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Abstract

Glucans are polysaccharides integral to many materials and biological functions. Under the 
umbrella of Biomime, the Swedish Center for Biomimetic Fiber Engineering, this work has aimed 
to improve basic understanding of the biosynthesis of such glucans. This has been achieved through
direct investigation of cellulose structure, and by developing the tools to analyze glucan 
biosynthesis. Notably we have identified a novel chemical effector of glucan synthesis processes 
and developed a proteomic toolkit useful for analyzing membrane-bound glycosyltransferases, the 
enzyme group responsible for glucan biosynthesis. During this work, glucan synthesis has been 
studied using both Gluconacetobacter and Populus cell suspension cultures. 

Publication I. Gluconacetobacter cellulose (BC) was used as a base to create a novel and well 
characterized nano-material with improved mechanical properties. This novel composite of BC and 
hydroxyethylcellulose (HEC) had improved tensile strength compared to pure BC. Through 
thorough study utilizing dispersion measurements, electron microscopy, nuclear magnetic resonance
and X-ray diffraction it was shown that the improved properties derived from a layer of HEC 
coating each fibril. 

Publication II. Bacterial cellulose was labeled in specific positions with 13C (C4 and C6). These 
samples were analyzed by CP/MAS NMR along with cellulose samples from cotton and 
Halocynthia sp. For each sample spectral fitting was performed and general properties of crystal 
allomorph composition and fibril widths were determined. Calculations were also made for water 
accessible surfaces of the fibrils. The results showed that water accessible C4 surface signals are 
reflective of the allomorph composition of the sample, along with a distorted signal that derives due
to fibril imperfections. Water accessible surface signals from the C6 region are instead derived from
rotamer conformations of the C6 hydroxymethyl groups from glucose residues. 

 In Publication III, a high-throughput screen was used to identify an inhibitor of Golgi-derived 
glycosyltransferase activity, termed chemical A. The structural basis for inhibition was determined 
and in vitro assays of callose synthesis were performed. The in vitro assays revealed chemical A to 
also be an activator of callose synthesis. To understand this activation kinetic studies were 
performed, showing that chemical A is a mixed type of activator, which can bind either the free 
enzyme or the enzyme-substrate complex. Chemical A has uses in chemical genetics for dissecting 
processes involving callose synthesis, such as stress response and cell-plate formation.

In publication IV, we present an in-house developed platform for proteomics with a distributed 
processing model. This in-house system has been central to many proteomics tasks, including for 
those presented in publication V, and is being distributed as the Automated Proteomics Pipeline 
(APP). 

In publication V, conditions for enrichment of Detergent-Resistant Microdomains (DRM) have 
been optimized for Populus trichocarpa cell cultures. The proteins enriched in DRM were 
identified using mass spectrometry based proteomics, and a functional model for DRM was 
proposed. This model involves proteins specialized in stress response, including callose synthase, 
and cell signaling. This further strengthens the arguments for DRMs as sites of specific cellular 
functions and confirms they play a role in glucan synthesis.



Sammanfattning

Glukaner är polysackarider som ingår i många material och har viktiga biologiska funktioner. 
Arbetet bakom denna avhandling har utförts inom Biomime, Svenskt Centrum för Biomemetisk 
Fiberteknik, med målet att förbättra grundläggande förståelse av glukanernas biosyntes. Arbetet har 
genomförts genom att direkt studera cellulosabaserade material, men även genom utveckling av 
verktyg för analys av biologiska system. Detta exemplifieras genom identifiering av en ny kemisk 
effektormolekyl för glukansyntes samt utveckling av en miljö för behandling av proteomikdata. 
Under detta arbete har både Gluconacetobacter och Populus trichocarpa cellkulturer använts som 
modellsystem.

Publikation I. Cellulosa från Gluconacetobacter (BC) användes som en bas för att skapa ett nano-
material med förbättrade egenskaper. Denna nya komposit av BC och hydroxyethylcellulosa (HEC) 
har ökad dragstyrka jämfört med ren BC. BCHEC har grundligt analyserats med 
dispersionsmätningar, mikroskopi, kärnmagnetisk resonans och röntgendiffraktion. Detta har låtit 
oss identifiera grunden till dessa förbättrade egenskaper - ett täckande lager HEC runt individuella 
cellulosafibriller. 

Publikation II. Bakteriell cellulosa märktes i specifica positioner med 13C (C4 och C6). Dessa 
prover analyserades sedan med kärnmagnetisk resonans (CP/MAS NMR) tillsammans med 
cellulosaprover från bomull och Halocynthia sp. I varje prov gjordes spectralanalys av C4 och C6 
signaler. Resultaten visade att NMR signaler från fibrillytor i cellulosamaterial är beroende av 
underliggande kristallstruktur samt interna signaler orsakade av fibrillaggregat och interna 
förskjutningar i fibrillen. Ytsignaler i C6-position orsakas istället av stabilt orienterade 
hydroxymethylgrupper från glukosrester.

Publikation III. ett kemiskt bibliotek analyserades för att hitta inhibitorer av glykosyltransferaser 
från Golgi membran. Den bästa inhibitorn från detta bibliotek kallades kemikalie A. Den kemiska 
strukturen som ger inhibition fastställdes och in vitro syntesreaktioner genomfördes. Dessa visade 
att kemikalie A även är en aktivator av kallos-syntas från plasmamembran. För att förstå denna 
aktivationseffekt genomfördes kinetikstudier, i dessa studier uppvisade  kemikalie A blandat 
aktivationsmönster d.v.s. kan interagera direkt med både fritt enzym och enzym-substratkomplex. 
Denna nya aktivator och inhibitor har användningsområden både inom kemisk genetik, för att 
dissikera processer som stressrespons eller för backgrundsreducering vid biokemiska experiment.

Publikation IV. presenterar ett egenutvecklat verktyg för proteomik som distribuerar 
databehandling över ett större datornätverk. Detta verktyg har varit av central betydelse för flera 
proteomikstudier, inklusive de i publikation V, och distribueras för närvarande som Automated 
Proteomics Pipeline (APP).

Publikation V. Metodik för anrikning av “Detergent Resistant Microdomains” (DRM) har 
optimerats för Populus trichocarpa cellkulturer. De proteiner som är specifikt anrikade i dessa 
DRM-strukturer har via ett avancerat proteomikprotokoll identifierats och kvantifierats. Dessa 
anrikade proteiner är ansvariga för stressreaktioner, bl.a. callossyntas, samt cellens signalering. 
Detta stärker bilden av DRM som en cellstruktur med en specifik funktionell roll och bekräftar att 
DRM har en roll inom glukansyntes. 
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1 Introduction to the cell wall
A majority of living cells enclose themselves in a cell wall, a structure that defines the outer limits 

of the cell. With few exceptions such as mycoplasma, all bacterial, fungal, algal, plant and 

oomycete cells surround themselves with their own kind of cell wall. Animal cells, by contrast, lack

a cell wall. A cell wall can be thought of as a relatively thick and rigid extracellular structure, 

separating a cell from its surroundings and serving many functions. These include mechanical 

support for the cell, allowing retention of shape and rigidity. This is especially important for plants 

where the strength given by the cell wall allows integrity despite very high turgor pressure in the 

cell (Somerville and Bauer, 2004). Cellular control of cell wall expansion makes dynamic control of

cell shape possible, allowing cells to expand radially rather than in all directions (Nicol and Höfte, 

1998). Cell walls also serve as a first line of defense against the environment, stopping pathogens 

by providing a physical barrier, but also by mediating early detection and induction of adapted 

cellular responses during the infection process (Chisholm et al., 2006). In some cases the cell walls 

remain long after individual cells have died. Indeed, in trees living cells are concentrated in a thin 

layer beneath the bark known as the cambium, which is also found in shoots, leaves, root tips and 

apical meristems. The majority of a tree consists of cell walls from dead fiber cells that are rigid due

to secondary cell wall formation. There is a large variety in chemical composition and structure of 

cell walls from various organisms. Bacterial cell walls include peptidoglycan as the main 

component while fungal cell walls rely heavily on chitin and glucans. Plant cell walls are most 

known for their cellulose content, but they also contain a range of mixed polymers. Likewise, 

oomycete cell walls contain a high proportion of cellulose. Besides the structural function of the cell

wall, there are many more subtle functions in which cell walls play a role. These include signaling, 

cell sensing and stress responses (reviewed in Ringli, 2010) as well as roles in nutrient uptake and 

cellular excretion. Cell wall complexity is typically high. In plant cells, the wall is composed of 

rigid polymers such as cellulose and lignin embedded in a softer matrix of hemicelluloses (cross-

linking polysaccharides), pectins and proteins. Even in a single plant cell the composition of the cell

wall is not static. During development of woody cells additional layers are deposited between the 

primary cell wall and the plasma membrane (PM). These secondary cell wall layers often have 

unique characteristics and compositions.

The properties that make cell walls functional, i.e. their recalcitrance and dynamic composition, 

also make their study difficult. Thus, even after decades of study there is much that is not 
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understood. In this work we aim to increase knowledge on biosynthesis and use of glucans from 

higher plants and bacterial sources.

1.1 Cell wall glucans

The most abundant biopolymer on earth is cellulose, which is present in all plant cell walls. 

Cellulose is also a glucan, i.e. a molecule consisting strictly of repeating glucose residues. Cellulose

is an unbranched glucan, meaning that it consists of a linear chains of sugar molecules. It is also one

of the most important polymers on the planet both for human endeavours and for the global 

ecosystem. The second cell wall related glucan studied in this thesis, callose, is deceptively similar 

to cellulose. It is also an unbranched chain of glucose residues but it differs in the type of glycosidic

bond. Cellulose is a β−1,4-linked glucan while callose is a β−1,3-linked glucan. In plants and a 

number of other species, these glucans serve similar but distinct functions. They also serve a 

number of functions for human society. However, with increased knowledge they could serve even 

more practical functions.

1.2 Practical applications of cell wall glucans

1.2.1 Materials and energy

Cell walls have been central to many astounding developments throughout human history and 

remain economically important nowadays. Wood cell walls have served as an energy source and as 

a base for toolmaking since the early stages of mankind. Today, woody tissues are harvested by the 

forest industry, providing raw materials for products as diverse as newspapers, packaging materials 

and buildings. Cotton is cultivated for its long cellulose fibers and used in textile production. 

Though cellulose fibers are often the most important polymer structures for many industries, they 

are not always easily extractable. In cases such as paper production, wood cellulose fibers need to 

be separated from undesirable lignin and hemi celluloses. Emerging environmental and economic 

issues have made it desirable to reduce energy consumption by such tasks, as well as to utilize 

complex woody cell walls for biofuel production. This would give many advantages, especially as 

an alternative to using annual food crops such as sugar cane or cereals.

Alongside plants as traditional glucan sources, bacterial cellulose (BC) is suitable for other 

applications. BC is produced by microorganisms for purposes of adhesion and flotation in liquid 

environment (Ross et al., 1991). To reduce environmental impact, BC can be produced from waste 

products such as agricultural waste (Kongruang, 2008; Moosavi-Nasab and Yousefi, 2011). Since 
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BC is virtually pure cellulose it is suitable for specialist applications such as electronic paper (Shah 

and Brown, 2005) or other high-value composites. Pure BC has also been shown to be fully 

biocompatible when used for implantation in animal tissues (Helenius et al., 2006), making it an 

ideal material for use in surgical implants or coatings. This trait also allows BC to act as a scaffold 

for healing. Thus, sheets of bacterial cellulose are used in wound healing bandages (Czaja et al., 

2006; Fontana et al., 1990). Furthermore, BC is being investigated as a drug delivery system (Amin 

et al., 2012). 

1.2.2 Control of pathogenic organisms and pests

A different application of glucans is to specifically target their biosynthesis for disease control. 

Since animal cells lack a cell wall, inhibition of cell wall glucan synthesis in pathogens represents 

an ideal strategy to prevent growth of undesirable organisms. Historically cell walls have been 

humanity's most successful targets against microbial diseases. The β-lactame ring structure of 

penicillin prevents bacterial growth by inhibition of a single key enzyme in the cell wall synthesis 

pathway, transpeptidase, through irreversible binding to the active site (Lee et al., 2003; Park and 

Strominger, 1957). This inhibition causes bacteria to lyze due to osmotic pressure. To date cell wall 

targeted antibiotics like penicillins have provided more than half a century of efficient treatment for 

bacterial infections with very few side effects for the host. It is a tantalizing prospect to duplicate 

this type of treatment for other non-bacterial pathogens and major efforts are being made for this 

purpose. Foremost among these are attempts to control the growth of agricultural parasites such as 

oomycetes and fungi. For these organisms β−1,4 and β−1,3 glycan synthases are tempting targets. 

Inhibition of these pathways has already proved efficacious for controlling growth. Indeed, several 

herbicides used to control weed growth do so through the inhibition of cellulose synthesis (Blum et 

al., 2010; Myers et al., 2009; Onishi et al., 2000). It should be possible to extend this approach to 

other difficult-to-control fungi, oomycete and weed pathogens, where an increased knowledge of 

the glucan synthetic processes could allow targeted disruption of growth. The previously mentioned

lack of a cell wall in animals is likely to mitigate negative side effects for insects, humans and 

animals. 

1.2.3 Prospects of further study

Further study of cell walls and their biosynthetic pathways, and in particular that of glucans, could 

lead to new ways of both manipulating or disrupting cell wall formation. That said, the study of cell 

wall formation in plants is a daunting task due to the resilience, inaccessibility and complexity of 
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both the cell walls themselves and the mostly membrane-bound enzymes responsible for the 

synthesis of their constituent polysaccharides. Currently the difficulty of cultivating the BC 

producer Gluconacetobacter using traditional stirred fermentation approaches has been a hindrance 

to the commercial use of BC. Industrial Gluconacetobacter strains adapted for stirred cultivation 

represent the biological system with the largest potential to supplement plants as important 

industrial cellulose producers. While attempts have been made to produce strains more suitable for 

stirred reactor cultivation (Moosavi-nasab and Yousefi, 2011; Ruka et al., 2012), it is most likely 

necessary to also increase the value of produced BC in order to make its exploitation suistainable. 

Gluconacetobacter xylinus has already been successfully manipulated in several ways increasing 

material strength, altering optical properties or adapting BC for medical applications (Amin et al., 

2012; Czaja et al., 2006; Fontana et al., 1990; Helenius et al., 2006). However, there is still a large 

potential to exploit the system further. In summary, cellulose provides an almost inexhaustible 

renewable material with applications for both novel biomaterial production and renewable energy. 

Cellulose itself has been in use for various purposes for millenia and increasing our knowledge of 

the synthesis of cellulose and other glucans could allow for less environmentally damaging 

agriculture and potentially the development of a range of novel cellulose-based materials. While 

some of these prospects are closer to realization than others, the possibilities provide ample 

motivation for the continued study of glucan synthesis.

2 Callose and cellulose structure and biosynthesis

2.1 Cellulose

Cellulose is a linear polymer of non-substituted β−1,4 linked glucose units but the actual repeating 

unit of cellulose is often considered to be cellobiose. Cellobiose is made up of two β−1,4 linked 

glucose units and each glucose residue in cellulose is rotated 180 degrees around the polymers axis. 

Cellulose chains interact strongly with each other due to inter chain hydrogen and hydrophobic 

bonding patterns causing the formation of aggregates known as fibrils. These strong interactions 

allow ordered packing of cellulose chains, achieving a repeatable unit-cell structure and forming 

highly crystalline regions of the microfibril. Crystalline cellulose, along with lignin, is a major 

obstacle to cellulosic biofuel production since its recalcitrance makes enzymatic breakdown into 

glucose particularly challenging. The parts of cellulose that are non crystalline are usually referred 

to as “amorphous” cellulose, and these are more easily degraded using enzymatic or chemical 
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methods. Two main chain orientations are found in cellulose fibrils. In cellulose I, strands of 

cellulose are oriented in a parallel fashion (fig 1). This is the form of cellulose found in nature. 

Crystalline cellulose I consists of two different repeating unit cells with different hydrogen bonding 

patterns. These two forms are usually referred to as cellulose Iα and cellulose Iβ (Atalla and 

Vanderhart, 1984) and can be distinguished in a fiber by methods such as solid-state NMR or X-ray 

diffraction. Cellulose II instead consists of strands oriented in an anti-parallel fashion and is not 

found in the cell walls of living organisms, but can be produced by various chemical methods. 

These include mercerization, a process where cellulose is swollen in sodium hydroxide. 

Mercerization is commonly used to generate cellulose II from cotton in the form of viscose, which 

can then be recrystallized. Another approach is to fully dissolve and recrystallize cellulose, a 

process known as regeneration. Both mercerization and regeneration remove obstacles to cellulose 

reorganization, thus allowing the more energetically favored cellulose II to form. Though 

energetically favored, forming cellulose II in cells would demand strands to be synthesized in close 

enough proximity to form a microfibril but still maintain anti-parallel directionality. This biological 

problem might be what prevents production of cellulose II in vivo, since the synthesis machinery 

needed to make cellulose is predicted to be very bulky.

Figure 1. Molecular structure of cellulose I, with the repeating cellobiose unit shown in brackets. Intra-chain hydrogen 

bonds are shown in dots and inter-chain hydrogen bonds are shown in dashed-lines. 

The length of a polymer chain can be referred to as “degree of polymerization”, or DP. The average 

DP of cellulose varies with the source and cannot easily be determined since cellulose is not 

accessible without extraction from higher plants, which tends to cause some degree of 

depolymerization. The range of cellulose DP is typically around 700-1600 residues, whereas some 
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plants such as cotton form cellulose chains with a DP of up to 10000 (Klemm et al., 2005). Bacterial

cellulose synthesized in vitro has been shown to have a DP of over 5000 residues (Bureau and 

Brown, 1987). 

2.2 Callose

Callose is a β−1,3-linked glucan, whose biological roles tend to be more transitory than those of 

cellulose. Callose is, like cellulose, essentially linear although it has been reported to contain 

occasional β−1,6 branches (Doblin et al., 2002). Callose, unlike cellulose, crystallizes poorly despite

its very regular structure. The 1,3 bond causes callose helicoidal molecules to assemble into helical 

structures sustained by hydrogen bonding, and involving at least three callose chains. Callose 

generated in vitro by cell-free enzyme preparations has been shown to have a DP above 1200 

residues, which is similar to that of celluloses from a large number of species (Schlüpmann et al., 

1993). 

n

Figure 2. Molecular structure of callose. Note that, unlike cellulose, monosacharide units are not rotated relative to the 

axis of the chain. Glucose is the repeating unit of callose.

2.3 Glycosyltransferases

While the properties of enzymes involved in callose and cellulose synthesis are not fully defined, a 

picture has emerged in recent decades. It is clearly established through biochemical means that 

nucleotide-sugars, i.e. specific activated sugar molecules are utilized by enzymes in the 

glycosyltransferase (GT) family to construct glycosidic bonds on an acceptor. GTs are currently 

classified based on sequence similarity, 3D structure and mode of action into 95 different families 

(Carbohydrate Active enZYmes (CAZY) database, Cantarel et al., 2009). Each family typically 

contains enzymes with similar properties as well as comparable activities. In addition to 

polysaccharide synthesis, GTs are involved in synthesis of glycolipids and glycoproteins. 

2.3.1 Catalytic mechanisms
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Figure 3. Schematic representation of the retaining and inverting mechanisms of glycosyltransferases. Adapted from 

Lairson et al., 2008.

GTs utilize one of two types of mechanisms, inverting or retaining (fig 3). These are named by 

analogy to glycoside hydrolase mechanisms and refer to the orientation of the formed glycosidic 

bond on the anomeric carbon of the product when compared to the orientation of the bond on the 

leaving group in the substrate. In glucan synthases utilizing UDP-glucose as the substrate, an 

inverting GT will form a β linkage while a retaining GT will form an α linkage. GT2s are examples 

of inverting enzymes creating β linkages since their corresponding NDP-sugar substrates carry α-

type linkages to the NDP moietes. The reaction mechanism of an inverting GT is thought to utilize 

an SN2 replacement, a type of molecular substitution where a nucleophilic electron pair attacks an 

electrophilic carbon, forcing a group to leave the molecule (fig 4). This reaction could be achieved 

through the formation of an enzyme-substrate intermediate or through a direct substitution reaction. 

In either case, a metal ion co-factor would be necessary to coordinate the donor and possibly also 

the acceptor molecules (reviewed in Lairson et al., 2008). The choice and concentration of one or 

several divalent metal ion cofactors is a major part of the design of GT in vitro activity assays. 
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Figure 4. Inverting reaction mechanism adapted from Lairson et al., 2008 

2.4 Model organisms for the study of cellulose synthesis

2.4.1 Gluconacetobacter

Gluconacetobacter xylinus, previously known as Acetobacter xylinum, is a prokaryote that produces

and excretes large amounts of virtually pure cellulose. This cellulose is used by the cells as a 

biofilm and flotation device that allows the bacteria to remain at the air/water interface. 

Gluconacetobacter offers one of the few biological systems capable of rapidly producing a large 

amount of essentially pure cellulose in a laboratory setting. It is also a simple system for chemical 

manipulation of cellulose synthesis during cultivation since the site of cellulose synthesis is directly 

accessible to small chemicals or even polymers provided in the growth medium. For example, the 

conclusion that cellulose polymerization and crystallization were concomittant but different 

processes was illustrated by adding Calcofluor white, a commercial brightening agent, to the 

medium of Gluconacetobacter cultures. This addition prevented the agglomeration of cellulose 

fibrils when the concentration of Calcofluor was high but did not affect chain elongation (Haigler et

al., 1980). Cellulose production in Gluconacetobacter is non-essential to the cell and this allows 

extensive mutagenesis of cellulose synthase (CesA), which in plants would greatly affect 

development. The amount and purity of cellulose produced also greatly simplifies further analysis, 

providing ample material for any analytical methods. This abundance means that 

Gluconacetobacter is itself interesting as an industrial producer of cellulose (reviewed in Lin et al., 

2013). Thus, Gluconacetobacter is not only a simpler orthologue system to the plant models, but 

also potentially useful for industrial purposes.
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2.4.2 Arabidopsis

Arabidopsis thaliana, a plant from the mustard family, has emerged as the premier model system for

the study of plant cell wall biosynthesis. Originally used for genomic studies due to its haploid cells,

short generation time and ease of cultivation in the laboratory (Pang and Meyerowitz, 1987),

Arabidopsis shares many common cell wall features with woody plants and has been used 

extensively in studies of cell wall synthesis. The robust tools available for molecular biology in 

Arabidopsis, combined with the relatively rapid growth and germination of the plant have made it 

the organism of choice for plant knockout and expression profiling studies. As such most cellulose 

synthase (CesA) and callose synthase (CalS) genes in trees are annotated using their similarity to 

characterized Arabidopsis genes, such as for Populus (Tuskan et al., 2006). 

2.4.3 Populus 

Black cottonwood (Populus trichocarpa) and hybrid aspen (Populus tremula x tremuloides) are 

extensively used as tree model systems to study cell wall formation and wood development 

(Jansson and Douglas, 2007). Much of the knowledge obtained through Arabidopsis 

experimentation is applicable to Populus, allowing further investigation of interesting related genes 

in trees. The advantages of a full tree system are many, most notably Populus allows for studies of 

wood (secondary cell wall) formation in normal and other tissues such as compression and reaction 

wood. As such Populus is a more relevant model organism than Arabidopsis when studying woody 

material properties or developing processes for wood-derived cellulosic bio-fuel applications 

(Jansson and Douglas, 2007). 

2.4.4 Plant cell suspension cultures

While Arabidopsis can relatively easily and quickly be grown in a laboratory environment, the 

amount of biological material that can be obtained is limiting for biochemical work. For trees, there 

are additional practical limitations, i.e slow growth and production of tissues. The woody tissues are

very recalcitrant and contain a relatively low amount of living cells, limiting the amount of enzymes

available for biochemical characterization. To avoid these limitations plant cell suspension cultures 

can be established. Cells from virtually any plant can be cultured in this manner, including cells 

from trees. Cell suspension cultures provide many advantages in the study of tree systems, for 

example by providing a consistent source of material that can be maintained and harvested as 

dictated by experimental needs. This allows even activities of relatively unstable enzymes to be 

studied since a fresh source can be kept readily available in the laboratory for isolation directly 
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before characterization. In addition, methods for differentiating cell cultures into tissue-specific cell 

types are available for the study of certain specific cellular processes without the complex 

background of a whole plant (see e.g. Fukuda and Komamine, 1980).

2.5 Focus on callose and cellulose synthases

The GT families of interest for callose and cellulose biosynthesis are GT2 and GT48. Both include 

enzymes predicted to catalyze the elongation of β-glucan chains utilizing UDP-glucose as sugar 

donor. Thus, they are expected to have extensive similarities. Plant GT2 proteins fall into two main 

categories: cellulose synthases (CesA), thought to be responsible for cellulose chain synthesis, and 

cellulose synthase-like (CSL) proteins, thought to synthesize other polysaccharides such as the 

cross-linking polysaccharides that form the cell wall matrix. An outlier in the GT2 family is 

Agrobacterium tumefaciens curdlan synthase, CrdS, which produces β-1,3 glucan. CrdS is the only 

known β-1,3 glucan synthase found outside the GT48 family. GT2 CesA and CSL proteins contain a

set of conserved motifs. The most conserved is the D, DxD, D, QRxxRW motif, implied to be 

responsible for UDP-glucose binding and catalysis of glucan chain elongation (Saxena et al. 1995).

GT48 enzymes do not share this motif and it has been suggested that CalS proteins do not directly 

bind UDP-glucose but instead depend on an associated protein for substrate binding (reviewed in 

Verma and Hong, 2001). The fact that a typical putative binding site motif for UDP-glucose is 

missing in GT48 enzymes indicates that the mechanism of UDP-glucose binding is not yet clearly 

defined. Despite this difference, several features are similar between GT2 CesA and GT48 CalS. In 

particular both contain multiple membrane spanning domains and a large cytosolic hydrophilic 

domain predicted to contain the active site of the enzyme. Putative CalS proteins are around twice 

the length of putative CesA proteins, often containing around 2000 amino acids (reviewed in Verma 

and Hong, 2001).
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Figure 5. Comparison of proteins with predicted CesA1 and CalS activities from Populus trichocarpa. Conserved 

domains are overlayed on the gene as boxes while transmembrane helices are marked as black rectangles. The active 

site motif of CesA1 is marked with an arrow. Conserved domain search was performed using conserved domain 

database search (Marchler-Bauer et al., 2011), and transmembrane regions were predicted using HMTOP (Tusnády and 

Simon, 1998).

The many transmembrane helices in CesA allow the formation of a pore across the membrane, 

which is then utilized to export the glucan chain concomitantly with polymer synthesis. This makes 

CesA proteins dual-function enzymes with functions both in the synthesis and transport of cellulose 

(Davis, 2012). Previously, attention has been drawn to the fact that putative CalS can be twice the 

size and contain twice the amount of transmembrane regions compared to putative CesAs, the 

implication being that a CesA dimer would be able to form an equivalent pore to that of a single 

CalS protein (Carpita, 2011). This hypothesis is strengthened by the fact that CesA proteins contain 

a putative zinc finger domain near their N-terminus which has been suggested to allow dimerisation

of different CesAs. Kurek et al. (2002) demonstrated binding between the N-terminal portions of 

CesA1 and CesA2 using the yeast-2-hybrid system and also showed the zinc ion binding ability of 

the conserved domain. Recently, the bacterial cellulose synthase complex (CSC) from Rhodobacter 

sphaeroides was succesfully purified and crystallized, yielding the first crystal structure of a CSC 

(Morgan et al., 2013). The crystal structure shows two subunits in the bacterial cellulose synthetic 

complex (BCS). The two subunits are termed BcsA and BcsB, where BcsA is a CesA protein. In 

contrast, BcsB has an unclear role but is needed for catalytic activity. The crystal structure also 

shows a cellulose chain translocating through a pore formed by BcsA, although the single 

transmembrane (TM) domain from BcsB is involved in the translocating pore. From the structure it 

is clear that the 8 TM domains of a typical CesA are capable of pore formation. Despite the 

illustration that BcsA is catalytically active without dimerisation with an additional CesA, many 

plant CesA proteins do exhibit interactions with each other, including dimerisation. By using the 

yeast-2-hybrid system it has been shown that AtCesA4, AtCesA7 and AtCesA8 all interact, though 

only AtCesA4 proteins were able to form homo-dimers (Timmers et al., 2009). However, mutations 
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in several of the zinc finger cysteine residues of AtCesA7 do not wholly hinder its interaction with 

other CesA subunits (Timmers et al., 2009). This raises the likelihood that more regions are 

involved in dimerisation than the conserved zinc finger domains. Dimerisation has also been 

proposed to have a role in cellulose chain rotation. The fact that glucan synthases act in a processive

manner and remain bound to the growing glucan chain between additions of monomer units 

complicates any spontaneous rotation of the chain in a single catalytic site. A hypothesis to explain 

this problem is the occurrence of dual UDP-glucose binding sites in the catalytic site of the enzyme.

Each site would hold a single substrate molecule rotated with regard to the other, allowing the 

additions to take place without rotating the chain itself (Saxena et al., 1995). Another plausible 

explanation is the existence of a catalytic dimer, a hypothesis which predicts that two CesA proteins

in a dimer cooperate to form a single cellulose chain. Each of the constituent CesA proteins would 

then provide a catalytic site with a different orientation with respect to the chain (Carpita, 2011). An

additional possibility is the involvement of a lipid intermediate during cellulose synthesis. Synthesis

of cellobiose molecules could occur on the lipid intermediate prior to chain elongation. This would 

allow monomers to form the cellobiose dimer while attached to the plasma membrane and allow 

sequential additions of cellobiose rather than glucose to the glucan chain. This hypothesis mirrors in

some ways the synthesis of peptidoglycan in bacterial cell walls where monomer units are first 

formed on the cytosolic side bound to bactoprenol, a carrier lipid.

Some experimental evidence of such lipid-linked intermediates has been shown in the case of 

cellulose synthesis in Agrobacterium tumefaciens (Matthysse et al., 1995). The study initially found 

that separating membrane from soluble fractions led to a severe reduction of in vitro cellulose 

synthesis. Recombining the fractions restored much of the cellulose synthesis capability. In a 

second set of experiments, this approach was applied utilizing a series of insertion mutants of 

previously sequenced cellulose synthesis related genes. While the ability of single mutants to 

produce cellulose in vitro was greatly reduced, combining the soluble and membrane fractions from 

different mutants in a pairwise fashion could rescue activity in most cases (Matthysse et al., 1995). 

This indicated that complementary functions necessary for cellulose synthesis were being perturbed 

in the different mutants. Hydrolytic release of radioactive sugars from the membrane fractions of 

the mutants was performed and the radioactive compounds were analyzed by thin layer 

chromatography (TLC) along with glucose-oligomer standards. It was shown that the radioactive 

compounds extracted matched standards of glucose, cellobiose, cellotriose and cellotetrose 

(Matthysse et al., 1995). These radioactive oligomers were then used as substrates in an additional 
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round of in vitro assays and were succcesfully incorporated into cellulose. The authors used this to 

propose a model where several enzymes are involved in the initial synthesis of lipid-linked β-linked

glucose-oligomers that are then used as substrate for the creation of a cellulose chain (Matthysse et 

al., 1995). Notably, in this study there was no activation of in vitro activity by inclusion of cyclic di-

guanylic acid (cd-GMP), an activator of Gluconacetobacter cellulose synthesis.

While the involvement of a lipid-intermediate would be an elegant solution to the problem of 

glucose residue rotation, the crystal structure of the Rhodobacter complex points to a wholly 

different explanation (Morgan et al., 2013). The distance between the catalytic site of CesA and the 

membrane interface is quite large, seemingly ruling out the use of a lipid intermediate to supply the 

substrate. Additionally, only a single site housing a single UDP residue was identified and judged 

too small to recruit anything but a single UDP-glucose molecule. This would rule out any 

hypothesis requiring dual UDP-glucose binding sites as well as the use of UDP-cellobiose as a 

substrate. The authors suggest instead that the chain is elongated and extruded with a single glucose

residue added at at time, and rotated due to steric interactions with the pore, causing twisting of the 

chain across the membrane. 

Several more questions are still not answered with regard to the reaction mechanism of cellulose 

biosynthesis, such as how glucan chain synthesis is initiated. There is speculation about a primer 

molecule being necessary, such as a short glucan or a glycolipid, that could then be used as an initial

acceptor. Several potential initiators, especially cellobiose (MacLachlan, 1982) and sitosterol-β-

glucan (SG; Peng et al., 2002), have been tested through addition to in vitro synthesis reaction 

mixtures. Cellobiose does increase cellulose synthesis activity in vitro, but further studies have 

shown that it acts as an activator of cellulose and callose synthase rather than as an initiator for 

chain polymerization (see among others Hayashi et al., 1987; Him et al., 2001; Morrow and Lucas, 

1986). Sitosterol-β-glucoside has been shown to accept transfer of a glucose unit from UDP-

glucose, using a recombinant strain of yeast (Saccharomyces) expressing a cotton CesA (Peng et al.,

2002). Preparations of crude membranes were used as an enzyme source for the in vitro assays. 

Equivalent experiments utilizing Saccharomyces strains transformed with an empty vector or an 

inactive CesA point-mutant did not show any such activity. However, this still does not demonstrate

an actual role during initiation of in vivo cellulose synthesis, which remains to be proven (reviewed 

in Guerriero et al., 2010). To answer the questions regarding initiation and monomer rotation would 

require an isolated and active GT allowing thorough biochemical characterization. The recent 

isolation of a catalytically active bacterial cellulose-synthesizing protein complex and the 
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establishment of a crystal structure has already shed some light on the different hypotheses 

discussed. It remains to be seen to which extent these conclusions are applicable to cellulose 

synthesis in higher plants.

2.6 Cellulose and callose biosynthetic complexes

2.6.1 Terminal complexes

Both callose and cellulose are synthesized at the cell plasma membrane (PM). Indeed, both CalS 

and CesA have been shown to be present at the PM in a catalytically active form (Chen and Kim, 

2009; Guerriero et al., 2010). However, the identities and number of proteins required for cellulose 

synthesis are not defined. In addition, the precise CesA protein combinations in a single complex 

and the stoichiometry of other interacting proteins are poorly determined. However, despite these 

gaps of knowledge more is still known about callose and cellulose synthesis than about the 

synthesis of many other polysaccharides. CesA proteins in plants have been shown to form a large 

complex in the PM that is generally referred to as a “rosette”. A rosette is a hexagonal complex, 

with 6 symmetrically distributed subunits visible in the plasma membrane during freeze-fracture 

electron microscopy experiments (Kimura et al., 1999). Similar complexes have been observed in 

Golgi stacks and it is likely that rosettes are fully assembled in the Golgi before being transported to

the PM (Haigler et al., 2001). Due to their six-fold symmetry and dimensions being compatible with

the predicted size of CesA proteins, it is thought that each rosette subunit consists of up to six CesA 

proteins organised in a cellulose synthetic complex (CSC). Each of the proteins in a CSC would 

then be responsible for the production of one individual chain of cellulose. Individual chains 

extruded by the CSC could then spontaneously coalesce into a microfibril during synthesis (Delmer,

1999). A single plant rosette would thus in theory form a microfibril consisting of 36 cellulose 

chains. Indeed, some experimental data on fibrils extracted from primary cell walls estimate the size

of fibrils at 3.5-4 nm, which is compatible with the total combined diameter of 36 cellulose chains 

(Delmer, 1999). However, additional measurements on primary cell wall by X-ray diffraction and 

NMR are more compatible with an 18 or 24-chain microfibril, indicating that either each rosette 

subunit is made up of less than six CesA proteins or that the number of active catalytic subunits is 

lower than the number of CesA proteins present (reviewed in Guerriero et al., 2010). The rosette is 

not the only observed arrangement of CesAs in terminal complexes. For example algal and bacterial

species utilize linear terminal complexes rather than rosettes (see fig. 6; Brown, 1996). 
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Figure 6. Arrangments of terminal complexes. A-D illustrate various arrangements in linear terminal complexes, while 

E and F show rosette arrangements, from land plants and higher algae, respectively. Adapted from Brown (1996).

Linear terminal complexes form fibrils with markedly different properties compared to plants, 

confirming that physical proximity of the rosette subunits does indeed play a role in fibril 

aggregation and crystallization. The number of cellulose chains available to form a microfibril in 

linear complexes is limited to the number of catalytic subunits in each synthetic complex. It has also

been shown that the form of crystalline cellulose is different for organisms with linear terminal 

complexes (bacteria) compared to those with rosettes (plants), with a higher proportion of Iα 

allomorph in bacterial cellulose than in plant cellulose (Brown, 1996).

2.6.2 Components of plant glucan biosynthetic complexes

In general, the CSC responsible for primary and secondary cell wall formation are thought to 

consist of several different CesA proteins, where some combination of CesA variants is apparently 

necessary for functional cell wall synthesis. Experiments in Arabidopsis on CesA1, CesA3 and 

CesA6 show that all three are required for primary cell wall synthesis (Desprez et al., 2007). A 

separate set of three Arabidopsis genes has been implicated as necessary for secondary cell wall 

synthesis (CesA4, CesA7 and CesA8). These two sets will be discussed in greater detail later in this

thesis. It is also clear that various elements of the cell influence the CSC organization and motility 

and, indirectly, the cellulose synthesis process. These factors are as diverse as the actin 

cytoskeleton, which is thought to coordinate transport of the complete terminal complexes 

(Wightman and Turner, 2010) and the total metabolic flux of activated monosaccharides in the cell, 

controlling what substrates are available to polysaccharide synthases. Some proteins have also been 

shown to have more direct interaction with the CSC complexes and are often considered associated,

at least transiently, to the complex. 
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Among this set of proteins are several sucrose synthases that are thought to play a role in synthesis 

of UDP-glucose from sucrose and UTP, thus providing the substrate for CesA. It is also widely 

speculated that an endo-β-1,4-glucanase is responsible for either chain release from the CSC or 

cleaving of a primer from the cellulose chain. The protein most discussed in this role is the 

endoglucanase Korrigan (Nicol et al., 1998)mean . Arabidopsis Korrigan knockout-mutants have 

growth and cell wall defects, most notably less directional cell expansion and instead more radial, 

uncontrolled, expansion. The cell wall also has clear defects and does not contain regular layers of 

microfibrils. Additionally, there is accompanying buildup of cellulosic material on the cytoplasmic 

side of the cell (Nicol et al., 1998). It is also possible however that Korrigan acts directly on the cell

wall loosening, for example by hydrolyzing cross-linking polysaccharides such as xyloglucan, and 

allowing proper deposition of newly synthesized microfibrils (Nicol et al., 1998). While important, 

this would mean that Korrigan does not have a direct role in cellulose synthesis. All the above 

factors have been reviewed in e.g. Carpita (2011); Guerriero et al. (2010); Scheible and Pauly 

(2004); Somerville and Bauer (2004). In contrast to cellulose synthase, the plant callose synthase 

complex is believed to be simpler, consisting essentially of only a single type of CalS protein. 

Callose synthase has been implicated to interact with sucrose synthase (reviewed in Verma and 

Hong, 2001). Interestingly, CalS has also been shown to be a strong interactor of the UDP-glucose 

transfering protein (UGT) (Chen and Kim, 2009; Verma and Hong, 2001). UGT is hypothesized to 

act as the missing UDP-glucose binding site motif in CalS proteins. Additionally, some clues to 

regulation of CalS come from its strong interaction with the ROP protein, a calcium-ion binder and 

GTPase, which is thought to modulate callose synthase activity. Annexin, a protein which interacts 

with Ca2+, is also described as having a role in cellulose biosynthesis in plants and β−1,3-glucan 

synthesis in Oomycetes (Andrawis et al., 1993; Bulone et al., 2006) further highlighting the 

possible importance of cations for activity and regulation of glucan synthesis. Callose and cellulose 

synthetic complexes with putative interacting proteins can be seen in fig 7.
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Figure 7. Overview of cellulose (top) and callose (bottom) synthetic complexes. Adapted from Guerriero et al. (2010) 

and Verma and Hong (2001). ROP, Regulation of cell polarity protein ; ANN, Annexin; SuSy, Sucrose Synthase; UGT, 

UDP-Glucose Transferase; Kor, Korrigan endoglucanase

In addition to the complex catalytic function of CesA and CalS proteins, little is known about their 

regulation or post-translational modifications (PTMs). Several motifs in CesA proteins are possible 

sites for glycosylation or phosphorylation. Indeed, a wall-associated phosphatase has been shown to
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have an activating effect on β-glucan synthesis in tobacco cells, though it is unclear if this effect is 

direct or indirect (Kaida et al., 2009). Mass spectrometry-based proteomics have also been used to 

identify a number of phosphorylated peptides in Arabidopsis CesA7, which were suggested to serve

a role in recycling of the cellulose synthetic complex (Taylor, 2007).

Adding to the complexity in determining the biological roles of CesA genes is the high number of 

putative glucan synthetic enzymes in plants. For example in the Populus trichocarpa genome 

version 3 (Tuskan et al., 2006, Phytozome.org), 14 genes of sufficient length are annotated as CalS 

genes. Previously, the prescence of at least 18 CesA genes has also been established (Djerbi et al., 

2004). This indicates an extensive molecular toolkit for glucan synthesis in higher plants. The 

rationale behind so many seemingly redundant genes is not clear. Since both CesA and CalS 

proteins are hydrophobic membrane proteins with multiple transmembrane domains that most likely

perform their biological activity in interaction with multiple accessory proteins, their isolation in an 

active form has been difficult. CesA proteins have also been shown to be rapidly processed both in 

vivo and in vitro, with a recycling time of around 30 minutes (Jacob-Wilk et al., 2006). In summary, 

glucan synthases are numerous, difficult to purify, unstable and possibly not functional without 

other interacting proteins. These properties make their study challenging. Elucidating the role of 

any single such gene has proven difficult and it is only through decades of study utilizing a broad 

range of techniques that these questions have begun to resolve. Indeed, considering the time spent 

by the scientific community on this problem, there are remarkably very few reports of enzymatic 

activity from a GT purified to homogeneity (Brownfield et al., 2007; Hrmova et al., 2007; Morgan 

et al., 2013). Most membrane extracts used for in vitro assays contain a mix of glucan synthases and

other membrane proteins along with associated molecules in unknown proportions. While bacterial 

CSC has now been successfully isolated in a pure and active form (Morgan et al., 2013), this 

success has thus far not been replicated in any higher plant. The problem of isolation is especially 

clear for cellulose and callose synthases. It has proven very difficult to achieve synthesis of 

cellulose without accompanying callose synthesis. The difficulty of separating these two activities 

has led to the speculation that callose and cellulose are formed by the same enzyme (Delmer, 1987).

However, separation of these activities has since been achieved (Bulone et al., 1990; Eiberger and 

Wasserman, 1987; Kudlicka and Jr, 1997) and the genes responsible have been identified. To get 

around these problems studies performed during the past decades have utilized diverse approaches 

such as molecular biology, cellular imaging and proteomics. Originally, the study of simpler 

prokaryotic systems provided key insights into plant glucan formation, most notably the original 
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isolation of bacterial CesAs and the application of that knowledge towards plant systems (Saxena et

al., 1990; Wong et al., 1990). Later work on plant CesA genes has involved the isolation of a large 

number of mutant Arabidopsis lines while monitoring such properties as cell wall composition, 

tissue morphology and other related phenotypes. In the case of plant CesAs, mutation studies have 

provided much of the current knowledge. For example, CesA knockouts of AtCesA1, AtCesA3 

(Caño Delgado and Penfield, 2003; Ellis and Turner, 2001)‐  or AtCesA6 (Desprez et al., 2007) all 

exhibit deficiencies in primary cell wall formation and reduced cellulose content. Similarly, 

Arabidopsis plants lacking functional AtCesA4, AtCesA7 or AtCesA8 exhibit deficient secondary 

cell wall synthesis observed as xylem defects (Taylor et al., 2003). The specific phenotypes suggest 

that AtCesA1, AtCesA3 and AtCesA6 form a group of CesAs with a role in primary cell wall 

formation while AtCesA4, AtCesA7 and AtCesA8 form a group with a role in secondary cell wall 

formation. Even if other CesA genes are co-expressed, the mutation of a single gene causes defects 

in cell wall formation. This indicates that these genes each have a specific role in cell wall 

formation rather than being a redundant set of genes expressed under different conditions. 

Furthermore, it has been shown that AtCesA1 is essential for cellulose synthesis (Beeckman and 

Przemeck, 2002) while AtCesA6, AtCesA5 and AtCesA2 seem to be at least partially redundant and

might compete for the same position in the CSC complex involved in primary cell wall synthesis 

(Desprez et al., 2007). It has also been shown that AtCesA3 and AtCesA6 knockouts still retain 

some level of cellulose synthesis (Fagard et al., 2000).

Interestingly, Arabidopsis complexes consisting of mixed “primary” and “secondary” CesAs are 

active in vivo (Carroll et al., 2012). In modified lines of Arabidopsis, defects from loss of CesA3 

were reduced by expression of CesA7. CesA1 has also been shown to partially compensate for loss 

of CesA8. Additionally, the yeast-2-hybrid system was used to confirm that interactions exist 

between all primary CesAs and all secondary ones (Carroll et al., 2012). The relative promiscuity of

CesA protein interactions highlights possible variable CSC compositions. It remains likely that the 

large number of seemingly redundant CesA and CalS genes are expressed and active only for 

specific tasks, such as the formation of a particular secondary cell wall layer or biosynthesis in 

specific tissues. Illustrating this possibility are four hybrid aspen CesA genes that exhibit an 

expression pattern more specific to xylogenesis (Djerbi et al., 2004). In the case of CalS, several 

genes seem to have specific expression patterns. Examples of these genes are a CalS gene expressed

during cell-plate formation (Hong et al., 2001) and CalS genes expressed during pollen tube 

elongation (Dong et al., 2005; Schlüpmann et al., 1993). Several other genes are expressed during 
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pathogen and other biotic and abiotic stress responses (Brownfield et al., 2007). Molecular 

biological approaches do not always allow direct functional observations and the roles attributed to 

specific proteins remains speculative in most cases. The previously mentioned endoglucanase 

Korrigan, which has been hypothesized to interact with the CesA complex based on mutation 

studies, illustrates this ambiguity, with several functional possibilities suggested. These suggestions 

include chain release from a sitosterol-primer, control of the degree of polymerization and trimming

of side chain imperfections on cellulose (Guerriero et al., 2010). This illustrates the limitations of a 

purely molecular biology approach for ascertaining the specific roles of proteins.

Proteomics have also been used to try to localize the CesA proteins and various other CSLs in 

suspension cultured cells and plants, giving a more holistic view of protein environments (Dunkley 

et al., 2006; Sadowski et al., 2006). An intact Arabidopsis CSC complex has been isolated through 

dual epitope tagging and shown to consist of only AtCesA4, AtCesA7 and AtCesA8 (Atanassov et 

al., 2009), which have all been implicated in secondary cell wall formation (Taylor et al., 2003). 

These varied methods of study have all provided complementary information allowing a broader 

image of glucan synthesis. 

2.6.3 Role of the cellular environment of CesA and CalS

As can be gleaned from the studies referenced above, the site of cellulose and callose synthesis is 

localized at the cell plasma membrane. In higher plants especially, it has been difficult to obtain 

activity in purified GT preparations, an indication that the environment of a GT plays an important 

role in activity. There are many possible reasons for the loss of activity in vitro. When working with

recombinant proteins, improper folding, lack of necessary post-translational modifications or 

deficiencies when assembling active complexes could all cause loss of activity. GTs could also be 

denatured or otherwise modified during purification, giving an inactive enzyme. Alternatively, the 

cellular environment of the GT may be necessary for maintaining activity. The environmental 

conditions could be as simple as unknown co-factors but could also be as complicated as a 

requirement for the simultaneous presence of multiple accessory proteins, or even the need for 

specific pH or electrochemical gradients to be established across the membrane (reviewed in 

Carpita, 2011). When complete Arabidopsis CSC was isolated by Atanassov et al. (2009) no assays 

for activity were performed due to the limited quantity of CSC available. The composition of this 

purified CSC was shown through proteomic means to consist of only three CesA proteins with no 

other proteins identified, which provides no hints towards identities of necessary accessory proteins 
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(if any). To enrich CesA or CalS activity one can also enrich plasma membrane, and a second 

membrane enrichment step can be used to obtain Lipid Rafts (LR), isolated in the form of 

Detergent-Resistant Microdomains (DRM). These domains were originally identified when 

glycosphingolipids were shown to form clusters in animal cell Golgi stacks, before being exported 

to the cell surface. These same clusters were shown to be insoluble during treatment with Triton X-

100 and thus named DRM (reviewed in Jacobson et al., 2007). DRMs have since been shown to be 

enriched in sterols, sphingolipids and phospholipids with saturated fatty acids. DRMs are believed 

to correspond to raft-like structures inside the PM. Experimentally it has been shown that enriched 

DRM fractions retain 70% of the total glucan synthase activity when enriched from either 

oomycetes or hybrid aspen cell cultures (Bessueille et al., 2009; Briolay et al., 2009).

DRMs have also been successfully purified from tobacco cells (Mongrand et al., 2004) and 

preparations have been shown to contain a number of GT proteins (Morel et al., 2006). The 

existence of DRM suggests a specific localization within the plasma membrane for glucan 

synthases. Thus, DRM represent an interesting system for isolating the glucan synthase 

machineries. The existence of DRM as biological entities rather than laboratory artifacts has been 

debated since their isolation using detergents in cold conditions might lead to spontaneous 

membrane rearrangements (reviewed in Brown and London, 1997). Despite this, lipid rafts are 

implicated to be functional structures with roles in cellular processes as broad as signal 

transduction, endocytosis, apoptosis, actin cytoskeleton organisation and pathogen cell entry 

(reviewed in Mongrand et al., 2004). Regardless of the biological function of DRM, their retention 

of glucan synthesis related enzymes allows their use for biochemical characterization. Enrichment 

of such subcellular structures from a cell can be achieved based on a range of physical properties, 

most commonly organelle density or membrane surface charge. Usually, enrichment is achieved 

through methods such as density gradients, phase partitioning between polymer solutions or free 

flow electrophoresis. Often a multi-step enrichment scheme utilizing multiple methods is necessary 

to separate distinct membrane structures such as Golgi stacks, plasma membranes, tonoplasts, 

mitochondria or chloroplasts. A great number of more or less elaborate separation schemes exist, 

ranging from quick enrichment by low g-force centrifugation for heavy organelles to separations 

requiring dozens of hours with multiple long centrifugation steps, such as for the enrichment of 

plant clathrin-coated vesicles (CCV). Fractionation provides an enriched starting material from 

which enzyme complexes can be further isolated, and isolation reduces the general cellular 

background, providing a simpler system for further studies. For example plant PM can be isolated 
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using two-phase partitioning (Schindler and Nothwang, 2006). This is the most typical first 

enrichment to perform when studying CesA or CalS proteins since PM is the site of biosynthesis of 

cellulose and callose. This is also typically the first step in the enrichment of DRM, which requires 

an additional detergent treatment and gradient flotation step (Bessueille et al., 2009).

3 In vitro assays of GTs
Studying the molecular function of GTs demands ways to detect and manipulate their activity. This 

is possible with efficient in vitro assays. A good assay allows molecular questions to be asked and 

the results to be obtained in a relatively rapid manner. For enzymes, in vitro assays provide 

information on such properties as substrate affinities, co-factor requirements, rate of reaction and so

on. However, our current inability to purify to homogenity any single GT complex, such as CesA or 

CalS, or to perform specific active site titration complicates these questions. Even theoretically 

simple tasks such as defining the number of linkages that can be created by any single CesA/CalS 

or determination of kcat are currently problematic. However, many useful pieces of information can 

still be gained from biochemical work. Setting up a functional in vitro assay requires defining a set 

of necessary components, such as enzyme source together with necessary co-factors and the 

appropriate substrates (reviewed in Brown et al., 2012). To monitor the assay, it is also necessary to 

have a way of detecting in vitro products. In the case of glucan synthases, the enzyme source is 

typically a membrane preparation or detergent-solubilized extracts of membranes from glucan-

producing organisms. Alternatively, extracts from transformed cells expressing a heterologus glucan

synthase can be used. This approach is challenging since single GT enzymes are not always 

catalytically active once expressed recombinantly. Heterologous expression also places demands on 

the expression systems and organisms able to express and properly fold a GT protein of interest. 

Such organisms often express their own set of GTs which provide background signal. When 

assaying CesA and CalS, UDP-glucose needs to be included as a substrate. Co-factors in most cases

include cations (e.g. Ca2+, Mg2+ , etc) and often cellobiose to stimulate activity. Several other 

additions can be included depending on the type of assay. For example, it is common when using 

intact membranes as an enzyme source to include low concentrations of detergent (e.g. Triton) in 

the reaction mixture to allow the substrate easier access to the inside of membrane vesicles (Briskin 

et al., 1987;  Widell and Larsson, 1990). Similarly, depending on the system used, reagents such as 

trypsin can be included to activate GTs through partial proteolysis. A typical example of such an 

enzyme is CalS involved in tobacco pollen tube development (Schlüpmann et al., 1993). Detection 
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of the glucan product is typically performed using radiometric approaches. Labelling is achieved by

including 3H or 14C- labeled UDP-glucose in the reaction mixture. Before product detection, it is 

necessary to eliminate the remaining excess of radioactive substrate. This is commonly achieved 

through immobilization of ethanol-insoluble products on glass-fiber filters, followed by multiple 

washing steps with chloroform, ethanol and water. Once dried, the glass fiber filters can be 

immersed in scintillation liquid which absorbs the energy from radioactive decay and re-emits it as 

light. Using a scintillation counter, it is then possible to rapidly assay the decays in a specifc amount

of time and thus the amount of incorporated radioactive substrate (Brown et al., 2012). While 

spectrophotometric methods exist, they do not provide an equivalent level of sensitivity (Brown et 

al., 2012). Thus, in this study, only radiometric assays have been utilized. Any assays of cellulose 

synthase prepared from plant material will also produce some amount of callose. This means that 

typically any biochemical assays for cellulose synthase needs to include a structural product 

characterization step in addition to the radiological measurement. This can be achieved by methods 

based on enzymatic degradation using specific glucanases or, in cases where enough in vitro 

product can be synthesized, NMR or methylation linkage analysis to determine the ratio of different

linkages formed. The outline presented here is applicable to other enzymes than CesA and CalS. In 

general the assay outline is as follows: the monosaccharide from an appropriate activated donor 

sugar (NDP-sugar) substrate is transferred by the GT of interest onto a specific acceptor. An assay 

can vary in other ways depending on the GT assayed. For example, the reaction can be stopped in 

various ways and separation of in vitro products from the excess of NDP-sugar can be performed in 

multiple ways (e.g. filtration of ethanol-insoluble product or ion-exchange chromatography) 

(reviewed in Brown et al., 2012). 

4 Proteomics
The study of such questions as the stoichiometry of a certain protein complex or the typical proteins

resident in a specific cellular structure requires methods for analysis of complex protein samples. 

The field for such studies is collectively known as proteomics. With the many fundamental 

questions still left unresolved in glucan synthesis, proteomics has the potential of answering them. 

However, it is necessary to understand the abilities and limitations of the techniques used in order to

evaluate any results obtained. 
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4.1 Antibody-based methods

The use of antibodies to study protein samples in various methods such as Western blot (WB), 

antibody arrays or tissue staining is common in biosciences. This variant of proteomics has major 

advantages, especially when screening for specific proteins in complex backgrounds. Antibodies 

also allow protein detection in situ in a way that mass spectrometry-based methods generally do not.

For glucan synthesis, this is typified by the localization of CesA to plant rosettes utilizing labelled 

antibodies (Kimura et al., 1999). Antibody-based methods can be used to quickly screen a range of 

samples for the presence or absence of a protein of interest. There are however limitations to any 

antibody-based approach that have moved proteomics towards mass spectrometry. Any protein (or 

groups of proteins sharing a common binding motif) to be profiled requires a specific, non-cross 

reactive antibody. The cost and time consumption to produce and profile such an antibody can be 

very high. Exploratory profiling approaches where the constituents of a sample are not known 

would also require a great deal of effort and a very large number of specific antibodies to accurately

profile each component. This requires massive commitment of resources, as illustrated by the 

Human Protein Atlas Project (Uhlén et al., 2005), requiring large numbers of staff with varied 

expertise. Judging protein quantities based on antibody staining patterns, or relative signal, is also 

far from trivial. For example, signal will vary with antibody affinity or with the length of time each 

antibody has been stored, among many other factors. In essence, antibody-based approaches allow 

easy qualitative profiling of known protein targets over a large amount of samples, but do not allow 

simple determination of protein composition and quantities in complex samples.

4.2 Mass spectrometry-based proteomics

Mass spectrometry (MS) allows many different ways to study proteins, such as profiling intact 

protein complexes and their interactions, obtaining the masses of purified proteins or mapping the 

sample protein makeup. The following part will focus on shotgun proteomics, a method which can 

handle samples of high complexity and analyze their constituents in bulk. Too often this approach is

handled as a black box. However, to correctly judge such MS results it is necessary to have an 

understanding of the technique, which typically utilizes a blend of biochemistry, physics and 

statistics to deliver large amounts of data for researchers interpretation. An outline of machinery and

other procedures used to infer and validate such a protein list are covered in this section.

4.2.1 Sample preparation and fractionation

In most cases, proteins to be analyzed by shotgun proteomics are proteolytically hydrolyzed to 
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peptides using a well-defined protease, such as trypsin or chymotrypsin. This generates a number of

peptide species for each protein and, since the proteases used cleave proteins only at specific 

sequence motifs, predicting the size and sequence of the peptides produced is straightforward when 

proteins have a known sequence. The peptides produced are then typically separated by liquid 

chromatography, after which their masses (MS1 spectra) and fragmentation patterns (MS2 spectra) 

are analyzed using a mass spectrometer. Samples of greater complexity place an increased strain on 

the chromatographic separation methods, which usually increases MS runtime. The inability to fully

separate peptide species from each other is one of the major limitations of modern MS techniques. 

To overcome this issue a large number of chromatographic schemes can be implemented. Samples 

are typically applied to a reverse phase (RP) column and thus fractionated based on hydrophobicity. 

Complex samples can be fractionated using multiple chromatography steps, such as strong ion-

exchange chromatography (SCX) to separate peptides based on charge and then applying the SCX 

fractions to the RP column. Many other separation schemes exist, including the use of dual reverse 

phase columns (RP-RP), isoelectric focusing of peptides followed by RP chromatography or even 

the use of special several meter-long RP columns (de Godoy et al., 2008; Ross et al., 2004; Thakur 

et al., 2011).

4.2.2 The mass spectrometer

A mass spectrometer usable for proteomics consists of several parts that can be briefly described in 

the following way (Hoffman, 2000). An ion source is needed to add positive or negative charges to 

the peptides or proteins in the sample. The added charges cause peptides and proteins to be 

accelerated by an electric field that carries them into the mass spectrometer. Common ion sources 

include Matrix Assisted Laser Desorption Ionization (MALDI) where the sample is crystallized 

together with a matrix and subsequently irradiated by a laser to produce ions (Karas et al., 1987). It 

is noteworthy that MALDI is also the preferred MS method for analysis of complex carbohydrates 

(reviewed in Harvey, 2003). More common for shotgun proteomics is Electro-Spray Ionization 

(ESI) where the sample is pumped through a high-voltage metallic cone at the edge of a spray 

needle and thus ionized. The second necessary part is a mass analyzer which detects the mass of the 

ionized species. The most common type of mass analyzer is the Time Of Flight (TOF) tube. In a 

TOF type detector, ions enter a long vacuum tube and reach the end of this tube at different times 

depending on their speed, i.e. their “time of flight”. All electric fields used to accelerate ions are 

known, meaning that particles of the same mass will be accelerated to a predictable kinetic energy 

before entering the TOF tube. Therefore TOF can be used to calculate particle speed, which is a 
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function of energy and mass. As such, once the TOF is known it can easily be correlated to the mass

of the ion. This is complicated by the fact that an electric field will accelerate a particle depending 

on charge, and increased charge increases kinetic energy proportionally. Therefore, the true property

determined by a mass spectrometer is the mass-to-charge ratio of an ion. It should be noted that 

some methods of ionization, such as MALDI, provide almost exclusively singly-charged ions and 

thus remove the charge considerations. The terminal part of any mass spectrometer is a detector 

which determines the intensity of certain mass signals. In a TOF detector tube, the detector plate is 

placed at the end of the TOF tube and generates a current when it is hit by a particle. There are a 

number of different mass analyzers, ion sources and detectors, and many modern mass 

spectrometers utilize several mass analyzers to select for specific mass/charge ratios. Beyond these 

core parts of the mass spectrometer, several modules are typically present in a modern instrument. 

As previously mentioned, in shotgun proteomics the mass spectrometer is usually complemented 

with a liquid chromatography (LC) system consisting of at least one RP column. The LC is then 

connected to the ion source for separation of peptides. Additionally, fragmentation of peptides is a 

requirement for complex proteomics work. Several methods are available such as electron transfer 

dissociation (ETD), dependent on adding charge to the peptides causing them to fragment, or more 

commonly collision-induced dissociation (CID) where peptides are collided with an inert gas inside 

a collision cell. The collision cell is usually placed prior to the mass analyzer and allows selected 

peptides to be fragmented. When fragmentation is desired, the electric field in the collision cell is 

increased causing increased collision energy and leading to peptide fragmentation. It is not 

uncommon for the collision cell to also be a type of mass analyzer, allowing its additional use as a 

mass filter.

4.2.3 On-line peptide fragmentation

For CID, collisions of ionized peptides with inert gas in the collision cell gives rise to fragmentation

spectra that can be interpreted to allow the determination of the amino acid sequence of the peptide 

fragmented (Sepetov et al., 1995). Typically, only specific precursor ions are selected for 

fragmentation. Usually this is handled through an automated set of parameters, so-called Data 

Dependent Acquisition (DDA) where peptides that match a certain set of criteria are then 

fragmented. This demands a switching approach. When a peptide is fragmented only peptides of 

exactly the same m/z are allowed to pass into the collision cell and as such the mass spectrometer 

does not measure any other masses for the duration of the fragmentation. This means that the 

instrument has to switch between detecting all masses in a sample or running many fragmentation 
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runs. This is a limiting factor of most modern instruments where all peptides can not be detected 

with a matching fragmentation spectrum. Advanced methods such as MSe (Waters Corporation, 

Milford, Massachusetts, USA) continually switch between high/low collision energies and thus 

fracture all precursor ions and separate out relevant spectra in post-processing. The MSe approach 

imposes a need for very accurate mass spectrometry and needs highly specialized proprietary 

software for interpretation of experimental data. To easily distinguish the detection of intact 

peptides from detection of fragmentation spectra for selected peptides, spectra of precursor peptides

are commonly referred to as MS1spectra while fragmentation spectra are referred to as MS2, 

tandem MS or MS/MS spectra. The use of these two kinds of spectra is key when dealing with mass

spectrometry-based proteomics. 

When fragmenting a selected peptide in the collision cell, the peptide breaks up into smaller ions. 

The collision energy is selected so that breakages preferentially occur at peptide bonds. The formed 

ions will be part of a specific ion series depending on the site of fragmentation and which residue 

retains the charge. This generates up to four distinct ion series though one or two ion series 

preferentially are generated in a typical mass spectrometer. For CDI these are the ions from the y 

and b series (fig 8).

Figure 8. Peptide fragmentation pattern and annotation of which fragmentation event gives rise to a member of which 

ion series. The dashed lines show sites of breakage and indicate which ion is created depending on which side of the 

molecule retains the charge.

The mass difference between two adjacent ions in the same ion series is equivalent to the mass of 

one single amino acid. This allows the data to be interpreted as an amino acid sequence. Practically 

there are multiple methods for correlating MS2 spectra to a peptide sequence, and some of the most 
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common are covered below. 

4.2.4 De novo sequencing

De novo sequencing (Dancík et al., 1999) allows the determination of an amino acid sequence 

directly from an observed ion series. In this technique, the mass differences between peptide 

fragment ions are compared and correlated to amino acid masses. In theory this allows the sequence

of a peptide to be read from fragmentation spectra in the following manner. 

First the identification of the first member of an ion series establishes a starting point. Identifying 

the next member at a mass difference of 57 Daltons indicates the loss of a glycine. Identifying an 

additonal ion at a mass difference of 87 Daltons would indicate loss of a serine and give the start of 

a peptide sequence. Continuing to iterate through the whole ion series would eventually result in a 

complete sequence. However, in practice complete ion series are rare and data can have significant 

background. Because of these and other considerations, de novo sequencing usually does not give 

full peptide sequences and may instead give several shorter sequences from the spectra. Combining 

these generated sequences with a general amino acid sequence matching search, such as the various 

implementations of the BLAST algorithm (Altschul et al., 1990) can allow the mapping of 

interpreted sequences to homologous proteins. De novo sequencing is preferentially used either as a 

complement to database search or when database search is not applicable, such as when a genome 

sequence is not yet established for the organism from which the sample is derived (Grossmann et 

al., 2007; Waridel et al., 2007; Carpentier et al., 2008). The establishment of a reliable genome 

sequence tends to make the use of database search methodology preferable. Examples of software 

for de novo sequencing are PepNovo, PEAKS and Lutefisk (Frank and Pevzner, 2005; Johnson and 

Taylor, 2002; Zhang et al., 2012)

4.2.5 MS/MS database search

Database search is the most commonly used approach for correlating spectra to peptides. Unlike de 

novo sequencing, database search techniques depend on a database of known protein sequences. 

Typically, theoretical fragmentation spectra are calculated for each protein in a database and 

compared to experimentally acquired MS2 spectra. This is a computationally simpler problem than 

de novo sequencing since a theoretical spectrum provides matching information. Thus, gaps in the 

ion series will not prevent a majority of the peaks from being identified. The spectra are compared 

using a wide range of different scoring mechanisms that vary between search engines. The scores 

from these correlation methods determine the confidence of the match. Usually spectra are matched 
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to some degree of confidence with several theoretical spectra, though typically all but the top 

scoring match are discarded. Database search engines are constantly growing in number. Examples 

include X!Tandem (Craig and Beavis, 2004), Mascot (Matrix Sciences, Boston), Myrimatch (Tabb, 

2007), OMSSA (Geer et al., 2004), Inspect (Tanner et al., 2005) and MS-GF+ (Kim and Pevzner). 

Database search algorithms can be instructed to consider spectra from modified amino acids. For 

example, post-translational modifications such as phosphorylations, simple chemical modifications 

such as alkylation or inclusion of specific heavier isotopes in peptides, such as when organisms are 

grown on labeled carbon sources, can be considered. These modifications can be applied to all 

amino acids of a specific type or be left as variable. However, including many variable 

modifications can exponentially increase the computational time required for processing data and 

usually a set of 'best guess' potential modifications are applied.

4.2.6 Spectral search

Spectral search methods do not rely on a database of theoretical spectra but rather depend on a 

database of previously obtained experimental MS2 spectra. Since all the spectra in the database are 

obtained from experiments, they can quickly be matched to an equivalent spectrum generated when 

analyzing a different sample. A collection of experimental spectra is known as a spectral library. 

Typically, spectral search is fast and highly accurate but also has several practical disadvantages. 

These include the need to establish the spectral library itself. Any peptide that does not yet have an 

associated spectrum will not be identified in a spectral search. It is also unclear to what degree a 

spectral library matches spectra generated on a different mass spectrometer. Thus, it may be difficult

to utilize the same spectral library in different laboratories. Nevertheless, many spectral libraries are

distributed online though their usefulness needs to be assessed by any laboratory aiming to use 

them. Common spectral search tools include SpectraST (Lam et al., 2007), X!Hunter (Global 

Proteome Machine, www.thegpm.org) and Pepitome (Tsou et al., 2010). Maintaining spectral 

libraries allows quick profiling of samples and can complement database search strategies. Often, 

spectral search is more sensitive and much more rapid than the equivalent database search. 

Experimental spectra containing PTMs can be matched as quickly as any non-modified ones. 

Because of this, spectral libraries containing previously identified PTMs allow screening of many 

PTMs without excessive processing time.

4.2.7 Validation of search results utilizing true/false hit distributions

It is necessary to validate the Peptide Spectrum Matches (PSMs) made by either of the previously 
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discussed methods. For large scale proteomics, it is impractical to manually verify the results of 

searches. Automation is therefore a necessity to separate incorrect PSMs from the correct ones. 

Usually it is also desirable to convert the confusing scores delivered from a search engine into a 

simpler probability. One of the most straightforward ways to do this is to define any MS proteomics

result as a combination of correct PSM matches and incorrect ones, and then accept only matches 

that significantly outperform the incorrect hits. Typically, this is done by including a number of 

decoy sequences or spectra in the search. For database searches all protein sequences in a database 

can be reversed or shuffled to create a decoy database of non-existent protein sequences, while 

maintaining the same general amino acid composition and number of tryptic sites as real proteins. 

The decoy database is then appended to regular sequences and the combined database should be 

used for all searches. Searching such a concatenated database effectively doubles computation time.

The number of correct hits compared to decoy hits can then be used as a basis for calculating a 

False Discovery Rate (FDR). This is usually described by the simple following formula: 

False Discovery Rate=
2∗Number of Decoy Spectrum Matches

Total Number of Spectrum Matches

Each decoy hit is counted twice to assume that if there is a decoy hit, it will most likely be matched 

by an equivalent erroneous hit from the non-decoy database. This is not the only way to calculate an

FDR, and several other methods of calculation are in use, but the described method is probably the 

easiest to understand and grasp the concept. Since search engines use several scoring algorithms, 

calculating FDR is not straightforward. It is possible to use a single score when calculating FDR, 

ignoring the information in the other scores. Alternatively, it is possible to calculate an FDR for 

each score, thus giving multiple FDR thresholds. Finally, one can recalculate all of the scores into a 

single combined score prior to calculating FDR. Usually a threshold for an acceptable FDR is 

decided upon, such as 5% or 1%. This allows comparison of the level of accuracy from widely 

different proteomics schemes and in between search engines. FDR is a common way of reporting 

the accuracy of any provided data. Adjustments to this simple formula must be made if the number 

of decoy sequences are not equivalent to the number of real sequences in the database and for a 

number of other contingencies. While some arguments have been made for alternative validation 

strategies, FDR remains the dominant way of validating mass-spectrometry data (Choi et al., 2007; 

Elias and Gygi, 2010; Käll et al., 2008).

4.2.8 Validation Software Packages

Several popular software packages exist to automate the validation of identified peptides from 
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decoys, including Peptide Prophet (Keller et al., 2002), Mascot Percolator (Brosch et al., 2009), 

QVALITY (Käll et al., 2009) and IDPicker (Ma and Dasari, 2009). Peptide Prophet and Percolator 

assign each peptide a certain probability, which is similar but not equivalent to an FDR. Peptide 

Prophet has the ability to validate some often used search engines, such as X!Tandem, without an 

accompanying decoy search by using previously obtained decoy results as a model. 

IDPicker utilizes an FDR calculation to supply the user with a score filtering threshold for a certain 

level of FDR. For validation at the protein level, Protein Prophet (Nesvizhskii et al., 2003) utilizes a

number of criteria, such as the number of peptides matching a certain protein and the number of 

spectra matched for each peptide, to ascertain that peptide hits represent a high probability protein 

hit. Protein Prophet can also apply so-called Occams razor parsimony, reporting only the smallest 

list of proteins from which the observed peptides may have arisen. As such if several proteins share 

peptide sequences, the shared peptides will be attributed to the protein with the most independent 

evidence, i.e. the most numerous and most probable supporting peptides. Indistinguishable isoforms

are reported as a single protein and homologues are put into protein groups where each member is 

assigned a probability depending on the amount of independent evidence. In addition to the 

validation methods discussed, several empirical ways of validating a good hit can be used. Both 

Peptide Prophet and several search engines score prospective hits on such properties as the number 

of tryptic termini, the elution time on LC compared to the predicted elution time, the mass 

difference between observed and predicted MS1 masses, etc. These more empirical validation 

methods greatly enhance the accuracy of mass spectrometry matches.

4.2.9 Combining several search engines and methods

Different search engines, de novo sequencing and spectral search can often provide complementary 

results. Utilizing several of these can greatly expand the amount of matched fragmentation spectra 

as well as the confidence in those matches. For this reason the use of multiple data analysis methods

is increasing. Two major tools for this purpose are iProphet (Shteynberg et al., 2011) and 

MSBlender (Kwon et al., 2011). Both allow composite scoring using input from several search 

engines. In addition, iProphet can include results from spectral searches performed using SpectraST

and integrate results from several MS experiments, such as biological or technical replicates. This 

approach is effective in several ways: the adjusted scores allow consistently positive scoring 

matches to be confirmed, while consistently low scoring matches are penalized and removed. This 

can greatly increase confidence of some hits and eliminate false positives that are otherwise difficult
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to detect. A significant bonus to this approach is the compilation of several separate results from 

complicated workflows into a single final result, which greatly simplifies the interpretation of the 

results. 

4.3 Quantitative MS proteomics

The previously mentioned methods aim to identify a set of proteins from a complex or simple 

sample by matching MS spectra to peptides. While this provides information on the protein 

composition of a sample, interpretation is often difficult. The high sensitivity of MS based methods 

allows even very low abundant proteins to be detected. Because of this, it can be difficult to 

distinguish between the principal protein components of a sample and those present merely due to 

chance. Gaining information on the quantity of a given protein in such a sample greatly simplifies 

interpretation, allowing comparison of protein abundances between and within samples. 

In broad terms, MS quantification methods can be split into labeling and label-free methods and 

further into into metabolic and chemical labeling. Each of these methods comes with its own set of 

advantages and disadvantages that need to be understood before interpretation of the data can be 

done. 

4.3.1 Label-free methods

Label-free MS quantification methods tend to focus on one of two traits of the MS run: either the 

intensity of the precursor ion of a matched peptide or the number of matched fragmentation spectra 

for a peptide. Each approach comes with its own pitfalls and advantages. 

Accuracy with label-free quantification methods demands repeated analysis of the same sample. 

Therefore, when utilizing the precursor ion (MS1) intensity, one must be able to identify equivalent 

MS1 signals between replicate runs. This demands that either an equivalent MS2 hit is matched in 

each of the analysis runs to allow correct identification of the precursor ion each time, or that 

retention times are highly consistent across runs, yielding MS1 signals at the same retention time 

for each replicate run. As an alternative, alignment of MS1 signals between replicate runs can be 

performed to compensate for chromatographic shifts. Several software tools exist to allow 

quantification using MS1 profiles, such as Super-Hirn, Census and Ideal Q (Mueller et al., 2007; 

Park et al., 2008; Tsou et al., 2010). 

Spectral counting approaches instead rely on the number of PSM that match a protein and allow a 

straightforward relative quantification by summarizing the spectral matches for each protein. A few 
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corrections are usually applied, such as correcting for the length of the protein since longer proteins 

will produce more spectral matches (Asara et al., 2007; Lundgren et al., 2010). A variant of spectral 

counting known as Absolute Protein Expression (APEX) (Braisted et al., 2008; Lu et al., 

2007) further tries to correct spectral counting by empirically determining the rate at which a 

specific peptide is identified from several MS experiments. The APEX methodology then utilitizes 

this information to apply a correction factor to each peptide spectral count, reflective of how often 

this peptide is observed in experiments. There are many other such strategies, including utilizing 

Protein Prophet weight calculations to weight peptides and distributing shared peptide spectra 

between proteins (Lundgren et al., 2010). In all spectral counting approaches, the fundamental 

principle of linking the observed number of PSMs to protein quantities remains consistent. 

4.3.2 Labeling methods

Labeling methods typically consist of three steps: (i) labeling of the samples, which can be done 

before or after trypsination; (ii) mixing the samples prior to mass spectrometry; (iii) the actual 

analysis and calculation of relative quantities between the label signals. Usually, this is done 

utilizing differentially labeled peptide pairs. Labeling typically results in a higher accuracy of 

quantitation than label-free methods, but is accompanied by poorer coverage of the proteome and a 

lower dynamic range (Bantscheff et al., 2007). The most significant advantage of labeling 

approaches is the ability to perform quantitative analysis of multiple samples in one MS run. This 

gives a significant reduction in instrument run time, which is a common bottleneck. Several 

methods of labeling are routinely used in laboratories nowadays, and these can be roughly split 

between metabolic labeling and chemical labeling. 

4.3.2.1 Metabolic labeling

SILAC (Stable Isotope Labeling with Amino Acids in Cell Culture) is a common metabolic labeling

technique for proteomics (Zhu et al., 2002). In this method, cells are cultivated using amino-acids 

labeled with heavy isotopes. When the “heavy” amino-acids are incorporated into peptides they 

shift mass by a predictable amount. The proteins from the labeled organisms are then mixed with 

another unlabelled protein sample. This gives most peptides a mass-shifted twin when analysed on a

mass spectrometer and, by comparison of the intensity for these heavy/light peptide pairs, it is 

possible to calculate relative quantities. Metabolic labeling is highly accurate, but requires long 

preparation and does not allow comparison of different fractions from the same experiment, such as 

different organelles from inside the cell. The SILAC approach is also only applicable to samples 
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where the source organism or cell type can be readily cultivated on a defined medium. This is a 

major limitation of this approach. As a consequence, SILAC is limited to well-defined laboratory 

organisms where cultivation can be consistently successful.

4.3.2.2 Chemical labeling

Several chemical labeling methods exist, usually attaching a label to specific groups of the peptide. 

Isotope Coded Affinity Tag (ICAT) labeling is based on using amino-acid specific labels with 

different isotopic weights. An example of ICAT is the labeling of peptides by using isotopically 

labeled iodoacetamide to modify all cysteine residues in a sample, or merely by utilizing two 

different alkylating reagents such as iodoacetamide for one sample and acrylamide for another 

sample (Gygi et al., 1999). This provides peptides containing cysteines with predictable mass shifts 

and allows quantification between heavy/light peptide pairs. All approaches mentioned so far use 

MS1 signal intensities for quantification. Other labeled methods instead quantify samples utilizing 

MS2 spectra. This demands concurrent fragmentation of matching peptides from differently labeled 

samples so that their respective signals appear in the same MS2 spectra. This places restrictions on 

the tags. Different tags should not affect the total mass of peptides differently, nor peptide behavior 

during liquid chromatography. The most common tags for this approach are those used in Isobaric 

Tag For Relative and Absolute Quantification (iTRAQ) reagents or the similar Tandem Mass Tag 

(TMT) reagents. Only iTRAQ is further discussed in this thesis, but TMT principles are very 

similar.

4.3.2.3 Isobaric Tag for Relative and Absolute Quantification (iTRAQ)

iTRAQ reagents are widely used as chemical labels for MS-based quantitative proteomics (Ross et 

al., 2004). An iTRAQ tag consists of three chemical parts, each serving a different purpose: a 

reporter group, a balance carbonyl group and an amine-reactive N-hydroxyethylsuccinimide ester 

(NHS). Several different iTRAQ tags are needed, each being used to label a single sample. Each tag

has a reporter group of a different mass that gives a detectable signal in fragmentation spectra.

The amine reactive NHS ester ensures quick and efficient labeling of all primary amines, usually 

the peptide N-terminus and the lateral chains of lysine residues, though limited labeling of tyrosine 

also occurs. The balance and reporter groups are designed to have the same combined mass in each 

tag. This ensures that while each tag gives a separate signal, the total mass of the tag is the same in 

all cases. Different isotopes are used to weight the reporter and balance groups, i.e. 13C, 18O and 15N,

neither of which induces chromatographic shift of the peptides. Labeling is done after trypsination 
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of the sample, ensuring that all peptides are labeled at least at the N-terminus. Labeled samples are 

mixed prior to MS analyzis. During peptide fragmentation, the reporter group of the iTRAQ reagent

always retains the charge, yielding a single reporter ion in the fragmentation spectra. This creates a 

group of easily quantifiable peaks of known sample origin. By quantifying these peaks a relative 

quantity can be calculated for each peptide. This avoids many of the problems with label-free 

proteomics since ratios are calculated using a single peptide. Since the peptide sequence is 

equivalent between samples, equivalent efficiencies can be expected at such stages as trypsin 

digestion, peptide ionization, etc. Utilizing these ratios also avoids the all or nothing contribution of 

spectral counting, and does not require the precise alignment when quantifying based on precursor 

ion intensities. The ratios of all peptides from a given protein are then summarized to give a 

representative total ratio between samples for each protein identified. 

Figure 9. iTraq reagent chemistry, balancing and fracturing. Adapted from Ross et al. (2004).

Figure 10. Example reporter ion series from iTraq 4-plex experiments allowing comparison between samples. 
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Adapted from Ross et al. (2004).

iTRAQ tags exist for 4-plex (reporter ions pictured in figs 9 and10) and 8-plex studies i.e. for the 

labelling and quantitation of 4 or 8 samples in parallel, respectively. It has been shown however that

iTRAQ ratios are greatly compressed towards the average ratio of all peptides, most likely due to 

incomplete separation of peptides during the LC step of the analysis. However, the trend of 

enrichment is always preserved, although high enrichments will typically appear lower than they 

actually are (Karp et al., 2010; Wu et al., 2006). Additionally, when performing 8-plex quantitation, 

reporter ions and the immonium ion for phenylalanine overlap at 121 Daltons, often leading to this 

label being excluded from comparisons (Pierce et al., 2008).

5 Methods for analysis of cellulose structure
The study of the glucan synthetic machineries is inextricably linked to the study of the glucans 

themselves. Despite its basic chemical simplicity, the actual structure of a cellulose fiber is highly 

complex. The analysis of cellulose structure is also interesting for industrial purposes and correlates

directly to both material and energy applications of cellulose fibers. A range of techniques is 

routinely used to assay both the fine and bulk properties of cellulose. Cellulose is often studied by 

microscopy, but the most detailed information can be acquired by exploiting the crystalline nature 

of the fibrils. This allows characterization using methods such as cross polarization magic-angle 

spinning nuclear magnetic resonance (CP/MAS NMR) and X-ray diffraction. The methods most 

relevant to this study are presented here.

5.1 X-ray diffraction

The crystalline properties of cellulose allow it to scatter X-ray radiation. In these experiments, an 

X-ray source is used to irradiate a sample with a detector placed behind the sample. Each atom in 

the unit cell of the sample will in theory give rise to a diffraction event in the crystal, causing a 

scattered beam that will give rise to a spot on the detector. 

In a perfect crystal, each of these constituent beams can be easily resolved. For proteins this is 

achieved by studying single large crystals, typically more than 100 nm in diameter. For cellulose 

this is rarely possible since cellulose crystals are generally smaller than 20 nm in diameter. 

Additionally, a multitude of such crystals exist within a single cellulose sample in various 

orientations (Kim et al., 2013). Because of this, X-ray diffraction is typically used to approximate 
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the size of the unit cell, which reflects crystallinity. Crystallinity can be calculated in a number of 

ways, all with a certain degree of error since the approaches seldom consider the complex reality of 

a crystalline cellulose (Kim et al., 2013; Park et al., 2010). While the “crystallinity index” (CI) has 

been shown to affect the ease of which cellulose is degraded into monosacharides by cellulases, it is

seldom the determining factor when dealing with cell wall from woody tissues. Other factors such 

as hemicellulose amount and structure or the degree of lignification place a greater barrier to 

enzymatic breakdown than cellulose crystallinity.

Figure 11. Scattering of unit cells in cellulose fibers, (a) a perfect arrangment of unit cells gives easily resolvable peaks 

for each atom in the unit cell. Increasing degrees of disorder reduce the resolution of peaks as shown in (b) and (c). 

When unit cells are random (d) a diffraction pattern consisting of concentric circles is detected. For cellulose this is 

known as “powder cellulose diffraction”. Figure adapted from Kim et al. (2013).

5.2 Microscopy

Various electron microscopy or atomic force microscopy (AFM) techniques are often used for 

analyzing cellulose and its fibrils. Electron microscopy utilizes the interactions between a sample 

and emitted electrons, while AFM utilizes interactions with a cantilever moved across the sample 

surface (reviewed in Azizi Samir et al., 2005). While giving similar information on the sample, each

provides unique advantages and disadvantages. Most commonly Scanning Electron Microscopy 

(SEM) or Field-Emission Scanning Electron Microscopy (FE-SEM) is used to image complete 

cellulose networks, giving an estimate of microfibril aggregate size and distribution, but providing 

lower resolution than Transmission Electron Microscopy (TEM). TEM demands transmission of 

electrons through the sample, making it unsuitable for thick objects. Thus, TEM is commonly used 

for thin sectioned samples. TEM allows finer details of microfibrillar structures to be obtained than 

SEM. AFM offers similar information as TEM but at lower resolution. Since AFM images of a 
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surface arise through direct physical interaction between a cantilever and the sample, AFM can be 

used to assay ligand affinity and rigidity of surfaces throug the use of functionalized cantilever tips 

(Giesbers et al., 2002; Nigmatullin et al., 2004). Additionally, TEM can also be used for electron 

diffraction analysis, functioning essentially like X-ray diffraction with transmitted electrons acting 

as the beam source. Resolution from electron diffraction is typically lower than from X-ray 

diffraction due to the relatively long wavelength of the electron beam, but can provide localized 

information in a larger sample. 

5.3 13C Solid State Nuclear Magnetic Resonance (CP-MAS NMR)

Nuclei with different environments in the molecule have specific magnetic properties that can be 

detected using a Nuclear Magnetic Resonance (NMR) spectrometer and used to obtain information 

about the structure of a polymer. In the case of cellulose, atoms in rigid domains give rise to a 

detectable magnetic signal, though the degree to which these signals can be separated depends on 

the nature of the sample and the resolution of the NMR equipment used. Typically specific isotopes 

of atoms, such as 1H, 13C or 15N, are needed for detection in NMR. In general, NMR instruments use

a magnetic field to align magnetic nuclei. The magnetic field is initially used to disturb the 

orientation of the nuclei. The field is then removed, which allows the nuclei to return to an 

undisturbed equilibrium distribution. This relaxation of the perturbed state will induce a current in 

an electrical coil, and this current can be monitored. Signal recorded in this manner is known as free

induction decay or FID. Utilizing a Fourier transform the FID signal can be split into separate 

chemical shifts, each representing a distinct magnetic environment for a nucleus. Several 

adaptations to this technique have been made to increase its usability for crystalline solid state (SS) 

samples. NMR analysis of cellulose, callose or other semi-crystalline materials depends on several 

such techniques. Cross-polarization (CP) utilizes a series of magnetic pulses to transfer polarization 

from highly magnetic nuclei such as 1H to less magnetic nuclei of interest such as 13C. This 

technique can be used to increase the signal-to-noise ratio of low-magnetic isotopes in NMR. Magic

Angle Spinning (MAS) aims to compensate for the fact that in a solid atoms remain relatively 

immobile, increasing the line width. This spinning introduces a sample motion element that can 

average signal broadening effects due to chemical shielding anisotropy. Heteronuclear-decoupling 

(DD) utilizes a secondary magnetic field to decouple hydrogen nuclei from neighbouring 13C nuclei.

The DD magnetic field can be continuous, but is typically applied in a series of pulses. This 

combination of methods (CP, MAS and DD) provides a powerful system for assaying the inner 

structure of semi-crystalline organic solids, e.g. cellulose, allowing such properties as fibril 
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thickness, spacing between the fibrils, open surfaces in the fiber, type of glucan linkage, cellulose 

allomorph distribution and more, to be mapped in a quantitative manner.

Time

in
du

ce
d 

vo
lta

ge

Figure 12. A decaying signal FID in an NMR experiment.

 

Figure 13. 13C spectra from CP/MAS NMR of: a) cellulose Iα; b) cellulose Iβ; c) cellulose II. Diagram adapted from 

Kim et al. (2013).

6 Objectives of the present investigation

6.1 Overview

The investigation was performed under the umbrella of Biomime, the Swedish Center for 

Biomimetic Fiber Engineering. The aim was to improve our basic understanding of cellulose 

biosynthesis and provide a proteomic toolkit for analyzing membrane-bound GTs. During this work,
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cellulose synthesis was studied using both Gluconacetobacter and Populus cell suspension cultures.

The Gluconacetobacter work has resulted in a novel and well characterized nano-material with 

improved material properties (Publication I). The methodology and labeling techniques used to 

characterize this new composite have also been applied to model cellulose-water surface 

interactions (Publication II). Populus tremula x tremuloides cell cultures were used to characterize 

a novel compound shown to be an activator in vitro of plasma membrane callose synthase and an 

inhibitor of Golgi-localized glucan synthase (Publication III). Additionally, a system for 

quantitative proteomics has been established with a distributed processing model for 5 different 

tandem MS search engines, along with other tasks such as raw data conversion, search result 

validation and more. This in-house system has been compiled and distributed as the Automated 

Proteomics Pipeline (APP) (Publication IV). In parallel with this work, conditions for enrichment 

of Detergent-Resistant Microdomains (DRM) have been optimized for Populus trichocarpa cell 

cultures. The purified DRM were analysed using the APP platform. This has allowed us to 

quantitatively profile the proteins present in DRM and plasma membrane (PM). The proteins 

enriched in DRM were identified and a functional model was proposed for DRM, involving 

proteins specialized in stress response, including callose synthase, and cell signaling (Publication 

V). 

6.2 Publication I: Creation and characterization of a novel self-
assembling cellulose-based composite

6.2.1 Rationale

Material science and biochemistry overlap when it comes to glucan synthesis. Studies of glucan 

synthesis are often motivated by a future prospect of novel materials and knowledge of the 

synthesis process is often gained from characterization of cellulosic materials. Bacterial cellulose 

(BC) is a promising material for use in medical applications and other specialized fields. The 

virtually pure nature of BC gives unique features, for example full biocompatibility. To increase the 

use of BC in materials it is necessary to offset the cost of investment, by improving the value of the 

material. Furthermore, the environmental benefits from such green materials should be maintained, 

by ensuring that material production does not require high amounts of energy or undesirable 

chemicals.
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6.2.2 Results

In this study, we form a new kind of cellulose nano-composite with improved material properties. 

This was done by including hydroxyethylcellulose (HEC) at the site of Gluconacetobacter xylinus 

cellulose synthesis, allowing integration of HEC with bacterial cellulose (BC) fibrils. The resulting 

material (BCHEC) allowed disintegration without clustering and aggregation of fibrils, as is 

typically observed for pure BC (Saito et al., 2006). This quality allowed formation of a nano-paper 

with 20% higher tensile strength than paper made from pure BC, due to better fibril 

compartmentalization. This increase in strength was not achieved when preparing a blend of BC 

and HEC just prior to paper production (fig 14). Paper made from such blend was instead shown to 

have a far weaker tensile strength than papers made from either BC or BCHEC. The structure of the

BCHEC composite was thoroughly studied using size-exclusion chromatography (SEC), 

transmission electron microscopy (TEM), field-emission scanning electron microscopy (FE-SEM), 

X-ray diffraction (XRD) and solid-state 13C cross polarization magic angle spinning nuclear 

magnetic resonance spectroscopy (CP/MAS NMR). When compared to pure BC, BCHEC 

contained fibrils with a smaller lateral dimension (XRD) that are distributed in a network of 

apparently thicker bundles (FE-SEM). BCHEC fibril bundles were comparatively loose and wide 

and exhibited disordered regions (TEM). HEC coating also prevents tight aggregation of fibrils and 

thus formation of typical BC ribbons (TEM). Figure 15 represents a summary of the most important

data. The molecular size distribution of BCHEC was equivalent to that achieved when BC was 

mixed with HEC (SEC), showing that low molecular weight HEC was incorporated into the 

composite. Nano-fiber suspensions were also created from BC and BCHEC through 

homogenization in a Waring blender. BCHEC nanofibers remained in suspension even after 

centrifugation. In the case of pure BC suspensions, the nanofibers aggregated and sedimented 

rapidly. For NMR spectroscopy, BCHEC and pure BC were produced using 99% 13C-enriched 

glucose as the only available carbon source. The enrichment in 13C increased the signal in collected 

NMR spectra, allowing accurate determination of lateral dimensions of fibrils in the BC and 

BCHEC samples. Calculated fibril dimensions matched predictions that each cellulose fibril in 

BCHEC was coated with a mono layer of HEC. To increase resolution of the C6 region, BC and 

BCHEC were produced using glucose specifically enriched with 13C in the C6 position. This gave 

very high resolution signals in the C6 region of the NMR spectra, showing clear increases in the 

amount of accessible surfaces in BCHEC and further supporting the assumption of an incomplete 

aggregation of BC nano-fibrils due to HEC coating.
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Figure 14. Tensile stress-strain curves of BCHEC (a), pure BC(b), and from a blend of pure BC and 

hydroxyethylcellulose (c)

Figure 15. FE-SEM micrographs of freeze-dried BC produced in the presence of 2% (w/v) HEC in the culture medium 

(a) and control BC (b). Transmission electron micrographs of a loose bundle of aggregated BC fibrils produced in the 

presence of 2% (w/v) HEC in the culture medium (c) and ribbons of the control BC (d). (e) Cartoon illustrating the 

structures of compartmentalized BC fibril aggregates from (c) and a ribbon of cellulose fibril aggregates from (d). 
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6.2.3 Conclusions

In this study, we have produced a strong and self-assembled cellulose nano-composite using a low 

energy manufacturing procedure. The paper produced from this composite was shown to be 

significantly stronger than papers made from pure BC or a BC/HEC blend. The BCHEC paper had 

better fibril-dispersion properties.The BCHEC composite could improve the use of BC in paper and

textiles. Of interest is the increased tensile strength, which greatly increases the possible use cases 

for BC. 

6.3 Publication II: Study of cellulose fibril surfaces using 13C CP/MAS 
NMR spectroscopy

6.3.1 Rationale

Fibril surfaces in cellulosic materials provide interaction sites that are interesting for 

functionalization of materials and for understanding events such as fibril aggregation. Knowledge 

about the surface of fibrils can be gained through a series of spectroscopic or microscopy 

techniques. We utilized CP/MAS 13C NMR combined with a spectral fitting technique (Larsson et 

al., 1997) to analyze the composition of cellulose from several sources and better understand the 

structure of cellulose fibril surfaces.

6.3.2 Results

Cellulose samples were collected from cotton linters and Halocynthia sp. (Larsson et al., 1997). 

Additionally, Gluconacetobacter xylinus was cultivated using glucose selectively enriched in 13C in 

either the C4 or C6 position as the only carbon source, and the cellulose produced was collected. 

CP/MAS NMR and spectral fits of the C4 position were performed for all samples. The C4 signals 

are derived from both water-accessible surfaces, and water-inaccessible (internal) fibril regions. C4 

signals from water inaccessible surfaces were used to calculate allomorph composition and fibril 

width  for all samples. Gluconacetobacter cellulose was shown to be comprised of large fibrils with

a diameter of 10 nm, and contained both cellulose Iα and Iβ allomorphs. Halocynthia cellulose 

samples were comprised of fibrils of approximately 11 nm, but no Iα allomorph was detected. 

Cotton consisted of smaller diameter fibrils, approximately 7 nm, and contained mostly Iβ 

allomorph. Most of cotton cellulose could not be assigned to any of the allomorph forms. When 

spectral fitting was performed on the C4 region corresponding to water accessible surfaces, the 
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signal resolved into two, four and five signals at separate chemical shifts for the cotton, 

Halocynthia and Gluconacetobacter samples respectively. Two of these resolved signals are derived

from fibril aggregates, along with internal fibril distortion. For Halocynthia and Gluconacetobacter,

the additional signals are compatible with specific types of unit cells that are somewhat equivalent 

to the allomorph ratios detected for each sample bulk. The general disorder of cotton cellulose 

prevents any fine detail of the C4 surface signal from being resolved. Fitting the C6 signal from 

Gluconacetobacter cellulose enriched in 13C in this position allowed the resolution of corresponding

surface signal into 3 peaks. These signals are consistent with various rotations of the C6 

hydroxymethyl group, for example pointing towards or away from the crystalline phase or 

interacting with water. These stable conformations of a rotamer are compatible with gauche-gauche 

conformations (Newman and Davidson, 2004). Spectral fits of the C6 regions were not possible for 

the other samples, although all had clear signal in the same region.

6.3.3 Conclusions

Surface structure in well ordered cellulose can be described by a model involving water accessible 

surface signals, reflective of the allomorph composition of the sample, along with a distorted C4 

signal that arises due to fibril interactions and imperfections. Water accessible surface signals from 

the C6 region are instead derived from rotamer conformations of the C6 hydroxymethyl group. 

These findings are less clear for cotton cellulose where the lack of strong ordering prevents 

resolution of such details.

6.4 Publication III: Identification and characterization of a novel small 
molecule for glucan synthase chemical genetics studies

6.4.1 Rationale

Specific inhibitors for glucan synthesis are relatively rare and are useful tools for dissecting the 

mechanisms of synthesis. Well known inhibitors for cellulose synthesis, such as 2,6-

dichlorobenzonitrile (DCB), isoxaben and 1-cyclohexyl-5-(2,3,4,5,6-propyl), have been 

successfully utilized in this manner (Desprez et al., 2002; Peng et al., 2001; Scheible and Fry, 

2003). In chemical genetics, one seeks to inhibit specific cellular processes using chemicals, 

typically small molecules, and observe the resulting effects. Small molecule inhibitors offer many 

advantages compared to the knockout or mutation studies typically used for such experiments. Such

advantages include control of dosage, which correlates to levels of inhibition and avoids 

44



developmental defects since chemicals can be applied after normal plant growth. Mitigating effects 

from disturbed development also allow moderate perturbations of essential systems in grown plants,

something that is likely to provide non-viable knockout mutants. Such specific inhibitors may also 

be used across multiple orthologues and mitigate the need for effective species-specific molecular 

biological approaches. Inhibitors may also affect multiple related enzymes. Thus, due to the large 

number of glycosyltransferase genes in many species such chemical genetics approaches provide an

alternative to the generation of multitudes of mutants. 

6.4.2 Results

To identify such useful inhibitors, 4800 different small molecules from a chemical library were 

screened in a high-throughput manner for their inhibitory effect on the in vitro incorporation of 

glucose from UDP-glucose, using pea stem membranes enriched in Golgi membranes as an enzyme

source (Munoz et al., 1996). The molecule showing the highest inhibitory effect was termed 

chemical A (fig 16). Its effect was confirmed by trials on Golgi vesicles derived from tobacco BY2 

cells, Arabidopsis cell cultures and roots. In all cases the inhibitory effect was found to be 

dependent on the concentration of chemical A. Similar inhibition was not achieved by other known 

inhibitors of cellulose synthesis or Golgi vesicle formation, suggesting a novel mechanism of 

inhibition. Inhibition was also shown to be reversible and activity could be restored through 

washing of the membranes.

Figure 16. Structure of chemical A.
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Several compounds similar in structure to chemical A were evaluated for their inhibitory effect in 

order to determine the structural features necessary for inhibition. The maleimide and benzene ring 

structures were kept as in chemical A, but substitution groups on the benzene moiety were varied in 

type and pattern. All such compounds inhibited in vitro glucan synthesis to some extent, although 

chemical A showed the strongest inhibition. Two additional compounds were tested, maleimideand 

a molecule consisting of two linked benzene rings. Neither of these exhibited any inhibitory effect. 

Thus, the core ring structure of chemical A is necessary for inhibition. Cells treated with chemical A

were stained with aniline blue. The data revealed an increase in callose deposition, something that 

could indicate an activatory effect on plasma membrane callose synthase. To confirm this, in vitro 

assays of GT activities were performed, utilizing membrane detergent extracts from hybrid aspen 

cell cultures as an enzyme source. In the presence of chemical A, a strong activation of up to 40% 

was observed when measuring the incorporation of glucose from UDP-glucose into ethanol-

insoluble products after 1h reaction time. In vitro kinetic studies were performed to gain a better 

understanding of this activatory effect. Km and Vmax were determined in the presence or absence of 

chemical A. Equilibrium constants reflecting interactions between chemical A and free enzyme or 

enzyme-substrate complex were calculated. The equilibrium constant for the free enzyme (Ka) was 

about twice as large as for enzyme-substrate complex (Ka'). This is typical of a mixed type of 

activation, where the activator can bind either free enzyme or enzyme-substrate complex. The lower

Ka' shows a higher affinity for binding the enzyme-substrate complex than for free enzyme. 
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Figure 17. Non-linear curve fit to Michaelis-Menten model of initial reaction velocities at varied initial substrate 

concentrations. The table shows increases in both Km and Vmax. 

6.4.3 Conclusions

This study has identified a small molecule which interacts with glucan synthases derived from 

Golgi and plasma membranes, showing that different glucosyltransferases can be inhibited or 

activated by the same molecule. Elucidating the interaction of chemical A with GTs might help give

an insight into their regulation. In vitro, this dual activity allows selective increase of PM derived 

callose synthase activity over the Golgi activity. Furthermore, the increased callose deposition 

observed in vivo does indicate chemical A is a useful chemical genetics agent to effect processes 

related to callose synthesis, for example increasing callose deposition during cell plate formation or 

stress responses. 

6.5 Publication IV: Creation of an automated and distributed 
proteomics pipeline

6.5.1 Rationale

The exhaustive proteomics profiling of a single protein sample can demand weeks of MS run time. 

This is mostly due to the complex fractionation and long reverse phase gradients needed for 

complex samples, compounded by the need for technical and biological replicates. Because of this 

heavy time investment, it is also desirable to thoroughly profile the data itself. Typically this is done
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using a combination of tools, such as several search engines combined with spectral search tools, 

followed by quantitation and validation of results. Many excellent tools are available in the open 

source “eco-system” for each of these tasks, in theory allowing groups to easily set up their own 

analysitical infrastructure. In practice, setup and use is challenging, requiring expert knowledge 

about the data and how to process it. Many search engines provide a unique output format such as 

XTandem BioML, Mascot dat files or Inspect tab-separated files. Even when search engines are 

made to use common formats, such as pep.xml output from OMSSA (Open Mass Spectrometry 

Search Algorithm; Munoz et al., 1996), this can require manual editing to make the files fully 

featured and as such usable by downstream tools. Many of the tasks associated with mass 

spectrometry based proteomics are also computationally time consuming, limiting the use of 

advanced workflows to fully characterize collected MS data. This is especially true while 

optimizing the search methodology, which can be very time consuming when working with large 

datasets. Therefore, it is desirable to easily automate execution and distribute the computation of 

several incoherent tools using a common pipeline interface. Several such bioinformatics pipelines, 

both commercial and open source, exist to handle these problems. However, they tend to have either

a high cost and relatively small expandability or a cruder user interface, more complicated setup and

higher expandability. Cost, useability and flexibility are all matters of high importance in setting up 

and using a proteomics pipeline. Available proteomics software is rapidly advancing with many 

developers providing updates or new programs several times a year. For these reasons it is 

important to maintain a scalable, flexible and remotely accessible infrastructure for any proteomics 

project, preferably without maintaining a large IT staff alongside scientists. It is also a major benefit

to easily integrate new capabilities into the same distributed infrastructure, allowing the processing 

infrastructure to be used for an increasing amount of tasks. 

6.5.2 Results

We have established the Automated Proteomics Pipeline (APP), allowing simple distributed and 

adaptable proteomics processing. In this system, computers and virtual machines can be seamlessly 

added and removed from a processing network. Each such connected computer is defined as a 

worker and aids in the processing of proteomics data. Each proteomics task is defined as a set of 

linked plugins, allowing even complex workflows to be defined easily. Plugins define each of their 

tasks as a set of jobs that need to be completed, and these jobs can be distributed and executed 

asynchronously on any of the connected workers. Tasks are tracked and output from each plugin is 
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logged to simplify file and information management in the laboratory. Furthermore, setting up a 

worker has been streamlined and is for most users as simple as extracting a compressed archive and 

double clicking a file, allowing quick scaling of processing power. A typical task can include 

plugins performing functions such as converting raw data into an open MS data format, performing 

database search using one or several search engines, creation of spectral libraries or validation of 

results. Many other plugins covering a wide range of functionalities are available. 

Figure 18. A simple server-worker network setup. 

6.5.3 Conclusions

The APP software has been successfully used for several in-house proteomics projects (see also 

publication no. V) in our laboratory and has allowed us to maintain consistent infrastructure while 

constantly adding additional functionality to the platform. The inclusion of several search engines 

has allowed us to increase the number of identified proteins and APP distributed computing has 

been a necessity for analysis of an ever increasing number of MS/MS spectra. The APP software 

has been released under an open source license and packaged in a manner that allows easy use by 

other groups. Alongside this, significant documentation has been created to ease deployment.
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6.6 Paper V: Proteomics approach for establishing a role in stress 
response (including callose biosynthesis) and cellular 
communication for detergent resistant microdomains in Populus

6.6.1 Rationale

Detergent-Resistant Microdomains (DRM) have been shown to retain a high amount of glucan 

synthase activity in vitro in both tree and oomycete species (Bessueille et al., 2009; Briolay et al., 

2009). SDS-PAGE gels have revealed the proteome of lipid raft to be much simpler than that of 

total plasma membranes. Thus, DRM offer an intriguing biological source for a “minimal” 

proteome when it comes to glucan synthesis. However, while the lipid makeup of purified DRM has

been thoroughly studied, the protein content remains relatively unclear. Utilizing modern mass 

spectrometry allows rigorous qualitative and quantitative profiling of complex protein samples, and 

this has been applied here to the DRMs from Populus trichocarpa cell cultures. 

6.6.2 Results

Previously established DRM enrichment protocols have been adapted for Populus trichocarpa, 

leading to the successful isolation of DRM from this species. During DRM isolation, three 

membrane fractions were collected. First, an enriched plasma membrane (PM) fraction was 

recovered from repeated two-phase partitioning of total cell membranes. The PM fraction was then 

fractionated through detergent solubilization and flotation in a density gradient. A DRM fraction, 

which tends to float in the gradient, and a stationary Triton extract (TE) fraction were then 

collected. Two separate schemes were utilized to comprehensively profile each fraction through 

MS-based analysis and an advanced search scheme executed through APP (fig 19).
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Figure 19. An outline of the purification and analysis schemes applied in this study. 

This setup resulted in the identification of a total of 2396 unique proteins. The GO annotations of 

each protein were retrieved from TAIR (www.arabidopsis.org) to determine their general properties,

such as cellular localization and involvement in biological processes. All protein sequences were 

also analyzed for their number of predicted transmembrane domains, glycosylphosphatidylinositol 

(GPI) anchor modifications, as well as predicted palmitoylation and myristoylation sites. The 

proportion of predicted membrane-associated proteins detected in this study is notable. Nearly 48% 

(1151 proteins) are predicted to contain at least one transmembrane domain. This is a significantly 

higher proportion than the only other poplar PM proteomics study available, where 22% from a 

total of 956 identified proteins were predicted to be transmembrane (Nilsson et al., 2010). Each 

fraction analyzed (PM, DRM and TE) was checked for statistically enriched proteins. This 

generated a list of 80 strongly enriched DRM proteins (Table I in Publication V). Nearly 80% of 
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DRM enriched proteins were predicted to be transmembrane, and around half (46%) contain more 

than 7 predicted TM domains, which is significantly more than for proteins from the total PM 

fraction. An even larger proportion, 95%, was predicted to be membrane linked when considering 

predicted acylation sites, leaving only 3 proteins with unknown localization. This shows the general

quality of the enrichment scheme, with minimal contamination by soluble proteins. The properties 

of proteins enriched in DRM compared to total proteins can be seen in fig 20.

Figure 20. Properties of proteins identified in DRM or PM fractions, shown as percentage of proteins that fall into a 

category. (A) shows the number of transmembrane domains, (B) shows the TMD lengths and (C) displays the 

distribution of molecular mass. (D) shows the isoelectric points of the proteins.

6.6.3 Conclusions

Poplar PM and DRM fractions were thoroughly profiled in both a quantitative and qualitative 

manner, generating a profile of specifically enriched DRM proteins. Specific groups of proteins 

found to be enriched in Populus DRM include: remorins, previously identified as DRM marker 

proteins; transport proteins, such as aquaporins, ABC transporters and several P-type ATPases; 

intracellular trafficking related proteins, such as endocytosis related SCAMP proteins and vesicle 

fusion related proteins, such as Q-SNARE, ALA-interacting protein and phospholipid translocase; 

stress and signal transduction related proteins, such as ROP/RAC GTPases and several protein 
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kinases. Finally, several callose synthases were found to be consistently enriched in the DRM 

fraction, confirming the previous observation of DRM as a site of glucan synthesis. From this 

generated enrichment profile of DRM, a functional integrated model placing the DRM 

microdomain in possible association with plasmodesmata was constructed (fig 20). In summary, the

thorough workflow of fractionation and proteomics using membranes from poplar cell cultures 

allowed the creation of a membrane-specific protein profile showing that DRM are enriched in 

markers of signal transduction, molecular transport and callose biosynthesis. This is the first such 

study utilizing quantitative proteomics in a tree species, further elucidating the functional roles of 

DRM.
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Figure 21. Integrated functional model for proteins enriched in the poplar DRM fraction. Proteins represented in blue 

were found to be enriched in poplar plasma membrane DRM (grey patches). All proteins found to be enriched in DRM 

are markers of signal transduction, molecular transport or callose biosynthesis, or known to be involved in biotic and/or 

abiotic stress. Vesicles carrying proteins involved in endocytosis and exocytosis are represented by green circles. The 

represented cascade of events leads to the release of calcium on the cytoplasmic side of the plasma membrane, which is 

required for the activation of callose synthase as a final response to stress (Brownfield et al., 2009). The enrichment of 

callose synthase in DRM suggests a preferential deposition of callose plugs at the surface of plasma membrane 

microdomains, in specialized plasmodesmatal structures and/or other sites of the plasma membrane. DAG, 

diacylglycerol; DGK, diacylglycerol kinase; ER, endoplasmic reticulum; GSL, glucan synthase-like/callose synthase; 

IP3, inositol-3-phosphate; PIP, phosphatidyl-inositol-phosphate; PL, phospholipid; PLC, phosphatidyl-inositol 

phospholipase C; PLD, phospholipase D; PM, plasma membrane; SCAMPS, secretory carrier membrane proteins; 

SNAP, soluble NSF attachment protein; SNARE, SNAP receptor. 
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Stefan, sorry for all the bad jokes about Germans, I don't regret the good ones. Sara, 
congratulations on your beautiful little Vera, and thank you for the spanish lessons. Ela, you should 
make Peter organize bowling, I'm starting to think Gustav won't get around to it. Chris, we are the 
old men of the group now, soon when we are both done it will be the end of an era. Lauren, I now 
think of you as the prototypical english-person, observing what the country has to offer peaking 
over the brim of a teacup. Cortwa, I can still see you smile even if it doesn't touch your lips. That's 
right you big softie. Nuria, why can't you be more like your sister? No, actually she should be more
like you. Francisco, thanks for everything. All the discussion and the support. I hope your time as a
homeless person is finally over forever. Also everyone over in industrial biotechnology: Anna and 
Totte, for all your work on the cell cultures. All of the morning coffee drinkers, Henrik, Mattias, 
Mathilda, Maja, various east and south Germans and Peter. Especially you Peter, I am finally 
ready to admit that you are just a better person than anyone else.  Joe, I'll have that coffee now 
please. And I hope your brother survives Stockholm's devious pram ramps. Sophia, you are very 
good at motivating colleagues. I am still bitter someone stole my french beer though. Annie, I am 
afraid of not being polite enough in whatever I write here, so I will just stop here. 

The latecomers of the group: Paul, Zhili, Svetlana and Laura. I will attempt to teach at least one 
of you Swedish before this is over! Hu and Shu in the materials group, I really do my best to 
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understand your materials seminars. One day I will succeed.

Thanks also to all of my eternal friends, Calle, you've now been my friend to the point that I might 
take you for granted. This just means that I can't really imagine a world in which we are not friends 
and I fully plan to choose my retirement home so that we can still hang out. Anders, all of my best 
jokes I stole from you and I plan to continue doing so. I find it inconvenient that you don't live 
anywhere central, like Rosersberg. Jakob, congratulations on your new job and thank you for all 
the many years of well, everything, including non-stop discussion. We have no trouble arguing even
when we both agree on something, for the exact same reasons. Also you are never allowed to carry 
me on your shoulders again. Daniel, I don't understand how I would survive without our gaming 
sessions, sometimes I feel like we are the only ones who understand the beauty of a command line 
interface. Also, we really need to find a place with gluten-free pizza soon. For my friends in foreign 
lands, Karl-Oskar and Sascha, I really have no idea what you're doing over there. Finns det 
svenskt kaffe på hotellet?

Edward, you and me are so going to sing hövdingvisan once my dissertation is done with. If I pass.
Rutger, it's been so good to see you love life after becoming an architect. At least it was still KTH. 
Ditt försvar av arkitekthuset får mig dock att mistänka att det är lite att vara arkitekt som att vara 
scientolog. Karim, our usual style of conversation makes it hard to say anything nice here. You're 
ok. Slightly above average even. Fredrik, låt oss fortsätta att ses spontant och sporadiskt. Vi har 
jävligt bra existentiella observationer. 

Marica, Linda, Eva and Karna, for brevity I will just mention that you are always welcome to call
me even if you decide to dump your deadbeat husbands. I am fortunate to know all of you.

The greatest thanks go to my closest family.

Tack mamma och pappa för allt stöd igenom den här processen, trots att jag får svara på frågan 
vad jag egentligen jobbar med ganska ofta. Ni är fantastiska människor. Storebror, jag hoppas du 
vet vad du gett dig in på med akademin.Tack för de eviga diskussioner vi ägnar oss åt, tack för att 
du är en självklar del av mitt liv. Alltid. Min kära svärmor Kicki, som med en svordom och en 
klackspark alltid, alltid ställer upp. Min svägerska Anna som fortsätter att imponerar på mig, du är 
en naturkraft. Kanada känns lite långt borta dock. Se till att Marc åtminstonde räddar den 
Kanadensiska miljön.  

Mest av alla, tack till min underbara och fantastiska fru. Kattis, du är den viktigaste personen i mitt 
liv. Utan dig tvivlar jag på att jag hade orkat med något av detta, du är alltid stödjande och alltid 
underbar. Förutom när det gäller element. Då är du oresonlig. Efter femton år ihop längtar jag bara 
efter fler. Var min för alltid.

Mina underbara småjejer, Malin och Matilda, älskar er mer än livet självt. 

Allt i världen har mening så länge jag får fortsätta att vara er pappa.

Santé!
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