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ABSTRACT 

The xyloglucan endo-transglycosylase/hydrolase (XTH) genes are found in all vascular and some 
nonvascular plants. The XTH genes encode proteins which comprise a subfamily of glycoside hydrolase 
(GH) family 16 in the Carbohydrate-Active enZYmes (CAZY) classification. The XTH gene products are 
believed to play intrinsic role in cell wall modification during growth and development throughout the 
lifetime of the plant. In the present investigation, biochemical and reverse genetic approaches were 
used to better understand the functions of individual members of the XTH gene family of two important 
plants: the model organism Arabidopsis thaliana and the grain crop barley (Hordeum vulgare). A 
phylogenetic tree of the xyloglucan-active enzymes of GH16 has previously been constructed, where 
enzymes with similar activities have been shown to cluster together. Several members of phylogenetic 
Group I/II and III-B, predicted to exhibit xyloglucan endo-transglycosylase activity (EC 2.4.1.207) and 
members of Group III-A, predicted to exhibit xyloglucan endo-hydrolase activity (EC 3.2.1.151), were 
included to analyze the functional diversity of XTH gene products. A heterologous expression system 
using the yeast Pichia pastoris was found to be effective for recombinant protein production with a 
success rate of ca. 50%. XTH gene products were obtained in soluble and active forms for subsequent 
biochemical characterization.  

In order to be able to screen larger numbers of protein producing clones, a fast and easy method is 
required to identify clones expressing active protein in high enough amounts. Thus, a miniaturized 
XET/XEH assay for high-throughput analysis was developed, which was able to identify activities with 
good precision and with a reduced time and materials consumption and a reduced work load. 

Enzyme kinetic analysis indicated that the XET or XEH activity of all XTH gene products characterized in 
the present study corresponded to predictions based on the previously revised phylogenetic clustering. 
To gain insight into the biological function of the predominant XEHs AtXTH31 and AtXTH32, which are 
highly expressed in rapidly developing tissues, a reverse genetic approach was employed using T-DNA 
insertion lines of the A. thaliana Columbia ecotype. Genotypic and phenotypic characterization, 
together with in situ assays of XET and XEH activities, in single- and double-knock-out mutants indicated 
that these Group III-A enzymes are active in expanding tissues of the A. thaliana roots and hypocotyl.  
Although suppression of in muro XEH activity was clearly observed in the double-knock-out, no 
significant growth phenotype was observed, with the exception that radicle emergence appeared to be 
faster than in the wild type plants.  

Keywords: Arabidopis thaliana, Hordeum vulgare, plant cell wall, xyloglucan, glycoside hydrolase family 
16, xyloglucan endo-transglycosylase/hydrolase gene family, xyloglucan endo-transglycosylase, 
xyloglucan endo-hydrolase, heterologous protein expression, Pichia pastoris, T-DNA insertion, in situ 
XET/XEH assay, high-throughput screening 
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SAMMANFATTNING 

Växtgenfamiljen xyloglukan-endo-transglykosylaser/hydrolaser (XTHer) återfinns i alla landlevande 

växter. XTH-generna innehåller den genetiska koden för xyloglukan-endo-transglykosylas/hydrolas-

enzymerna hemmahörande i en underfamilj till glykosidhydrolasfamilj 16 (GH16) enligt Carbohydrate-

Active enZYmes (CAZY) klassificationen. XTH-genprodukterna tros vara en integrerad del av 

cellväggsmodifieringen under en växts utveckling. I denna avhandling har biokemiska- och genetiska 

metoder använts för att utröna funktionen hos enskilda XTH-gener i två olika växtmodeller: backtrav 

(Arabidopsis thaliana) och korn (Hordeum vulgare). Ett fylogenetiskt träd för de xyloglukan-aktiva 

enzymerna i GH16 har tidigare konstruerats, och enzymer med lika aktiviteter har visat sig gruppera sig 

tillsammans i kluster. Genom att inkludera medlemmar från både Grupp I/II och III/B som har 

xyloglukan-endo-transglykosylasaktivitet (E.C.2.4.1.207) och medlemmar från Grupp III-A som har 

xyloglukan-endo-hydrolasaktivitet (E.C.3.2.1.151) kunde de olika gruppernas inverkan på växtcellväggen 

studeras i de två arterna. Jästen Pichia pastoris visade sig vara en effektiv värd för heterologt uttryck där 

ungefär varannan XTH-gen gav ett fungerande enzym. De heterologt producerade XTH-genprodukterna 

utrycktes i både löslig- och aktiv form vilket möjliggjorde biokemisk karaktärisering och funktionsstudier 

i backtrav. 

För att kunna analysera ett stort antal mikrobiella kloner krävs en snabb och enkel metod för 

identifiering av positiva kloner som producerar tillräckliga mängder protein. Därför utvecklades en 

miniatyriserad XET/XEH metod för high-throughput screening som visade sig kunna identifiera aktivitet 

med god säkerhet och med minskning av tidsåtgång, material och arbetsbelastning. 

Resultaten från den biokemiska analysen visade att aktiviteten hos alla karaktäriserade XTH-

genprodukter i denna avhandling följde den aktivitet som tidigare fylogenetisk gruppering antytt. För att 

förstå den biologiska funktionen hos två övervägande hydrolytiska XEHer, AtXTH31 och AtXTH32, 

uttrycka i vävnader som genomgår snabb utveckling användes T-DNA insertionslinjer för att skapa 

knockout-växter av AtXTH31 och AtXTH32 i A. thaliana ekotyp Columbia. Genom att helt och hållet slå ut 

dessa två gener kunde funktionen och effekten av den motsvarande enzymaktiviteten studeras i 

cellväggen. Genotypisk och fenotypisk karaktärisering tillsammans med mätning av XEH/XET aktivitet in 

situ av xth31-1, xth32-1 och xth31-1/xth32-1 indikerade att dessa två gener från Grupp III-A utrycks i 

expanderande vävnader i roten och i hypokotylen hos A. thaliana. Endast en mild fenotyp observerades 

där grodden var snabbare ur fröet hos vildtypen än hos dubbelmutanten. 
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1. Introduction 

Plants are sustainable natural resources because they naturally regenerate, and harbor chlorophyll, 

enabling them to use sunlight to convert water and carbon dioxide to sugars, which are used as 

fundamental building blocks in the plethora of biochemical pathways required to drive growth and 

development throughout the plant lifecycle.  Hence, plants play many key roles in natural ecosystems, 

such as sources of nutrients for diverse organisms, and hosts for various symbionts.  In addition to their 

ecological importance, plants (and various parts of plants) have enormous economic significance.  

Notably, as the overwhelmingly predominant components of wood and fibrous plant materials, plant 

cell walls have been used for millennia to make fire, paper and a huge array of construction materials 

and textiles.  More recently, plant cell walls have drawn further attention since they can be converted 

into biofuels, which can be used as substitutes for dwindling supplies of fossil fuels (Sticklen, 2008; Minic 

et al., 2009).  Efforts have been made, through various approaches, to optimize the production rates and 

composition of plant cell walls for various purposes, among other things, biofuel production.  For 

instance, intense efforts have focused recently on using genetic engineering to increase the biomass or 

reduce proportions of specific components of plant cell walls for specific purposes, e.g. to reduce lignin 

contents to make the material more suitable for biofuel production (Sticklen, 2006).  In addition, of 

course, plant cell walls are major sources of food and feeds, since they are chiefly composed of 

polysaccharides (Chapple and Carpita, 1998), and extracts from them are extensively used in the food 

industry, for instance pectin is widely used as a food additive and gelling agent. 

Furthermore, better understanding of the mechanisms involved in cell wall construction and remodeling 

has led to technological innovations, e.g. ‘biomimetic’ techniques to modify cellulose surfaces using 

xyloglucan endo-transglycosylase (XET) enzymes to introduce desired functional groups anchored to 

xyloglucan, which has naturally high affinity to cellulose (Teeri and Brumer, 2003; Zhou et al., 2006; 

Teeri et al., 2007; Zhou et al., 2007; Zhou et al., 2009).  Similar techniques have been used to produce 

artificial, biocompatible blood vessels from bacterial cellulose (Bodin et al., 2007).  Thus, novel cellulose-

based materials with desired properties can be obtained.  Such techniques require more cooperative 

development before they can be applied at industrial scale, but they show great potential for numerous 

applications.  

Plant cell walls have complex structures, and both their formation and modification are complicated 

processes.  Hence, huge amounts of information are required for their rigorous analysis.  Thus, the 
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compilation of comprehensive genomic databases of model plants, such as the dicot Arabidopsis, 

Arabidopsis thaliana (Kaul et al., 2000) and the monocot Rice, Oryza sativa (Goff et al., 2002; Yu et al., 

2002), together with draft genomes of the black cottonwood tree, Populus trichocarpa (Tuskan et al., 

2006) and various other species (http://www.phytozome.org), has greatly facilitated analyses of plant 

cell wall modeling processes and the functions of the genes involved. In addition, this information has 

opened avenues (using diverse techniques) to explore the structure and function of cell wall 

components and mechanisms of wall assembly, modification and degradation during the course of 

growth and development of numerous plant species, such as Arabidopsis, rice, poplar, mosses and 

tomato. 

Knowledge gained from all of these efforts has greatly improved our understanding of the plant cell wall 

and greatly assisted attempts to modify plant cell walls to meet requirements of various applications.  

However, further information is required in order to develop innovative, environmentally friendly, 

sustainable, industrial-scale uses of this attractive, renewable raw material.  Thus, the overall aim of the 

studies in this thesis was to acquire further valuable knowledge of the processes involved in the plant 

cell wall formation and modification. 

1.1 Plant growth and development  

Plants are unique among the eukaryotes because they are autotrophs, i.e. they can manufacture 

substances that meet their needs for both energy and organic building blocks for survival, growth and 

reproduction.  Further, since terrestrial plants are generally rooted in a specific location they have 

evolved highly specialized tissues and organs that allow them to harvest carbon dioxide and sunlight 

(usually leaves in higher plants) and mineral nutrients and water (roots) without moving.  They have also 

evolved supporting structures (branches and stems).  Key components of these organs are the cell walls 

that provide both rigidity and flexibility, allowing growth and development.  Further fundamental 

features of higher plants are meristems, consisting of one or more cells that are able to generate the 

specialized tissues, organs and reproductive systems throughout the life of the plant (Graham et al., 

2000). 

http://www.phytozome.org/�
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Figure 1. Diagram of the evolutionary tree of the plant kingdom, which includes the red and green algae and 
terrestrial plants.  The seed plants consist of two categories: gymnosperms (which produce naked seeds, such as 
conifer) and angiosperms or flowering plants (which produce seeds contained in vessels such as fruits).  The 
angiosperms are divided into two classes: monocots (rice, wheat, bamboo etc.) and dicots, such as potato and 
Arabidopsis (Taiz and Zeiger, 2010). 

Generally, growth in all plants is defined as an irreversible increase in volume and biomass resulting 

from cell growth.  It involves three basic developmental processes: cell division, cell expansion, and cell 

differentiation (which gives rise to specialized cells and organs).  The growth is localized in the regions of 

cell division called meristems.  In young plants, the most active meristems are apical meristems, so 

called because they are located at the tips of the stem, root and axillary buds in stem nodes that give 

rise to branch shoots (Taiz and Zeiger, 2010). 

The life cycles and developmental stages of primitive plants, such as bryophytes (mosses, liverworts and 

hornworts), and higher plants differ, due to differences in their body complexity (Figure 2A & B).  The 

former may have simple root and leaf-like structures, but they lack specialized vascular tissues (i.e. 

tissues that transport water and nutrients within the plant), and produce spores rather than seeds for 

their reproduction (Graham et al., 2000). 

The development of seed plants can be divided into three major stages: embryogenesis, vegetative 

development and reproductive development.  Embryogenesis describes the process in which a zygote 

(the initial cell formed when a new organism is produced via sexual reproduction) begins to divide by 

mitosis to produce a multicellular organism.  This process occurs in the ovule and results in an embryo, 

which is often capable of withstanding long periods of dormancy and harsh environmental conditions. 

Vegetative development begins with breaking of the dormant state (if such a state has been entered) 

http://en.wikipedia.org/wiki/Mitosis�
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and germination of the embryo.  Depending on the species, germination generally occurs in response to 

signals indicating that environmental factors, such as moisture levels, temperatures and the light regime 

are appropriate. Upon germination, the storage materials in seeds are mobilized, providing nutrients for 

the first period of vegetative growth, in which a primordial root (the radicle) emerges from the seed, 

then a young plant (seedling) continues to develop through the activity of root and shoot apical 

meristems.  The seedling then undergoes photomorphogenesis and further development of the shoot, 

enabling further vegetative development to maturity. After the period of vegetative growth, plants shift 

to reproductive development.  In flowering plants, this transition involves the formation of specialized 

floral meristems, from which flowers and finally seeds develop. 

Among the terrestrial plants, most attention has centered on seed plants, due to their high economic 

importance.  Furthermore, to facilitate attempts of plant physiologists, geneticists and biochemists to 

understand the processes involved in plant growth and development, certain “model plants” have been 

identified on which to focus particular attention.  In this context, the dicot model plant Arabidopsis 

(Figure 2C) has been especially important (Boyes et al., 2001).  The enormous amounts of information 

that have been acquired regarding developmental stages and processes in this and other model plants 

have greatly assisted elucidation of corresponding stages and processes (and the roles of specific genes 

and gene products) in plants generally. 
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Figure 2. Life cycles and development process of bryophytes and terrestrial plants. A, bryophyte (moss); B, 
terrestrial plant (angiosperm) C, the nine growth and developmental stages of the model plant, A. thaliana for 
phenotypic analysis.  Diagrams from http://www.teara.govt.nz/, Wikipedia based on (Judd et al., 1999) and 
(adapted) from Genevestigator, respectively. 

1.2 Plant cell walls  

Plant cell walls are dynamic compartments that change throughout the life of the cell (Carpita and 

McCann, 2000) and have diverse biological functions, including regulation of cell volume, determination 

of cell shape and protection of the protoplast.  Although plant cell walls are relatively thin they are 

mechanically strong (Taiz and Zeiger, 2010), and highly organized composites of diverse polysaccharides, 

proteins and various aromatic substances (Figure 3).  The structure and composition of the walls have 

changed, and diversified amongst plant taxa, throughout the course of evolution via adjustments to 

both the components that are present and their relative proportions (Popper and Fry, 2003; Sarkar et 
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al., 2009).  However, based on structural and biochemical differences, together with the developmental 

stage of the cells that generate them, plant cell walls can be generally classified into two types: primary 

and secondary (Taiz and Zeiger, 2010). Generally, a gelatinous layer, rich in pectic polysaccharides, called 

the middle lamella (Taiz and Zeiger, 2010) is formed initially between plant cells (gluing them together), 

then the primary wall is generated, inside the middle lamella, during cell division and its surface area 

rapidly increases during cell expansion (Carpita and McCann, 2000; Taiz and Zeiger, 2010).  Usually, 

primary cell walls are architecturally simple and thin with an exception of those found in collenchyma or 

in the epidermis which may be thicker and multilayered.  These walls provide mechanical strength and 

plasticity, allowing cell expansion and cell division during cell growth. The cell wall is then thickened and 

strengthened by formation of the secondary cell wall between the plasma membrane and the primary 

cell wall, once the cell has ceased to grow, in conjunction with a distinctive fortification process 

(lignification), usually resulting in three layers, known as S1, S2 and S3 (Marjamaa et al., 2007).  These 

elements of a typical plant cell wall are illustrated in Figure 3, and their components are described in the 

following sections. 

 

Figure 3. Plant cell wall structures. A, the primary cell wall; B, the secondary cell wall (modified from Sticklen 

2008). 

1.3 Plant cell wall components 

Plant cell walls consist of complex mixtures of polysaccharides, enzymes, phenolic polymers and several 

classes of structural proteins, such as hydroxyproline-rich glycoproteins (HRGPs) localized in the 

cambium and vascular parenchyma, glycine-rich proteins (GRPs) in primary xylem and phloem, and 

proline-rich proteins (PRPs) in xylem, fibers and cortical tissues.  The cell components determine the 

wall’s physical and chemical characteristics.  The proportions of polysaccharides present in the primary 
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cell wall differ from those in the secondary cell wall. In addition, there are differences in the 

components of the primary wall both between primitive and higher plants (Popper and Fry, 2003), and 

amongst flowering plants, notably between monocots and dicots (Figure 4).  Nevertheless, a major 

component of both types of wall is cellulose (see below), which may account for >90% of the dry mass in 

cotton fibers, for instance (Taiz and Zeiger, 2010). 

 

Figure 4. The composition of typical primary cell walls by dry mass. A, the primary cell wall of grass coleoptiles 
consists of ca. 70% hemicelluloses, 20-25% cellulose and 10% pectin; B, the primary cell wall of land plants 
generally consists of ca. 25% cellulose, 30% hemicelluloses, 40% pectin and 2-5% structural proteins (dry mass) 
(Taiz and Zeiger, 2010).  

Cellulose 

Cellulose is the most abundant plant polysaccharide since it is a major component of both primary cell 

walls and secondary walls, accounting for ca. 25% and up to 90% of their dry mass, respectively (Taiz and 

Zeiger, 2010).  Cellulose is a linear polymer of (1→ 4)-linked units of the (1→ 4)-β-D-glucose disaccharide 

cellobiose (Figure 5).  In plant cell walls, individual cellulose chains are hydrogen-bonded to each other, 

resulting in highly ordered microfibrils that vary in width and length, depending on the biological source. 

For example, microfibrils in land plants are ca. 5-12 nm wide, and are assembled in aggregates 

(macrofibrils) of ca. 30-50 chains (Taiz and Zeiger, 2010). The length of the microfibrils also vary among 

plant species, since the length of the individual glucan chains varies from ca. 2000 to more than 25,000 

glucose residues (Brown et al., 1996).  The microfibrils are stiff and embedded in a strongly hydrogen-

bonded cellulose-xyloglucan network that profoundly contributes to the strength of the plant cell wall.  

  



In vitro & in vivo approaches in the characterization of XTH gene products 

 

8 

 

 

O
O

HO
HO

HO

O
O
HO

OH

OH

HO

H

n
 

Figure 5. Structural diagram of cellobiose, the repeating unit of linear (1→4)-linked β-D-glucopyranose chains of 
cellulose (Taiz and Zeiger, 2010). 

Hemicelluloses 

Hemicelluloses are matrix polysaccharides that can tightly bind to the surface of cellulose.  They include 

xyloglucan (XG), xylan, glucomannan and arabinoxylan.  In the primary cell wall of land plants (excluding 

grasses and closely related taxa) the most abundant hemicellulose is xyloglucan, which accounts for up 

to 20% of its dry mass.  

The occurrence of xyloglucan in plant species seems to be consistent across the plant kingdom, including 

Charophycean green algae (Domozych et al., 2009; Domozych et al., 2010), bryophytes (Popper and Fry, 

2003) and all other land plants.  Xyloglucan is a major structural polysaccharide of the expanding cell 

wall of flowering plants (Fry, 1989; Brett and Waldron, 1996), and the gelatinous layers of tension wood 

(Mellerowicz et al., 2008).  Particularly in seed plants, xyloglucan is present as a predominant storage 

polysaccharide in seeds of many dicotyledonous species (Reid, 1985), such as tamarind, nasturtium and 

in the fruits of persimmon (Cutillas-Iturralde et al., 1998).  The fundamental structure of xyloglucan 

consists of a backbone of ca. 300 to 3000 (1→4)-linked β-D-glucose residues (Fry, 1989).  The repeating 

unit is generally a xyloglucan oligosaccharide (XGO), either nanosaccharide or heptasaccharide (Brett 

and Waldron, 1996), containing four glucose units carrying three (1→6)-linked α-D-xylose substituents, 

which may also carry (1→2)-linked β-D-galactose substituents (Figure 6).  Arabinose or fucose may be 

additional substituents in some cases (Brett and Waldron, 1996; Vincken et al., 1997).  Two main classes 

of xyloglucan (XXXG and XXGG) are recognized, according to their branching pattern (Vincken et al., 

1997).  Xyloglucan has been shown to play a key physical role in the cell wall (in addition to hydrogen 

bonding), since the fucosylated side chains bind to cellulose microfilbrils in the formation of the nascent 

cellulose-xyloglucan network (Nishitani, 1997 and references therein) that contributes to the strength of 

the plant cell wall.  Furthermore, xyloglucan oligosaccharides such as XXFG have been shown to 

antagonize induction of growth by auxin in pea stem segments at about 10-9 M (Fry et al., 1993). 
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Figure 6. Typical repeating units of xyloglucan, the most abundant hemicellulose in the cell walls of higher plants 
(but small amounts are found in the walls of grasses), shown in both structural and abbreviated representations.  
The substituents at x and y positions differ in various types of xyloglucan oligosaccharides: (1) XXXG, x=0, y=0, 
R=H; (2) XXLG, x=0, y=1, R=H; (3) XLXG, x=1, y=0, R=H; (4) XLLG, x=1, y=1, R=H; (5) XXFG, x=0, y=1, R=α-L- Fucose-
(1-2); (6) XLFG, x=1, y=1, R= α-L- Fucose-(1-2) (Fry et al., 1993). 

Pectins 

Pectins are the most soluble of the primary cell wall polysaccharides. Some pectins, such as 

rhamnogalacturonan, can be large and complex with highly branched regions, while others (e.g. 

homogalacturonan) do not contain branched regions (Taiz and Zeiger, 2010).  Pectins are considered to 

have many functions, for example they are key determinants of wall porosity and provide charged 

surfaces that modulate wall pH and ion balance.  By limiting the wall porosity, pectin may also regulate 

the wall-loosening enzymes and affect cell growth.  In addition, pectins serve as recognition molecules in 

plant defense and symbiotic systems (Buchanan et al., 2000).  

1.4 Plant cell wall synthesis and expansion  

Cell wall biosynthesis involves both self-assembly and enzyme-mediated processes. The details of wall 

assembly are not well understood, but some of the key components involved (mentioned above) have 

been intensively studied.  Cellulose microfibrils are assembled at the plasma membrane surface while 

other individual polymers, are synthesized in the Golgi apparatus, secreted into the extracellular space 

via vesicles (Figure 7A).  These polymers are then assembled by a combination of uncatalyzed bonding 

and, in the case of xyloglucans, reactions mediated by the key enzyme xyloglucan endo-transglycosylase 

(XET), can cut the xyloglucan backbone and rejoin the cut xyloglucan with another “acceptor” xyloglucan 

(Figure 7C).  This activity of XET is important in the formation of the cellulose-xyloglucan network 

because it facilitates re-arrangement of the network (Figure 7B) and simultaneously integrates newly 

synthesized xyloglucan into the wall (Nishitani, 1997; Rose and Bennett, 1999; Rose et al., 2002). The 
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cellulose-xyloglucan network is embedded in the pectin gel.  In addition to XET, other enzymes assist in 

the assembly process by preparing polymers in forms that are ready to be integrated into the wall.  For 

example, pectin methyl esterases catalyze hydrolysis of the methyl esters of pectin molecules, thereby 

freeing the carboxyl group and enhancing gel formation in the cellulose-xyloglucan network.  

During cell growth in response to mechanical stress, turgor pressure and environmental signals, cell 

walls need to be loosened to allow integration of new cell wall polymers in both expansion and 

elongation.  XET is believed to be a key regulator of these processes, as it is in cell wall assembly.  The 

expansion and elongation may be closely coordinated and dynamically balanced in rapidly growing 

tissues or organs, such as growing root hairs (Taiz and Zeiger, 2010). 

In addition to modification during cell growth, the plant cell wall may also be modified after growth is 

complete.  For example, softening as fruits ripen results from cell wall loosening due to the activities of 

hydrolytic and transglycosylating enzymes (Rose and Bennett, 1999).  Additionally, cell wall loosening 

may be caused by other proteins, e.g. expansins, transcripts of which are present in ripening fruits (Rose 

et al., 1997), and enzymes, e.g. pectin methyl esterases, which are highly expressed in softening fruits 

(Harriman et al., 1991). 

 

Figure 7.  The action of XET in cell wall synthesis and expansion.  A, Electron micrograph showing Golgi stacks 
and vesicles containing xyloglucan (large arrows) and glycosylated proteins (small arrows) (Taiz and Zeiger, 
2010); B, Schematic diagram of the cellulose-xyloglucan network in a plant primary cell wall (Rose and Bennett, 
1999); C, illustration of XET activity in cutting and rejoining xyloglucan chains (Cosgrove, 2005). 
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1.5 The XTH gene family 

1.5.1 Diversity of the family 

The plant xyloglucan endo-transglycosylase/hydrolase (XTH) genes encode proteins with either or both 

xyloglucan endo-transglycosylase (EC 2.4.1.207) and xyloglucan endo-hydrolase (EC 3.2.1.151) activities.  

XTH gene products comprise a subfamily of glycoside hydrolase (GH) family 16 of Carbohydrate-Active 

enZYmes (CAZY) (Cantarel et al., 2009).  XTH genes are present in all vascular plants investigated to date, 

and some nonvascular plants such as mosses.  Each plant genome carries ca. 30 XTH genes.  For 

example, in A. thaliana there are 33 open reading frames (ORFs) potentially encoding XTH gene products 

(Yokoyama and Nishitani, 2001a); tomato (Lycopersicon esculentum cv T5) has 25 XTH genes (Saladie et 

al., 2006), and genomes of the monocots rice (Oryza sativa) and barley (Hordeum vulgare) possess 29 

(Yokoyama et al., 2004) and at least 22 XTH genes (Strohmeier et al., 2004), respectively.  Further, 32 

members of XTH gene family have been recently identified in a non-seed plant; the moss Physcomitrella 

patens (Yokoyama et al., 2010).  Thus monocotyledons (e.g. rice), dicotyledons (e.g. A. thaliana), and 

bryophytes (mosses) appear to possess similar numbers of XTH genes.  However, they differ in cell 

architecture, and the architectural differences are reflected in variations in the genes involved in their 

cell wall dynamics (Rose et al., 2002). 

1.5.2 Phylogenetic tree for biochemical function annotation of XTH gene products  

The Arabidopsis XTH gene family was initially divided into three major phylogenetic groups based on 

their structure and organization: group 1 genes contained four exons, while group 2 had two or three 

exons (with the exception of AtXTH26, which has four), and group 3 genes had four or five exons 

(Yokoyama and Nishitani, 2001a; Rose et al., 2002).  However, the first phylogenetic tree could not be 

used to distinguish the biochemical functions of the individual XTH gene products, due to the small size 

(~33kDa) and high sequence similarities among the XTH gene products.  Hence, a new phylogenetic tree, 

based on the sequences of proteins encoded by XTHs of various plants, including Arabidopsis, rice, black 

cottonwood, tomato and hybrid aspen (Baumann et al., 2007), has been recently proposed and is 

currently used. In this tree the former groups I and II are merged (Yokoyama and Nishitani, 2001a) and 

group III has been subdivided into two major clades, designated groups III-A and III-B (Figure 8).  The 

current phylogenetic tree can guide biochemical function annotations in investigations of the precise 

functions of XTH gene products. 
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Figure 8.  The current phylogenetic tree of XTHs, based on amino acid sequences of 130 full-length XTH gene 
products and Bacillus licheniformis lichenase (1GBG) (Baumann et al., 2007). 

1.6 Structure and function of XTH gene products 

1.6.1 Overall structure of XTH gene products 

The first XTH gene products were discovered in extracts of various plants in the early 1990s (Farkas et 

al., 1992; Fry et al., 1992; Nishitani and Tominaga, 1992), and the first structures of XTHs (PttXET16-34, 

PDB ID 1un1, true XET and TmNXG1, PDB ID 2uwa, predominant XEH) were published in 2004 

(Johansson et al., 2004), and 2007 (Baumann et al., 2007), respectively.  The elucidated structures 

revealed important features of XTH gene products, and both the structures and identified motifs have 

been highly useful for predicting XTH functions in attempts to elucidate the roles of XTH genes in plants. 
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Moreover, these two structures have served as comparative models for structure/function studies in 

following years.  The overall structures of TmNXG1 and PttXET16-34 reveal that XTH gene products 

exhibit the typical β-jellyroll type structure of GH16 family enzymes (Johansson et al., 2004; Baumann et 

al., 2007).  Conserved cysteine residues help to stabilize a C-terminal extension by forming disulfide 

bonds (Johansson et al., 2004; Baumann et al., 2007).  In addition, an N-glycosylation site is required to 

stabilize some XET proteins, e.g. AtXTH22 (TCH4) and AtXTH24 (Meri-5) (Campbell and Braam, 1999b), 

PttXET16-34 (Kallas et al., 2005) and AtXTH14 and AtXTH26 (Maris et al., 2009).  However, a 

glycosylation site does not seem to be required by group III-A XTHs, since no investigated members of 

the group carry such a site, e.g. TmNXG1 (Baumann et al., 2007), AtXTH31 and AtXTH32 proteins (Paper 

IV). 

1.6.2 Catalytic motif of XTH proteins 

The conserved sequence that functions as a catalytic motif in all XTH gene products is                                  
83(H/W/R)-(D/N)-E-(I/L/F/V)-D-(F/I/L/M)-E-(F/L)-(L/M)-G92 (catalytic residues in boldface, most frequent 

amino acid underlined, PttXET16-34 numbering).  The catalytic residues in this motif are identical to that 

of endoglucanase from Bacillus species (Eklöf and Brumer, 2010).  Glu-85 acts as a “catalytic 

nucleophile” that attacks the anomeric carbon of the xyloglucan glucose backbone in subsite -1 to 

obtain the glycosyl-enzyme intermediate in the first step of the catalytic reactions.  Glu-89 functions 

alternately as a general acid that protonates the departing xyloglucan chain and as a general base that 

activates the incoming acceptor substrate.  The precise functions of the Asp-87 residue have not been 

yet identified.  However, it might modulate the ionization state of the catalytic nucleophile, as in other 

GH16 enzymes (Planas, 2000; Eklöf and Brumer, 2010). 

1.6.3 Structure determines functions 

XTH gene products catalyze hydrolytic (XEH, E.C.3.2.1.151) and/or transglycosylation (XET, E.C.2.4.1.207) 

reactions, with varying specificity, and intensive structure-function studies have revealed some 

determinants of these activities in recent years (Baumann et al., 2007). These studies, based on 

PttXET16-34 and TmNXG1, have shown that the length of loop 2 (a key motif) differs among group I/II 

and group III members; being two and five amino acids longer in members of group III-B and group III-A, 

respectively.  Furthermore, kinetic data have clearly shown that the TmNXG1 mutant (TmNXG1-∆YNIIG), 

which lacks loop 2, has a greatly enhanced transglycosylation:hydrolysis activity ratio (Baumann et al. 
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2007), indicating that loop 2 is a major determinant of XET/XEH functionality.  However, the identity of 

other determinants remains unclear. 

1.6.4 Substrate recognition and binding of XETs and XEHs  

In order to catalyze any reaction, an enzyme must be able to recognize its substrate, thus substrate 

recognition is one of the most important aspects of catalysis.  In case of GH16 xylogucan active enzymes, 

the active site cleft is comprised of 4 negative and 3 positive subsites in which the catalytic residues are 

located between subsites -1 and +1 (Saura-Valls et al., 2008; Mark et al., 2009).  These seven subsites 

bind anhydroglucose backbone of xyloglucan oligosaccharides or polysaccharide donor substrates.  The 

glucose unit of substrate molecules at subsite -1 must be undecorated and unmodified at C-6 (Mark et 

al., 2009).  Furthermore, the branching substitution on the xyloglucan backbone has been shown to be 

important for substrate recognition.  Particularly, xylosyl substitution at the +2’ subsite appears to be 

essential for activity (Saura-Valls et al., 2008). Xyl (+2’) recognition is a major specificity determinant 

which is common to both XETs and XEHs of GH16 (Eklöf and Brumer, 2010 and references therein).  In 

addition to xylosylation, other substitutions, such as galactosylation and (fuco) galactosylation also 

influence XET activity to some degree (Eklöf and Brumer, 2010 and references therein), which might 

reflect the preferences of the enzymes toward different substrates. 

Once the enzymes recognize moieties in their substrates, they form an enzyme-substrate intermediate 

complex.  During this process, the glucose backbone binds tightly in the enzyme’s cleft through 

hydrophobic stacking interaction at the -3 to +2 subsites.  The enzyme-substrate interactions of XET and 

XEH enzymes has been nicely demonstrated by molecular dynamics simulations and experimental 

studies based on a true XET (PttXET16-34) and a predominantly XEH enzyme (TmNXG1).  These studies 

indicated that PttXET16-34 may bind donor substrate with higher affinity at the positive subsites than at 

the negative subsites (Figure 9) (Saura-Valls et al., 2008), whereas TmNXG1 tightly binds at the negative 

subsites (Mark et al., 2009).  Moreover, the XTH enzymes require sugar residues at both acceptor and 

donor sites to properly orient the glycosidic bond relative to the catalytic residues (Johansson et al., 

2004). 
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Figure 9. Structure of XTH gene products and a closely related GH16 β-1,3;1,4-glucanase. A, Overlay of PttXET16-
34 (gold with red loops) and TmNXG1 (silver with blue loops) demonstrating the extension of loop 2. B, Surface 
representative of PttXET16-34 illustrating its binding to octadecasaccharide (XLLGXLLG) at the positive subsites. 
C, Surface representative of a β-1,3;1,4-glucanase with the loop narrowing the negative subsites in copper. 
Adapted from Eklöf and Brumer (2010). 

1.7 Mechanism and substrate 

In addition to the features of the substrate that aid recognition by the enzymes, other structural 

elements of the substrates may also affect the enzymes activities.  Experimental data have shown that a 

minimal donor substrate for XETs and XEHs is XXXGXXXG (Baumann et al., 2007; Ibatullin et al., 2008; 

Saura-Valls et al., 2008).  However, there are no strong indications that XTH gene products require 

longer substrates (Eklöf and Brumer 2010).  Additionally, Xyl substitution of donor substrates at the Glc 

at subsite +2’ has been shown to contribute strongly to transition state stabilization (Saura-Valls et al., 

2008) and thus influence XET activity. On the other hand, the acceptor substrate in transglycosylation 

reactions may be either a polymer molecule or a suitable xyloglucan oligosaccharide (XGO) (Fry, 1997). 

However, in either case, the xyloxyl residue side chain at the reducing end is important for acceptor 

activity (Nishitani, 1997).  

XETs and XEHs catalyze their reactions via a double displacement/retaining mechanism, which results in 

a net retention of anomeric configuration, as for GH16 family members generally and illustrated in 

Figure 10 (Henrissat and Davies, 1997).  The mechanism involves two catalytic carboxylic amino acid side 

chains, one acting in nucleophile attack and the second in a general acid base mechanism.  The first step 

occurs when the C-1 carbon at an unsubstituted backbone glucose, G according to xyloglucan 

oligosaccharide nomenclature (Figure 6), is attacked to yield a covalent glycosyl-enzyme intermediate. 
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Once this intermediate has formed it further undergoes one of two reactions, depending on the 

acceptor.  In the hydrolytic pathway, in which water is an acceptor, relatively short xyloglucans or XGOs 

are obtained as hydrolytic products, while in transglycosylation an XGO or a polysaccharide is the 

acceptor substrate, yielding the acceptor-integrated product. In these second steps, another carboxyl 

amino acid side chain is required to activate the glycosyl acceptor substrate through general acid base 

catalysis (Baumann et al., 2007 and references therein).  Both kinetic data obtained from experiments 

with purified XET from nasturtium seed (Baran et al., 2000) and other data provided by Saura-Valls et al. 

(2006) have clearly shown that PttXET16-34 catalyzes the reaction via a ping-pong mechanism involving 

competitive inhibition by the acceptor substrate on binding to the free enzyme and the donor substrate 

on binding to the acceptor subsites of the enzyme. 

 

Figure 10.  Schematic representation of the enzymatic mechanism of XTH gene products with xyloglucan 
substrates.  

1.8 Approaches for characterizing XTH genes  

Several approaches have been used to investigate the proteins involved in plant cell wall formation and 

modification, including proteomic (Irshad et al., 2008), genetic (Ito and Nishitani, 1999; Park et al., 2004; 

Matsui et al., 2005; Osato et al., 2006; Lee et al., 2010; Miedes et al., 2010), biological (Vissenberg et al., 

2000; Vissenberg et al., 2001; Bourquin et al., 2002; Vissenberg et al., 2005; Nishikubo et al., 2007) and 
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biochemical approaches (Steele et al., 2001; Kallas et al., 2005; Baumann et al., 2007).  In the studies in 

this thesis, my coworkers and I (hereafter we) employed biochemical approaches for in vitro 

characterization of the functions of XTH gene products (Papers II, III and IV), and genetic approaches for 

in vivo characterization of XTH genes functions.  The overall aim was to improve understanding of their 

functions, especially the predominantly hydrolytic XTHs derived from Arabidopsis, which potentially play 

important roles during plant growth (Paper IV). 
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2. Heterologous expression of XTH genes 

Attempts to express diverse XTH genes from various plant models in various expression systems have 

had varying degrees of success.  For example, XTH genes from fruits have been heterologously 

expressed in Escherichia coli, but subsequent protein solubilisation and refolding steps were required to 

yield low amounts of active enzymes (Arrowsmith and Desilva, 1995; Schröder et al., 1998).  This is 

because XTH gene products contain a structurally-important N-glycosylation site (Johansson et al., 2004; 

Kallas et al., 2005), which precludes the use of bacterial systems, such as E. coli, as general expression 

hosts.  Among eukaryotic hosts capable of post-translational glycosylation of proteins, the Spodoptera 

frugiperda SF9 insect cell system was the first to be successfully used for expressing XTH genes, 

including BRU1 from Glycine max (Oh et al., 1998) and AtXTH14, AtXTH22, AtXTH24 and AtXTH27 from 

A. thaliana (Campbell and Braam, 1999b).  In these cases the enzymes were obtained in soluble, active 

form, but the levels of expression were still low.  Furthermore, protein production is significantly more 

technically demanding in animal cells than in microbial hosts. Lately, Md-XTH2 derived from ripe apple 

has been successfully expressed under GDP constitutive promoter and terminator in Saccharomyces 

cerevisiae (Goulao et al., 2008).  

Currently, Pichia pastoris is being used as a host for expressing XTH genes, partly because of the yeast’s 

capacity to perform post-translational modifications, and partly because the system is generally easy to 

use compared with animal cells and other potential systems. Moreover, levels of endogenous, non-

recombinant proteins secreted from P. pastoris are very low, which facilitates downstream purification 

(Daly and Hearn, 2005). This system requires linearized foreign DNA that can be inserted with high 

efficiency via homologous recombination to generate stable cell lines. The expression of several XTH 

genes from various plants in P. pastoris has now been reported, including individual members from 

tomato (Catalá et al., 2001; Saladie et al., 2006), nasturtium (Baumann et al., 2007), hybrid aspen 

(Johansson et al., 2004; Kallas et al., 2005), silver birch, Gerbera hybrida (Toikkanen et al., 2007), 

Selaginella kraussiana (Van Sandt et al., 2006) and Arabidopsis (Maris et al., 2009). 

In our studies, P. pastoris was chosen as the host for recombinant expression of XTH gene targets from 

barley for structure/function studies (Papers I and II) and from Arabidopsis for biochemical 

characterization (Papers III and IV).  The barley targets (nine HvXTH genes) were each cloned into pPICZ 

alpha-C vector and subsequently expressed in P. pastoris strain SMDH1168H. In the following expression 

trials, the Bradford assay (Bradford, 1976) was used for rapid identification of positive clones (Paper I). 
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Roughly 50% of the tested HvXTH genes were successfully expressed using this system.  Importantly, the 

HvXTH gene products were secreted in soluble, active form except for HvXTH2, which was inactive.  A 

similar expression system was also used to express seven XTH genes from A. thaliana (AtXTH12, 

AtXTH13, AtXTH17, AtXTH18, ATXTH19 in the study reported in Paper III, and both AtXTH31 and 

AtXTH32 in the study reported in Paper IV).  Notably, of these, only the AtXTH32 gene was not 

expressed. 

Successful expression of these genes was followed by mass spectrometric analysis, to confirm that the 

expected proteins had been produced by P. pastoris.  The acquired data showed that full length XTH 

proteins were obtained, fused with engineered c-Myc epitope and hexahistidine tags (Papers I-IV). 

These tags were added to facilitate XTH proteins verification using corresponding antibodies (Papers I 

and IV).  However, some of the AtXTH proteins were obtained in mixtures of full length and truncated 

proteins lacking the hexahistidine or partial c-Myc epitope (Papers III and IV).  Nonetheless, the function 

of the truncated proteins was retained.  

A possible reason for the failure to express some putative XTH genes in P. pastoris was that nucleotide 

sequence-based factors may have been responsible, due to incompatible codon usage in Pichia and A. 

thaliana.  To address this possibility, we analyzed the nucleotide sequence of AtXTH32, and found that 

ca. 20% of its codons are rarely used in P. pastoris.  Therefore, a variant of the AtXTH32 gene with 

codons optimized towards preferences of P. pastoris was expressed in the same system as previously 

used.  However, the expression again failed, suggesting that codon usage was not responsible for poor 

expression of this gene.  Further analysis focused on the transcription level, by examining the stability of 

the full length and truncated transcripts.  The findings showed that P. pastoris produced sufficient 

transcripts of the gene, but not detectable soluble protein, suggesting that poor translation and folding 

were responsible for the failure to express some recombinant XTH genes.  

Another, potentially more appropriate host for Arabidopsis XTH gene expression, is Nicotiana 

benthamiana (tobacco), since (being a plant) it is more closely genetically related to A. thaliana. 

Therefore, genes of interest were introduced into N. benthamiana via Agrobacterium-mediated 

transformation and Agroinfiltration.  This system has been used to express various heterologous 

proteins efficiently, for instance GFP (Earley et al., 2006; Sainsbury and Lomonossoff, 2008; Sainsbury et 

al., 2009; Joensuu et al., 2010).  In the study reported in Paper IV, AtXTH32 was inserted into the pEAQ-

HT vector for expression in N. benthamiana.  The results showed that the system did not successfully 

express the gene.  However, a similar system using pCambia vectors for expression in tobacco was 
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successful for two barley XTHs (HvXTH4 and HvXTH5), although the yields of their products appeared to 

be very low (data not shown, discussed in Paper I).  Thus, plant-based heterologous expression of XTH 

genes has not proved suitable for obtaining products for biochemical characterization. 

The successful expression of diverse XTHs in these investigations provided proteins in active form for 

further biochemical characterization.  HvXET6 protein from barley (Paper I) was selected and 

subsequently biochemically characterized in great detail in Prof. Fincher’s lab (Paper II).  In parallel, 

AtXTH12, AtXTH13, AtXTH17, AtXTH18 ATXTH19 were characterized in Prof. Vissenberg’s lab (Paper III).  

AtXTH13 and AtXTH31 were mainly characterized in our laboratory (Papers III and IV). 
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3. Assays for high-throughput screening of heterologous XTH gene expression 

Screening methods are often essential tools for identifying systems that are expressing target enzymes, 

the optimal choice obviously depending on the properties of the enzymes.  In our efforts to identify 

clones expressing the target XTH proteins, we used the Bradford assay and SDS-PAGE (Paper I), followed 

by enzyme activity assays.  Another sensitive and specific screening method is based on the use of a 

fluorescently labeled oligosaccharide substrate (XGO-SR) as a glycosyl acceptor (Fry, 1997; Mohand and 

Farkas, 2006).  This method has proved to be effective in screening for hetero-transglycosylating 

activities in extracts from nasturtium (Tropaeolum majus).  A combination of fluorescent enzyme assays 

and IEF has also been used to identify plant extracts containing putative XET isoforms (Farkas et al., 

2005). 

Ongoing efforts in our laboratory to clone, heterologously express, and characterize diverse enzymes 

with activities towards xyloglucan (Baumann et al., 2007; Gloster et al., 2007) and attempts to design 

GH16 XET/XEH chimeric enzymes with SCHEMA (Gullfot, 2010) have necessitated the development of a 

high-throughput assay for both XET and XEH activities.  Therefore, in the study described in Paper V we 

developed a high-throughput screening method for detecting heterologous expression of XTH genes in 

the yeast P. pastoris, with potential applicability to other cases.  Another, spectrophotometric assay for 

XET activity has been developed by Soluvá et al. (1995), based on the ability of xyloglucan-derived 

subunit oligosaccharides (XGOs) to stimulate selective breakdown of xyloglucan by 

endotransglycosylation while serving as additional glycosyl acceptors.  High Mr xyloglucan (> 10 kDa) can 

bind tri-iodide anions to yield a blue-green color (λmax 620 nm) (Kooiman, 1960), but the binding 

diminishes as the length of the polysaccharide chain is decreased by enzymatic activity.  We selected 

this assay for miniaturization (and compatibility with a 96-well plate format) due to its low cost, 

simplicity, speed, and the possibility it provides for analyzing multiple samples simultaneously, by 

reducing the assay volume and replacing the centrifugation step with filtration using a MultiScreen 

Vacuum Manifold.  Among other optimization steps, the assay volume was reduced ca. 5-fold to 

accommodate constraints of the 96-well format, which both reduced reagent consumption and 

parallelized the assay procedure.  In addition, the incorporation of a parallel filtration step dramatically 

improved measurements of culture supernatants through the removal of interfering particulate 

substances.  
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In the high-throughput, 96-well plate expression system, large numbers of clones can be assayed 

simultaneously (Figure 11).  The convenience of the procedure reduces time consumption for all of the 

solution handling and clone/reaction labeling steps. In expression trials 83% of positive clones were 

successfully identified as producing either the strict XET PttXET16-34 or the XEH TmNXG1. Thus, this 96-

well plate screening method is a powerful tool for identifying clones expressing enzymes with target 

properties in directed evolution and protein engineering efforts. 
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Figure 11. Schematic representation of the high-throughput screening of XET/XEH-expressing clones, involving 
cultivation (1-3) followed by assays in microplate format (4-11).  
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4. In vitro characterization of XTH gene products  

4.1 Assays used for in vitro characterization of XTH gene products 

Currently, there are at least five in situ XET assays that are capable of detecting XET activity at various 

levels.  The most sensitive XET assay involves the reaction of high molecular mass xyloglucan with a 

radio-labeled oligosaccharide (Fry et al., 1992).  We used this assay to determine pH and temperature 

optima for five AtXTH isoforms (Paper III).  In another, non-isotopic labeling assay, developed by 

Nishitani (1992), a conjugated fluorescent pyridylamino-xyloglucan is used as acceptor substrate and 

XET activity is monitored by HPLC (Nishitani, 1992).  This assay was applied to study kinetics of HvXET6 in 

detail (Paper II).  Another fluorescence, dot blotting XET assay, exploiting the affinity between xylogucan 

and cellulose, developed by Fry (1997) can be performed by spotting the enzyme under investigation 

onto substrate-impregnated paper then incubating the paper under humid conditions, using fluorescent 

oligosaccharides as acceptor substrates.  The un-reacted oligosaccharides are washed off, while 

fluorescent products remain hydrogen-bonded to the cellulose of the paper.  The paper is then 

inspected for fluorescence.  This dot blot assay was used to preliminarily characterize five AtXTH 

isoforms in precipitates from Pichia culture supernatant, as described in Paper III.  This assay could 

clearly distinguish between supernatants containing XET protein and those containing no detectable XET 

protein. 

In addition, several assays have been developed to assess the potential xyloglucanase activity (XEH) of 

XTH isoforms.  One such assay, based on the viscosity of the solution after treatment with the 

investigated enzyme (Lorences and Fry, 1993), was applied in the study described in Paper III. The 

results showed that AtXTH isoforms that exhibit XET activity were unable to catalyze the hydrolysis of 

xyloglucan.  In addition, a more accurate assay, the BCA (bicinchoninic acid) and Somogyi-Nelson 

reducing sugar assay, were applied to determine XEH activity (Papers I, II, III and IV).  In addition, a High 

Performance Anion-Exchange Chromatography with Pulsed Amperometric Detection (HPAEC-PAD) assay 

devised by Baumann et al. (2007) was used to analyze oligosaccharides produced by the action of XET 

and XEH enzymes (Papers III and IV).  This assay is convenient and provides high confidence indications 

of the activities of enzymes that can potentially catalyze hydrolysis and transglycosylation reactions, 

such as XTH enzymes.  The assay is suitable for initial rate kinetic determinations that require tests with 

a wide range of substrate concentrations. 
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4.2 In vitro characterization of XTH gene products  

In the studies described in Papers II, III and IV, biochemical approaches were adopted for 

structure/function studies of XTH gene products. The XTH gene products were each characterized in 

vitro using the assays listed in Table 1 (the HvXTH isoforms by Prof. Fincher’s group, the AtXTH isoforms 

by Prof. Vissenberg’s group, and AtXTH13 and AtXTH31 in our laboratory). The results revealed 

properties of the enzymes that are also listed in Table 1. 

Table 1. Gene bank accession numbers of HvXTH and AtXTH genes and properties of proteins expressed in         
P. pastoris.  

XTH 
isoform 

GeneBank 
accession 
number 

Predicted* 
number of         

N-glycosylation 
sites 

Activity/Assay used in the determination of activities Paper 

XET  XEH 
HvXTH1 X91660 2 n.da n.da 

 
I 

HvXTH2 X93173 1 n.dab n.dab 

 
I 

HvXTH3 X93174 1 Yes 
 Radioactive XET assay 

No  
Somogyi-Nelson reducing sugar 

I 

HvXTH4 X93175 1 Yes 
 Radioactive XET assay 

No  
Somogyi-Nelson reducing sugar 

I 

HvXTH5 X91659 1 Yes  
Radioactive XET assay 

No  
Somogyi-Nelson reducing sugar 

I,II 

HvXTH6 EU247793 1 Yes  
Radioactive XET assay 

No  
Somogyi-Nelson reducing sugar 

I,II 

HvXTH7 FJ917200 0 n.da 

 
n.da I 

HvXTH8 FJ917201 1 Yes  
Radioactive XET assay 

No  
Somogyi-Nelson reducing sugar 

I 

HvXTH9 FJ917202 1 n.da 

 
n.da I 

AtXTH12 NM_125134.1 1 Yes 
 XET Dot-blot activity 

No 
 Viscosity 

III 

AtXTH13 NM_125135.1 1 Yes  
XET Dot-blot activity 

No  
Somogyi-Nelson reducing sugar/HPLC 

III 

AtXTH17 BT030008.1 1 Yes 
 XET Dot-blot activity 

No  
Viscosity 

III 

AtXTH18 NM_119174.1 2 Yes 
 XET Dot-blot activity 

No 
 Viscosity 

III 

AtXTH19 NM_119175.2 1 Yes 
 XET Dot-blot activity 

No  
Viscosity 

III 

AtXTH31 BT006326.1 0 No 
HPLC 

Yes  
BCA reducing sugar/ HPLC 

IV 

AtXTH32 AY133846.1   0 n.da 

 
n.da IV 

*N-glycosylation predictions obtained using the NetNGlyc 10 server (http://www.cbs.dtu.dk/services/NetNGlyc/) 

an.d., not detected. 

bprotein was produced in a soluble, but inactive form. 

 

http://www.cbs.dtu.dk/services/NetNGlyc/�
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4.2.1 Substrate specificity of XTH gene products 

Various polysaccharides in natural environments could potentially be used by XTH gene products, 

depending on their specificity.  Thus, the specificity and potential donor and acceptor substrates of each 

of the enzymes were examined.  The natural substrate for XTH gene products is the abundant xyloglucan 

in plant cell walls.  Natural substrates, such as tamarind xyloglucan (TXG), are good donor substrates for 

all XETs and XEHs characterized to date (Steele et al., 2001; Baumann et al., 2007), including HvXET6 

(Paper II) and AtXTH12, AtXTH13, AtXTH17, AtXTH18, AtXTH19 (Paper III) and AtXTH31 (Paper IV). Non-

xyloglucan polymers, such as hydroxyethyl cellulose (HEC), can also act as donors with trace activity 

(Papers II and III).  Other substrates, such as water-soluble cellulose acetate (WSCA), mixed-linkage β-

glucan (MLG) and carboxymethylcellulose (CMC) exhibit low donor substrate activity (Paper III).  

However, TmNXG1 and AtXTH31 are inactive towards HEC and CMC (Baumann et al. 2007, Paper IV).  In 

addition, experiments with various acceptor substrates have shown that the preferences of XETs for 

acceptor substrates vary.  For instance, XETs derived from Arabidopsis show highest preference for 

fucosylated forms (XXFGol), while G6-ol is the poorest of the tested acceptor substrates (Paper III).  

Additionally, due to the limitations of using xyloglucan as a substrate in kinetic determinations of XTH 

enzymes (Saura-Valls et al., 2006), we used Glc8-based XGOs as substrates for in vitro kinetic studies 

(Papers II and III) and XXXG-Res (Ibatullin et al., 2009) for in situ activity analysis (Paper IV). 

4.2.2 pH dependence  

XTH enzymes are active over a wide pH range and have bell-shaped pH profiles, corresponding to two 

ionizable groups.  In experiments reported in Paper III, some isoforms (AtXTH17, AtXTH18 and AtXTH19) 

showed optimum activity at pH 7, but were inactive at pH < 5.5.  In contrast, the predominant XEH 

(AtXTH31) exhibited a pH optimum at 4.75, in accordance with that previously reported for TmNXG1 

(Baumann et al., 2007).  Nonetheless, the pH optima of XTH gene products are consistently acidic to 

neutral, corresponding to the pH in the apoplast environment of Arabidopsis roots (Bibikova et al., 

1998).  Despite their tissue specificity, all these AtXTHs are expressed in roots, indicating that the pH 

dependence varies within the same tissue and species (Campbell and Braam, 1999b; Steele and Fry, 

2000). 
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4.2.3 Detailed kinetic properties of XETs and XEHs 

Detailed kinetic analyses were performed with barley XET (HvXET6) in Prof. Fincher’s lab (Paper II) and 

with Arabidopsis XETs (AtXTH13 and AtXTH31) in our lab (Papers III and IV, respectively).  As detailed in 

Papers III and IV, AtXTH31 was found to have a specific hydrolytic activity towards xyloglucan of 4.4 ± 0.1 

mol min–1 (mol protein)–1, according to BCA reducing sugar assays. In addition, initial-rate kinetic analysis 

indicated that the rate of release of XGO1 catalyzed by AtXTH13 is identical to that of XGO3 across a wide 

range of substrate concentrations (8-2400 µM), as would be expected for a strict transglycosylase 

(E.C.2.4.1.207).  On the other hand, the rate of release of XGO1 catalyzed by AtXTH31 was significantly 

higher than that of XGO3 across a broad range of substrate concentrations, up to 3 mM, showing that 

AtXTH31 has predominantly xyloglucan endo-hydrolase activity (E.C.3.2.1.151), since a strict XEH would 

produce only XGO1 from XGO2 at all concentrations (Baumann et al., 2007). 

In kinetic comparisons of XET activities, AtXTH13 has been found to catalyze transglycosylation as 

rapidly as PttXET16-34 (Baumann et al., 2007), while AtXTH31 catalyzes hydrolysis 4-fold more slowly 

than TmNXG1 (Table 2).  In addition, we found Kcat and Km values for HvXET6 (determined using XGOGlc8 

as a minimum donor and [13-H]XXXGol as an acceptor) of 8.34 min-1 and 1.6 mM, respectively (Paper II). 

All these XTH gene products have been biochemically characterized in our laboratory and others, using 

proteins prepared in the studies in this thesis, and the results show that the biochemical functions 

correspond to predicted functions based on phylogenetic analysis (Figure 12). 

Table 2. Comparison of apparent kinetic constants of PttXET-34, TmNXG1 and Arabidopsis XTHs determined in 
assays using Glc8 as donor, and XGO2 as substrate. 

XTH isoforms Transglycosylation rate               
(XGO3 release) 

Hydrolysis rate                   
(XGO1 release) 

Reference 

Km app(mM) Kcat app(min-1) Km app(mM) Kcat app(min-1) 

PttXET16-34 0.4±0.01 4.80±0.02 - - Bauman et al.(2007) 
TmNXG1 0.5±0.250 0.89±0.1 0.08±0.007 4.28±0.14 Bauman et al.( 2007)  
AtXTH13 64.1±9.9 5.08±0.16 - - Paper III 
AtXTH31 4.5±1.3 1.2±0.72 0.10±0.13 1.6±0.13 Paper IV 
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Figure 12. Phylogenetic tree of the XTH gene family (Baumann et al., 2007), based on amino acid sequences of 
rice, Arabidopsis, black cottonwood and some barley XTHs.  The XTH gene products characterized in this thesis 
are highlighted in red (Xyloglucan endo-transglycosylases) and blue (xyloglucan-endo-hydrolases).  PttXET16-34 
and TmNXG1 are highlighted accordingly. 
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5. In vivo characterization of XTH gene products in the plant cell wall 

5.1 Biological roles of members of XTH genes  

XTHs are long-lived proteins in plants, and are believed to be active in many processes related to cell 

differentiation, cell growth and maintenance after cell death (Nishikubo et al., 2007).  XETs cleave 

xyloglucan chains and rejoin them in the xyloglucan-cellulose network, allowing cells to expand (Fry et 

al., 1992; Rose and Bennett, 1999; Cosgrove, 2005).  This process occurs during cell expansion and 

elongation throughout plant growth.  XETs are expressed in response to hormonal and environmental 

signals, time, tissue and organ specifically (Yokoyama and Nishitani, 2001a; Becnel et al., 2006).  Clear 

functions of various XETs in cell wall modification during plant growth have been demonstrated.  For 

instance, the chickpea isoform CaXTH1 is involved in expansion processes (Romo et al., 2005), AtXTH14 

and AtXTH26 in strengthening the side-walls of root hairs and cell walls in the root differentiation zone 

following cell expansion (Maris et al., 2009), AtXTH27 functions during the development of tracheary 

elements (Matsui et al., 2005), while GhXTH1 plays a role in cotton fiber elongation (Michailidis et al., 

2009; Lee et al., 2010).  In woody plants, PttXET16-34 has a demonstrated role in restructuring primary 

walls in xylem and phloem fibers during secondary wall formation (Bourquin et al., 2002).  Remarkably, 

induction of XET activity has been observed in mature G-layers of tension wood in response to 

mechanical stress (Nishikubo et al., 2007).  This activity was found to persist for several years, thus the 

enzyme functions after cell death in repairing cross-links as they are broken during the associated 

shrinking (Nishikubo et al., 2007).  In addition, XETs are involved in cell wall softening in ripening fruits 

such as tomato and kiwi.  In this process, XETs are proposed to act as cell wall loosening agents (Fry et 

al., 1992; Schröder et al., 1998; Saladie et al., 2006; Van Sandt et al., 2006; Atkinson et al., 2009).  

XTHs also participate in cell wall modification in plant interactions with various microbial symbionts, 

including those between arbuscular mycorrhiza and Medicago (Maldonado-Mendoza et al., 2005) and 

between Frankia and Datisca glomerata in root nodules (N.K. and Katharina Pawloski, unpublished 

data).  They are also involved in interactions between plants and pathogens.  For instance, in tomato 

fruits infected with Penicillium expansum the fruits’ cell wall is modified, resulting in softening and wall 

disassembly, thereby facilitating fungal colonization and further progress of the infection (Albert et al., 

2004; Miedes and Lorences, 2007). 
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5.2 Expression profiles of AtXTH genes  

Comprehensive expression analysis by quantitative real-time RT-PCR of the AtXTH genes revealed that 

most of the members exhibit distinct expression profiles in terms of tissue specificity and responses to 

hormonal signals, although some of the members have similar expression profiles (Yokoyama and 

Nishitani, 2001a).  Additionally, most of the AtXTH genes are distributed in almost every organ, with 

varying levels of expression, some predominantly in specific tissues (Becnel et al., 2006; Jamet et al., 

2009).  Furthermore, AtXTH genes are most likely expressed in every developmental stage, from seed 

germination to silique maturation, as shown in Figure 13 (Zimmermann et al., 2004; Becnel et al., 2006).  

AtXTH31 and AtXTH32 genes are highly expressed in stages of rapid development, according to 

Genevestigator data, since AtXTH31 appears to be highly up-regulated during germination and in 

seedlings, while AtXTH32 is expressed during all developmental stages (Figure 13 and Zimmermann et 

al., 2004).  In our experiments, semi-quantitative PCR showed that although AtXTH31 transcripts are 

more abundant than AtXTH32 transcripts in roots and hypocotyls, AtXTH32 is more abundant in 

cotyledons (Paper IV) and highly up-regulated in stems and nodes (Zimmermann et al., 2004). 
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Figure 13. Expression profiles of Arabidopsis XTHs in indicated developmental stages, based on data obtained 
from Genevestigator and reported as absolute expression values (Zimmermann et al., 2004) shaded according 
to the expression level (red>yellow>green). 
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5.3 Probing roles of XTH gene products by reverse genetics 

Reverse genetic approaches have been successfully used to explore the biological roles of various XTH 

genes.  For instance, AtXtH27, which belongs to group III-B, has been successfully altered by T-DNA 

insertion, and the resulting mutant exhibited aberrant tracheary elements in rosette leaves (Matsui et 

al., 2005).  In addition, the abundance of AtXTH18 (Group II) transcripts has been reduced by RNAi, 

yielding a mutant with slight reductions in primary root growth and final cell length (Osato et al., 2006).  

We also employed a reverse genetics approach to study the biological functions of AtXTH31 and 

AtXTH32 in the cell walls of A. thaliana (Paper IV).  These genes belong to Group III-A in the current 

phylogenetic tree (Baumann et al., 2007) and we predicted that they would exhibit predominantly XEH 

activity.  The members of this group have been speculated to play a role in the degradation of storage 

xyloglucan in seeds of plants such as nasturtium, thus providing nutrients during germination in 

response to auxin and light signals (Hensel et al., 1991; Brandao et al., 2009).  In contrast, 

Genevestigator data, and our findings (Paper IV), indicated that two predominant XEHs from Arabidopsis 

(AtXTH31 and AtXTH32) do not respond significantly to endogenous auxin (Zimmermann et al., 2004). 

In our study, we used T-DNA insertion lines with interrupted AtXTH31 or AtXTH32 genes in an A. 

thaliana Columbia background.  To identify lines harboring T-DNA insertions in these genes, a PCR 

screen was employed, using gene-specific and T-DNA left border (LB-b1) primers (Krysan et al., 1999; 

Weigel and Glazebrook, 2002), yielding homozygous knock-out single mutants designated xth31-1 and 

xth32-1, respectively.  In addition, to avoid possible compensation events from closely related genes, a 

double mutant (xth31-1/xth32-1) was generated by crossing the single homozygous mutants.  The 

results showed that these T-DNA insertions efficiently knocked out the activity of AtXTH31 and AtXTH32 

genes (Paper IV).  T-DNA mutagenesis, with or without subsequent crossing of single mutants, has also 

been found to be highly efficient for knocking out many other Arabidopsis genes (Wang, 2008). 

Subsequent analyses showed that knocking out the two predominantly hydrolytic XTH genes resulted in 

mutants with phenotypic traits that were indistinguishable from those of wild type counterparts in all 

growth and developmental stages, including extension of 6 day-old roots, and 5- and 11 day-old 

hypocotyls.  The only (mild) deviation observed was that the xth31-1/xth32-1 mutant exhibited slightly 

more rapid root and hypocotyl extension immediately after germination (Paper IV).  A possible 

explanation for this observation is that reduction of XEH activity during radicle emergence may relieve 

strong inhibition of auxin-stimulated growth (McDougall and Fry, 1989).  In accordance with this 



In vitro & in vivo approaches in the characterization of XTH gene products 

 

33 

 

hypothesis, AtXTH31 encodes a protein homologous to TmNXG1, which exhibits xyloglucanase activity 

(Baumann et al., 2007), and previous evidence of xyloglucanase from azuki bean (Kaku et al., 2002), 

suggesting that xyloglucan endo-hydrolysis might also play a role in primary cell wall extension.  In 

comparison, the observed XET activity in all examined zones of the xth31-1/xth32-1 mutant remained 

effectively unchanged versus wild type, indicating that suppression of these XTH genes does not 

dramatically alter XET activity. 

Turning to XET, a comprehensive expression analysis of the A. thaliana XTH gene family has shown that 

AtXTH12, -13, -17, -18 and -19 transcripts are present in Arabidopsis roots (Yokoyama and Nishitani, 

2001a).  Among these phylogenetically related genes, transcripts of AtXTH18 were the most abundant 

(Osato et al., 2006).  The previously elucidated function in primary root growth of AtXTH18 (Osato et al., 

2006), together with its biochemical characterization in Paper III, clearly indicate the role of this XET 

isoform in Arabidopsis roots. 

5.4 Immunolocalization of substrates for XTH gene products  

In the study reported in Paper IV, we used the LM5 antibody to probe the rhamnogalacturonan-I-

associated (1→4)-linked β-D-galactan epitope in order to mark the expanding zone in roots (McCartney 

et al., 2003).  In parallel, the monoclonal antibody CCRC-M1, which recognizes a fucose (Fuc)-containing 

epitope of xyloglucan specific to the growing wall (Puhlmann et al., 1994), was used to probe the 

localization of substrates for XET and XEH enzymes in roots.  The results showed that CCRC-M1 labeled 

xyloglucan was present in the root elongation zone and root hairs (Paper IV), in line with previous 

reports (Freshour et al., 2003). 

5.5 Assays used for in vivo characterization  

An assay using a flucorescently labelled substrate has been employed to visualize (and hence localize) 

XET activity in vivo in various plant organs, such as roots (Vissenberg et al., 2000; Vissenberg et al., 2001) 

and the G-layer in tention wood (Nishikubo et al., 2007).  The in situ assay includes sulphorhodamine-

labelled oligosaccharide as the transglycosylation acceptor substrate, which is thus integrated into 

xyloglucan chains, thereby marking the location of XET activity.  We employed this assay to monitor XET 

activity in roots and hypocotyls of A. thaliana ecotype Columbia and the xth31-1/xth32-1 mutant (Paper 

IV).  XET activity was observed in roots of wild type plants, in accordance with previous observations 
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(Vissenberg et al., 2000; Vissenberg et al., 2001), and both the expanding and root junction zones of 

hypocotyls (Figure 15, Paper IV).  

In the study described in Paper IV we also used a new real-time fluorogenic probe (XXXG-Res) for 

visualizing glycoside hydrolase activity in planta (Ibatullin et al., 2009), based on the release of a 

fluorophore mediated by hydrolytic enzymes (with minor modifications of the previously published 

protocol) to visualize XEH activity in roots and hypocotyls of A. thaliana ecotype Columbia and the 

xth31-1/xth32-1 mutant.  The results clearly showed the presence of XEH activity in the root elongation 

zone, lateral roots, root hairs and emerging root hairs in wild type plants (Figure 14), sites at which XET 

activity is also present.  In the hypocotyl, both XEH and XET activity appeared in the expanding zone and 

in the region close to the root-hypocotyl junction as shown in Figure 15 (see also Paper IV).  Notably, 

significant reductions in XEH activity were observed in elongation zones in both roots (Figure 14) and 

hypocotyls (Figure 15) of the xth31-1/xth32-1 double mutant, although the activity was not completely 

abolished in some tissues.  Although AtXTH31 and AtXTH32 are clearly key players, the observation of 

XEH activity in roots and hypocotyls suggests there might be other xyloglucanases capable of 

hydrolyzing the fluorogenic XXXG-Res.  These could include other GH16 enzymes (i.e. other XTH gene 

products) for which xyloglucanase activity has not been identified, GH5 members, and/or a combination 

of other exo-acting glycoside hydrolases. 
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Figure 14.  Localization of xyloglucan endo-hydrolase activity in 6 day-old A. thaliana roots using XXXG-Res.  A, 
wild-type Col-O; B, xth31-1/xth32-1 double knock-out; C, Col-O, region corresponding to the top portion of 
panel A (ca. 2 mm from the root tip); D, xth31-1/xth32-1 double knock-out, region corresponding to the top 
portion of panel B (ca. 2 mm from the root tip); E, Col-O, emerging lateral root XEH activity detected with XXXG-
Res; F, Col-O, lateral root XET activity detected with XXXG-SR.  Representative images from analyses of ca. 10 
plants from each line are shown.  
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Figure 15.  Localization of xyloglucan endo-hydrolase and xyloglucan endo-transglycosylase activity in 5 day-old 
A. thaliana etiolated hypocotyls using XXXG-Res and XXXG-SR. XEH activity: A, wild-type Col-0; B, xth31-1/xth32-
1 double knock-out.  XET activity: C, wild-type Col-0; D xth31-1/xth32-1 double knock-out.  Numbered zones 
show the approximate positions at which images were taken along the length of the hypocotyls.  Composite 
image produced from representative images from analyses of ca. 20 plants from each line (XEH) and ca. four 
plants from each line (XET). 
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6. Concluding remarks and future perspectives 

Efforts based on both biochemical and reverse genetic approaches have been made to improve 

understanding of the functions of XTH genes in the cell walls of various plants, including Arabidopsis 

(dicot) and barley (monocot).  Members of Group I/II and III-B, which exhibit xyloglucan endo-

transglycosylase activity, and members of Group III-A (xyloglucan endo-hydrolases) were included to 

assess their biological roles in the cell walls of species possessing them.  The P. pastoris heterologous 

expression system was found to be effective for generating some active XTH gene products for 

biochemical characterization and structure/function studies, with a ca. 50% success rate.  In addition, 

the huge number of clones required for the expression trials necessitated a rapid, straightforward 

method to identify clones that produced substantial amounts of enzymes of interest.  Thus, a high-

throughput assay for xyloglucan endo-transglycosylase and xyloglucanase activities was developed to 

facilitate screening in the expression trials, and other applications.  All biochemically characterized XTH 

gene products exhibited activities corresponding to their predicted functions, based on the current 

phylogenetic tree (Baumann et al., 2007).  To gain insights into the function of predominantly XEH 

enzymes that had not previously been studied, we employed a reverse genetic approach involving T-

DNA mutagenesis to create loss of function lines of the predominant XEH genes in A. thaliana (AtXTH31 

and AtXTH32).  The results of knocking out the activities of the corresponding gene products indicated 

that they might be important players in cell wall modification in rapidly growing cells.  However, the 

mutants displayed virtually indistinguishable phenotypes from wild type counterparts in all 

developmental stages (except that emergence of the radicle appeared to be faster in the double 

mutant).  Therefore, further study is required to elucidate the precise function of AtXTH31 in radical 

emergence, and a more focused study including use of lateral root mutants together with the XXXG-Res 

probe to elucidate the importance of XEH activity in this organ.  Furthermore, overexpression of 

AtXTH31 and AtXTH32 genes would be useful to complement results obtained from T-DNA mutagenesis. 

Over expression could possibly result in more significant phenotypic deviations, thereby providing more 

profound indications of the biological functions of the genes encoding predominantly XEH enzymes in 

the plant cell wall. 
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