesis of the aminoalditol 

derivate of XGOs (XGO-NH2) the key intermediate for biomimetic fiber 

modification (paper II).   

All other methods are described in paper the I and II. 

 

3.1 General procedures 

 NMR spectra were recorded at 298 K on a Bruker Avance 500. 

Proton chemical shifts (δ) are reported in ppm downfield from TMS; 

carbon chemical shifts are reported with reference to internal solvent. 

High-resolution mass spectra (HRMS) were recorded on a Micromass 

Q-Tof II (Waters Corporation, Micromass MS technologies, Manchester, 

U.K.) in positive ion mode from 1:1 methanol/water containing 0.5 

mM NaCl and an internal reference.  Progress of synthesis was 

monitored by analytical thin-layer chromatography with silica gel 60 

F254 pre-coated plates (Merck, Darmstadt). 

 

3.2 Preparation of xyloglucan oligosaccharides from deoiled 

tamarind kernel powder.  

Two protocols for preparation of XGOs have been optimized:  

one to yield a mixture of XXXG, XLXG, XXLG and XLLG (Glc4), based 

on (Vincken et al. 1995b), and one to produce higher order xyloglucan 

oligosaccharides (Glc8,Glc12 and Glc16). 

3.2.1 Mixture of xyloglucan oligosaccharides (Glc4) 

Deoiled Tamrind kernel powder (D.N. Palani, Mumbai, India) (10 

g) was suspended in ammonium acetate buffer (1L; 10 mM; pH 4.5) at 
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60°C and was vigorously stirred until homogenous.  Then the 

suspension was cooled to 35°C and crude cellulase from Trichoderma 

reesi (Fluka) was added (100 mg, 500 U).  The resulting solution was 

incubated at 35°C during 24 h under gentle stirring.  TLC analysis 

(CH3CN-H2O, 7:3 v/v) was employed to follow the digestion progress.  

The solution was boiled for 30 min, and after colling to RT, the water 

phase was reduced to 100 mL in vacuo.  The resulting solution was 

freeze dried, to yield was typically 5-6 g XGOs as a white powder.   

 

3.2.2 The heptasaccharide XXXG 

When the pure XXXG was desired one additional enzymatic step 

was carried out directly after the cellulase digestion.  The solution was 

boiled for 30 min, and after colling to RT β-Galactosidase from A. niger 

(Megazyme; 125 µL; 500 U) was then added.  After 5 hours incubation 

at 40°C, a TLC (CH3CN-H2O, 7:3 v/v) showed the complete digestion.  

The volume was then reduced to 100 mL and the product was 

precipitated by addition of ice-cold ethanol (1 L) and filtered on filter 

paper (Whatman no 1).  The precipitate was dissolved in water and 

freeze-dried. XXXG was obtained as a dry white powder. 

All intermediate and final products were analysed by high 

performance anion exchange chromatography with pulsed 

amperometric detection (HPAEC-PAD) and mass spectrometer. (data 

not shown). 

Fractions were analyzed by HPLC on a Dionex (Sunnyvale USA) 

Carbopac PA100 column.  Solvent A was 100 mM NaOH and solvent B 

was 100 mM with 200 mM NaOAc. The following gradient program 

was used: 0 - 4 min, 100 mM NaOH with 60 mM NaOAc; 4 - 10 min 

linear gradient to 120 mM NaOAc, 10 - 11 min 200mM NaOAc, then 

back to initial conditions.  
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3.2.3 Mixture of higher order xyloglucan oligosaccharides (Glc8).  

The general procedure of the cellulase digestion of tamarind 

kernel powder suspension is the same as in 3.2.1.  One g of deoiled 

tamarind kernel powder was dissolved in ammonium acetate buffer 

(50mL; 10 mM; pH 4.5) at 50°C for one hour.  The solution was cooled 

to 30°C and 1 mg (1U) of crude cellulase (Fluka) was added.  The 

progress of the digestion was monitored by HPAEC-PAD.  When the 

chromatogram showed nearly only Glc4 and Glc8 units the digestion 

was stopped (16h) by boiling for 30 min.   

The obtained oligosaccharides can be degalactosylated by 

incubation with 4 U β-galactosidase (A. niger, Megazyme) for 4 h.  

Boiling for 30 min was used to deactivate the enzyme prior to workup.   

The obtained oligosaccharides were separated by size exclusion 

chromatography on two columns (Bio-Gel P6 (Bio-Rad) 2x 90cm, 2.6 

cm diameter) heated at 60° C.  The products were eluted with a flow 

rate of 0.5 mL/min with distilled water.  Fractions were analyzed 

using a Dionex carbopac PA100 column with by HPAEC-PAD.  Solvent 

A was 100mM NaOH and solvent B was 100mM with 500 mM NaOAc. 

The following gradient program was used: 0 - 3 min, 100 mM NaOH 

with 40 mM NaOAc; 3 - 11 min. linear gradient to 170 mM NaOAc, 11 

- 18 min. linear gradient to 200 mM NaOAc, 18 - 19 min 500 mM 

NaOAc, than back to initial conditions. 

 

3.3 Production of per-acetylated degalactosylated 

xyloglucan oligosaccharides (XXXG) 

The 2-chloronitrophenyl derivates of XGOs were synthesized by 

a reaction sequence of acetylation, bromiantion, Königs-Knorr reaction 

and deacetylation.  Pure XLLG or XXXG was used as starting material, 

in both cases the same protocol was used.  Here the reaction is 

described using XXXG as starting material.   
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3.3.1 Synthesis of per-AcO-XXXG 

XXXG obtained as in section 3.2.2 described.  Dry powdered of 

XXXG was dissolved in dry pyridine then acetic anhydride (50 ml) and 

a catalytic amount of 4,4-dimethylaminopyridine were added. The 

mixture was stirred at 50°C during 3 days. The reaction mixture was 

then cooled on ice, quenched by adding MeOH (50 mL) and 

concentrated in vacuo. Flash chromatography (toluene-acetone, 3:1 

v/v) afforded per-AcO-XXXG (2.8 g, 1.4 mmol) as a white powder.  

1H NMR (500 MHz, CDCl3): 13C NMR (125 MHz, CDCl3): δ = 

170.40-168.48 (CH3CO), 100.51, 100.42, 100.31, 100.07 (C-1 of Glc II, 

III and IV), 97.00, 96.95, 95.81 (C-1 of Xyl), 91.14 (C-1 of β-Glc I), 

88.73 (C-1 of α-Glc I), 76.29, 76.13, 75.11, 74.98, 74.57, 74.52, 73.23, 

73.18, 72.58, 72.50, 72.43, 71.97, 71.87, 71.69, 71.51, 70.70, 70.61, 

70.46, 70.39, 70.29, 69.53, 69.29, 69.11, 69.05, 68.90, 67.22 (C-2 to 

C-5 Glc and C-2 to C-4 of Xyl), 65.47, 65.0 (C-6 of Glc II, III, and IV), 

61.77, 61.48 (C-6 of β-Glc I and  α-Glc I), 59.02, 58.85, 58.66 (C-5 of 

Xyl), 20.83-20.46 (CH3CO);  

 

3.3.2 Synthesis of per-AcO-XXXG-Br  

The per-AcO-XXXG (1.09 g, 0.576 mmol) was dissolved in fresh 

distilled dichloromethane (30 mL) and the solution was cooled on ice. 

Then hydrogen bromide (10 mL, 33% in acetic acid) was added.  The 

reaction was stirred at 0°C under argon for 3h.  The mixture was 

washed with cold water, two times with a solution of saturated 

NaHCO3, and then brine. The organic layer was dried (Na2SO4) and 

concentrated in vacuo to give the bromide intermediate, which was 

used without further purification (1.08 g, 98%).  

 

3.3.3 Synthesis of per-AcO-XXXG-CNP  

To a solution of the bromide (1.08g, 0.566 mmol) dissolved in 

fresh distilled acetonitrile, 2-chloronitrophenol (0.290 g, 1.7 mmol), 
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2,6-luthidine (210 µL, 1.9 mmol) and silver carbonate (0.15 g, 0.566 

mmol) was added. The mixture was stirred in the dark at RT and 

under argon for 5h, diluted with CH2Cl2, washed successively with 

water, a saturated NaHCO3 solution and brine. The organic layer was 

dried (Na2SO4) and concentrated under reduced pressure. Flash 

chromatography (toluene-acetone, 3:1 v/v) gave the expected 

compound 3 (358 mg, 31%).  

1H NMR (500 MHz, CDCl3): see Table 2 

13C NMR (125 MHz, CDCl3): δ = 170.40-168.47 (CH3CO), 

157.06, 143.05, 126.10, 124.71, 123.54, 116.19 (Car., CNP), 100.48, 

100.31, 100.14 (C-1 of Glc II, III and IV), 98.31 (C-1 of Glc I), 96.96, 

96.95, 95.83 (C-1 of Xyl), 76.03, 74.99, 74.59, 73.18, 72.84, 72.55, 

72.33, 71.94, 71.77, 71.68, 71.53, 70.97, 70.62, 70.36, 69.26, 69.14, 

68.92 (C-2 to C-5 Glc and C-2 to C-4 of Xyl), 67.24, 65.37, 64.86 (C-6 

of Glc II, III, and IV), 61.72 (C-6 of Glc I), 59.00, 58.86, 58.66 (C-5 of 

Xyl), 20.83-20.46 (CH3CO);  

H-1 H-2 H-3 H-4 H-5 H-6a H-6b J1,2 J2,3 J3,4 J4,5 J5,6a J5,6b J6a,6b

Gluc I 5.14 5.14 5.23 3.91 3.80 4.47 4.05 - - 8.9 8.9 3.1 5.5 12.2

Gluc II/III 4.51 4.65 5.06 3.94 3.34 3.96 3.63 7.9 9.8 8.5 10.4 3.7 - 12.3

Gluc II/III 4.68 4.66 5.12 3.99 3.69 4.02 3.80 7.9 8.5 9.8 9.8 3.1 - 11.6

Gluc IV 4.77 4.77 5.16 5.08 3.90 3.80 3.61 - - 9.8 9.8 4.3 4.3 11.0

H-1 H-2 H-3 H-4 H-5a H-5b J1,2 J2,3 J3,4 J4,5a J4,5b J5a,5b

Xyl 4.98 4.76 5.35 4.92 3.74 3.62 3.7 10.4 9.2 4.5 10.4 11.6

Xyl 5.05 4.85 5.37 4.99 3.89 3.75 3.1 10.4 8.5 6.1 11.0 11.6

Xyl 5.07 4.77 5.34 4.93 3.92 3.68 3.7 10.4 9.8 6.1 10.4 11.6

 
Table 2. XXXG-CNP: 1H NMR (500 MHz, CDCl3), coupling constants are given 

in Hz.  

 

3.3.4 Deprotection of per-AcO-XXXG-CNP   

Per-AcO-XXXG-CNP (0.358 mg, 117 µmol) was dissolved in 

freshly from CaH2 distilled methanol (80 mL) and a methanolate 
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solution in methanol (1 M, 2 mL) was added drop wise. The reaction 

was stirred at RT. After 1 h, TLC (CH3CN-H2O, 7:3) showed the 

complete deprotection of the starting material. The reaction was then 

neutralized with resin amberlite IR  120 H (plus), evaporated, co-

evaporated with water and freeze-dried. A reverse phase column 

(Supelclean ENVI 18 SPE, Supelco) afforded pure XXXG-CNP (96 mg, 

67%).  Preliminary 1H NMR (400 MHz, D2O) analysis confirmed the 

integrity of the compound.  

 

3.4 Preparation of mixture XGO aminoalditol derivatives  

The mixture of xyloglucan oligosaccharides was prepared as 

described under 3.2.  The XGO mixture (2.4 g, 1.9 mmol) was 

dissolved in saturated ammonium bicarbonate solution (50 mL).  

Following the addition of sodium cyanoborohydride (2.4 g, 38 mmol), 

the reaction was stirred at room temperature in the dark for 7 days. 

The reaction was then filtered to remove solid NH4HCO3 and acetic 

acid was added until the solution reached pH 2. After concentration in 

vacuo, the crude product was redissolved in 75 mL water and purified 

in ten portions on a size exclusion column (Bio-Rad, Bio-Gel P2, 5 cm 

x 22 cm). Fractions from each column run, which contained XGO-NH2 

and exhibited low conductivity, were pooled and concentrated to 

dryness (yield 1.31 g, 51%). 1H NMR (500 MHz, D2O): δ = 2.75, 2.94 (–

CH2NH2), 3.18 – 4.05 (H-2 to H-6 of Gal, Glc, 1-deoxy-1-amino-glucitol 

and H-2 to H-5 of Xyl), 4.42 – 4.59 (H-1 of Glc and Gal), 4.84 – 4.89 

(H-1 of Xyl), 5.06 – 5.11 (H-1 of glycosylated Xyl with a Gal at C-2); 13C 

NMR (125 MHz, D2O): δ = 42.45 (–CH2NH2), 60.97, 61.14, 61.43, 61.58, 

61.86 (C-6 of Gal, C-5 of Xyl l and C-6 of 1-deoxy-1-amino-glucitol), 

65.81, 66.01, 66.59, 66.71, 66.83 (C-6 of Glc), 68.49, 69.15, 69.36, 

70.53, 71.00, 71.40, 71.50, 71.80, 72.06, 72.52, 72.93, 73.20, 73.45, 

73.91, 74.01, 74.21, 75.01, 75.45, 78.83, 79.32, 79.45, 79.56, 79.73, 

79.92, 80.14, 80.41 (C-2 to C-5 of Gal and Glc, C-2 to C-4 of Xyl and 

C-2 to C-5 of 1-deoxy-1-amino-glucitol), 98.16, 98.63, 98.80, 102.10, 
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102.30, 102.79, 102.94, 104.32, 104.42 (C-1 of Gal, Xyl and Glc); 

HRMS (ESI+): calcd for C51H89NO42Na 1410.4757, C45H79NO37Na 

1248.4229, C39H69NO32Na 1086.3701, found 1410.4518, 1248.4045, 

1086.3562 (M + Na)+. 
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4 Results and discussion 

4.1 Design and synthesis of modified XGOs 

For this study, a selection of modified and unmodified 

xyloglucan oligosaccharides was obtained (Figure 7). For all 

modifications of XGOs the reducing end was used.  During the 

optimization of the digestion procedure, it was noticed that the 

extraction of xyloglucan from deoiled tamarind powder could be 

omitted for the production of the XGOs.  For most of the fiber 

modification work (paper II), the aminoalditol derivate of the XGOs, as 

produced by reductive amination, was used.   

deoiled tamarind kernel 
powder

xylogluco oligosaccharides
XXXG/XLXG/XXLG/XLLG

ratio 15:7:32:46
β-galactosidase

A. niger β- galactosidase
A. orizae

XXXG, XXLG 
and galactose

extracted 
xyloglucan

XXXG
and galactose

cellulase

T. reesei

reductive 
amination

XGO-NH2

per-O-acetylated XXXG

acetylation

 
Figure 7. Flow scheme to preparation of xyloglucan oligosaccharides (XGOs). 

 

The mixture of XGOs (XXXG/XLXG/XXLG/XLLG ratio 

15:7:32:46) can be further digested with β-galactosidases.  A digestion 

with the Aspergillus orizae β-galactosidase results in a mixture of 

XXXG and XXLG, whereas the Aspergillus niger enzyme removed 

galactosese completely resulting in XXXG.   
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In the structural study (paper I), purified XGOs were used.  For 

synthesis of chromophoric XGOs (Figure 8) by the Königs-Knorr 

glycosylation, purified per-O-acetylated XLLG or per-O-acetylated 

XXXG was used as starting material (Figure 9).  
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Figure 8. The chromo-/fluorophoric labeled XXXGs 
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4.2 The structure of PttXET16A (paper I) 

The structure of PttXET16A hereby described (paper I) is the 

first one published for a xyloglucan endotransglycosylase.  In spite of 

the low sequence similarity (10-25%) within family 16, PttXET16A 

exhibits the typical β-jellyroll-type structure of other GH16 enzymes.   

PttXET16A is built from two anti-parallel β-sheets (paper I, 

figure 1 A and B), which form a β-sandwich with one concave (eight β-

strands) and one convex face (seven β-strands).  Like in many other 

sugar binding enzymes the active site cleft is decorated with several 

aromatic amino acid residues, which can help binding the substrate 

by establishing van der Waals interactions.  The catalytic residues 

E85 and E89 can be identified as the nucleophile and acid/base 

respectively, based on the unambiguous identification of the catalytic 

residues in the family GH16 Bacillus licheniformis endo-(1→3),(1→4)-

β-glucanases (Viladot et al. 1998).  Two disulfide bonds (C207-C216 

and C253-266) stabilizing the structure are found.   

PttXET16A reveals an exceptional structural feature for family 

GH16; it contains an extra 68 amino acids on the C-terminal end.  

This C-terminal extension forms the only α-helix in the molecule and 

one extra β-strand at the edge of the concave sheet.  The actual 

function of this insertion is currently unknown, but it can be 

suggested that the elongation of the β-sheet may contribute somewhat 

in substrate binding.   

Most XETs have an N-glycosylation site in close proximity to the 

active site.  The PttXET16A structure shows that N93 is glycosylated, 

two N-acetyl glucosamine units and one mannose unit are clearly 

visible in the structure.  These sugars interact with the acceptor 

binding loop (see 4.2.2) via hydrogen bonds (paper I, fig 1C).   
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4.2.1 Comparison of the PttXET16A structure with other clan B 

structures 

XET shares the common β-sandwich fold of clan B which 

contains both the endo-(1→3)–(1→4)-β-glucanases, κ-carrageenases 

and the agarases in family GH16 and the cellobiohydrolases and 

endoglucanases in family GH7.  Despite the low sequence similarity 

between these enzymes, a number of Cα-atoms from PttXET16A can 

be superimposed with those in other clan B enzyme structures 

(paper I table 2). As expected, the more distantly related family GH7 

reveals less structural similarity than the GH16 structures.  Still it is 

remarkable how the catalytic residues of the family GH16 enzymes 

(E85, D87 an E89, numbering of PttXET16A) are structurally well 

conserved (paper I, figure 1D).  No obvious structural differences are 

observed in the vicinity of the catalytic residues when compared to 

other family GH16 hydrolases.  Thus, no obvious explanation for the 

dominant glycosyl transfer activity of PttXET16A can be drawn from 

structural differences in the vicinity of the catalytic residues.   

The shape and the properties of the substrate-binding site are 

determined by the size and conformation of the loops connecting the 

β-strands to each other.  The loops are the regions with lower 

sequence similarity.  Compared to β-glucanases, PttXET16A has a 

more open active site, both on the donor and acceptor binding site.  Κ-

carrageenases have a narrower donor binding site, but the acceptor 

binding site is more open.  In addition, some of the aromatic residues 

are specific to XET and might determine the specificity for xyloglucan. 

 

4.2.2 Structure of PttXET16A with ligand 

Small molecular mass substrates are indispensable in detailed 

studies of active sites of enzymes.  In order to reveal the key residues 

for substrate binding the protein crystals were here soaked with pure 

XLLG (Figure 10 A).   
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Figure 10. The two xyloglucan-derived oligosaccharides used as ligands in 

the PttXET16A structure. (A) XLLG and (B) XLLG-CNP 

 

In the electron density map six (XLG) out of nine sugar residues 

could be identified in acceptor binding sites (paper I, figure 3B, 3C 

and 4A).  It was presumed that the missing sugars were not bound in 

an ordered manner to the protein.  The electron density for XLG was 

clear enough to identify the different sugar moieties and linkages 

unambiguously.  The overall structure of the sugar-enzyme complex 

changed very little, only a small portion of the loop connecting strand 

β13 and β14 moved ~1Å.  This acceptor binding loop (A176-W190) has 

favorable interactions with the xyloglucan oligosaccharide via D178 

and W179.  W179 is a key residue for the acceptor binding as it plays 

a role in the formation of three sugar binding sites: stacking 

interaction with Glc1 and Glc2 and hydrogen bond donation to Xyl1 

(paper I, figure 3B).  

The glucose backbone adopts a linear conformation resulting in 

the formation of a hydrogen bond between the ring oxygen and the 3-

hydroxyl group of the neighboring glucose residue.  The xylose units 

are pointing to different sides; the only observed galactose (Gal1) is 

stacking to Xyl2, and thereby reducing the solvent-accessible face.  

The catalytic nucleophile (E85) and the general acid/base residue 
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(E89) are both found on strand β7.  E89 is found in close proximity to 

the C3 and C4 hydroxyl group of Glc1.  This is in accordance with its 

role as acid/base in the catalytic mechanism.   

In a second approach XLLG-CNP, a ligand used as a potential 

donor for PttXET16A (see Figure 10 B), was soaked into the protein 

crystal.  The resulting structure showed essentially the same binding 

of the oligosaccharide in the acceptor site.  Also in this experiment 

only XLG was identified in the electron density map.   

There is currently no information on the interactions between 

substrates and active site on the donor binding sites.  Since the -1 site 

is relatively well conserved in the clan B enzymes, molecular modeling 

was employed to gain a deeper insight in the protein-sugar 

interactions.  A mosaic model of cellulose spanning the active site 

tunnel form -7 to +2 of Trichoderma reesei Cel7A (Divne et al. 1998a); 

PDB code 8CEL) was used to model sugar residues from -3 to +1 into 

the active site cleft of PttXET16A.  The conformation of the sugar 

residue in site +1 overlaps very well with the obtained data from the 

XLLG-PttXET16A, suggesting similarity in substrate binding.  Even 

the distorted glucose of the -1 site from Cel7A can be easily fitted into 

the active site cleft of PttXET16A.  Surprisingly, the same applies to 

subsite -2.  In subsite -1 the proximity of the O6 hydroxyl group to the 

acid/base residue E89 and to W174 suggests hydrogen bonding 

interactions.  In this position is no space for a xylose substituent, 

which can be a reason why XET cleaves the donor xyloglucan 

preferably at a non-substituted glucose unit.  However, since the 

model structure is derived from cellulose, which lacks xylosyl 

substituents in position –2 and –3, it needs to be be confirmed with 

real structural data.  Further structural data is necessary to confirm 

this theoretical data.   
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4.3 Assay development using xyloglucan oligosaccharides  

4.3.1 Chromophoric derivatives of xyloglucan oligosaccharides 

Current assays for XET activity (Fry et al. 1992; Sulová et al. 

1995) only provide an estimate of the enzyme activity.  In an attempt 

to overcome this limitation, we synthesized chromophoric XGOs to 

test as potential donor substrates for PttXET16A.  2-Chloro-4-

nitrophenyl (CNP) derivatives were chosen as the first candidates in 

our attempt to obtain a potential donor substrate that would allow 

continuous measurement of XET activity.  Pure XLLG-CNP (Figure 10 

B) and XXXG-CNP were obtained (see 4.1).   

However, no steady state release of the chromophoric 2-chloro-

4-nitrophenolate group was observed when PttXET16A was incubated 

with high concentrations with XLLG-CNP (paper 1, table 3, reaction A 

and B) or with XXXG-CNP (data not shown).  In addition, no burst of 

phenolate was observed as would be expected in case of accumulation 

of a covalent enzyme intermediate.   

High-Performance-Size-Exclusion-Chromatography analysis of 

the products of the incubation of PttXET16A with xyloglucan and 

XLLG-CNP (paper 1 table 3 reaction C, D) revealed that XLLG-CNP is 

an acceptor for transglycosylation (paper 1, figure 5), shown by the 

incorporation of XLLG-CNP into higher order xyloglucan 

oligosaccharides (Glc8, Glc12 and Glc16 shown in paper 1, figure 5B).  

Even from these higher order xyloglucan oligosaccharides, no release 

of CNP was observed.  

A new set of fluorophoric XGOs has been synthesized using the 

Königs-Knorr reaction (data not shown).  Preliminary experiments 

with 4-methylumbelliferyl-XXXG (XXXG-Mu, Figure 8 B) and 

Resorufin-XXXG (XXXG-Res, Figure 8 C) did not show a steady state 

release of the fluorophore when incubated with PttXET16.  Both the 

ligand-structure of PttXET16A with XLLG-CNP (see 4.2.2) and the 

biochemical data suggest the necessity of sugar binding in the donor 

and acceptor sites as a requirement for catalysis.   
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4.3.2 A small molecular mass donor substrate 

As the kinetic experiments with chromo/fluorophoric substrates 

suggested the need for a XGO substrate with sugar residues spanning 

the active site, a higher order xyloglucan oligosaccharide (Glc8, 

equivalent to two XGOs with a β(1→4) linkage) was isolated form 

partly digested xyloglucan by preparative gel filtration (Figure 11).  
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Figure 11. Product analysis of digestion of deoiled tamarind powder by 

cellulase. The mixture XGOs (Glc4) and higher order oligosaccharides (Glc8-16) 

(A) were purified by gel filtration. Chromatogram B, C and D shows the product 

analysis after gel filtration. 

 

The Glc8-unit is a mixture of different oligosaccharides, 

containing different amounts of galactose (cfr. XGO-mixture Figure 

5.1) This Glc8-unit was incubated with PttXET16A, either with or 

without XGOs.  PttXET16A generated higher order XGOs (Glc12 and 

Glc16), clearly indicating than Glc8 is used as a donor and acceptor 

(Figure 12 A).  Furthermore when an access of XGOs is available the 

synthesis of longer XGOs (Glc12 and Glc16) is suppressed (Figure 12 B).  

This suggests that XGOs (Glc4) are here used as acceptors, thus the 

Glc8–unit is cut and religated in each enzymatic reaction.   

These higher order XGOs will be used in crystallization 

experiments with catalytically inactive mutants of PttXET16A (Piens K., 
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personal communication) in order to map the protein-sugar 

interaction along the entire length of the active site.  
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Figure 12. Product analysis of PttXET16A (0.1 mg/mL) incubated for 16h with 

(A) 0.3 mM high order xyloglucan oligosaccaride (Glc8), and (B) with 0.3mM 

Glc8 and 1.5 mM XGOs, reaction time 16h on RT in 100 mM NaOAc buffer pH 

5.5  
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4.4 Use of modified xyloglucan oligosaccharides as tool for 

fiber modification (paper II) 

Xyloglucan binds with high affinity to cellulose surfaces without 

disrupting the fiber integrity (Vincken et al. 1995a; Mishima et al. 

1998; de Lima and Buckeridge 2001).  However, as a tool for fiber 

modification xyloglucan has several disadvantages. As a high 

molecular mass polymer it forms viscous solutions in water and in 

addition the molecular mass is high and ill defined.  Xyloglucan is not 

soluble in organic solvents, and the reactivity of the primary hydroxyl 

groups is not very high.  These properties make purification and 

product analysis very difficult. Direct modification of xyloglucan can 

only be observed on the background of the high variability of the 

starting material.  

Xyloglucan oligosaccharides are small (molecular mass between 

1062 g/mol and 1386 g/mol) and well defined, and a large variety of 

analytical tools are readily applicable (TLC, high resolution mass-

spectrography, NMR, CD).  The reducing end of the oligosaccharides 

has high reactivity under mild conditions and offers a wide rage of 

modifications.   

On the other hand, XGOs do not bind to cellulose.  The solution 

to this problem is to use the transglycosylating enzyme XET; it 

incorporates the XGOs into xyloglucan strands.  The poplar 

PttXET16A used here is very tolerant and can transfer modified XGOs 

onto xyloglucan (Teeri and Brumer 2003).  As a result, the synthetic 

chemisty can be carried out on small, well-defined XGOs, either in 

organic solvents with acetylated XGO or the modification can be done 

under mild conditions in water.   

The aminoalditol derivative of an XGO (XGO-NH2, paper II figure 

2B), serves as a key intermediate for biomimetic fiber modification 

(publication II).  XGO-NH2 can be incorporated into high molecular 

mass xyloglucan using the transglycosylation activity of PttXET16A.  

The product of this reaction is aminated xyloglucan (XG-NH2) with 
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reduced molecular mass compared to the starting material.  The 

enzyme allows on one hand, small well-defined XGOs to be used in 

chemical reactions, while on the other hand, modified high molecular 

mass xyloglucan can be used for fiber modification.  Aminated 

xyloglucan can be readily adsorbed to cellulosic surfaces (paper II, 

figure 2 A upper pathway).  The high intrinsic reactivity of the amino 

group allows fiber surface modifications under very mild conditions.   

Fluorescein isothiocyanate (FITC) was used as example for the 

in situ modification of functionalized xyloglucan.  Only the filter paper 

with XG-NH2 remains yellow after intensive washing with water (paper 

II figure 6A), indicating that FITC has reacted with the amino group on 

the fiber surface.  Confocal fluorescence microscopy pictures (paper II 

figure 5) of different XG-FITC treated cellulosic surfaces confirmed the 

exclusive localization of XG-FITC on the surface.  

Alternatively, XGO-NH2 can be further derivatized with a 

number of different functional groups and the reaction product can be 

incorporated into xyloglucan by XET (paper II, figure 1A lower 

pathway).  This pathway has the advantage that all chemical reactions 

are done in solution and no reactant comes in contact with the 

cellulose.  Further, the modified products can be easily isolated and 

characterized by standard methods such as TLC, NMR and high 

resolution MS.  Here XGO-biotin was used as an example, showing 

that it is possible to bind the strepavidine-alkaline phosphatase 

conjugate (paper II, figure 1B, structure 5).   

These examples serve as a proof of principle for a readily 

applicable technique for a mild and biomimetic fiber surface 

modification.  Future work will expand the spectrum of functional 

groups incorporated via XG.   
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5 Conclusion and future perspectives 

Studies of XET enzymology at the molecular level provide the 

fundamental understanding required to engineer XET towards new 

applications.  The XG oligosaccharides will be key ligands for future 

structural studies of the transglycosylation mechanism.  The broad 

spectrum of the developed oligosaccharides will offer deeper insight 

into the catalytic processes, and its requirements.  In addition they 

will provide wide possibilities for future fiber surface modifications. 

Fiber surface modification is and will be of increasing 

importance for modern fiber composites.  On the way to more 

environmental-friendly and sustainable products, cellulose fibers will 

play a significant role as a renewable raw material with excellent 

properties.  The novel biomimetic fiber modification technique (XET-

technology) described herein is just the beginning to new 

environmentally friendly and sustainable products.  We have 

demonstrated the proof of principle; it is now time for innovative 

chemistry to use the technique for advanced fiber surface engineering.   
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