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Chapter 1

General introduction*
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Chapter 1-General introduction

Plant cell walls serve multiple purposes Besides their primary function in preventing
protoplast rupture, they define cell size and shape and they are instrumental in
controlling rate and direction of cell growth In addition, the wall provides a physical
barrier against biotic and abiotic stresses However, it should be borne in mind that
the wall is part of the plant metabolism and may be involved in signal transduction as
well Plant cell walls contain a number of polymeric compounds that together can
bear the inner stress of the cell, or turgor pressure Actually, the rigidity of most plant
cells and tissues depends on the tensile strength of the wall answering turgor
pressure The mam stress-bearing compound of the wall is the crystalline cellulose
microfibril (CMF) that consists of at least 36 ß-1,4-D-glucose polymer chains Though
the CMFs constitute the major part of the wall, a number of other polysaccharides
occur, such as xyloglucans and pectin Other regular components of the wall are
structural proteins that add to wall strength and enzymes that are involved in wall
modification The cell walls, mainly polysaccharides, represent a huge resource for
carbohydrates, they constitute a major part of the world's biomass and provide a rich
source of food and energy The mechanical properties of the composite wall and its
diversity have allowed a variety of technical applications

One of the mam

applications that will be discussed here is the use of plant fibres as raw material for
textile and paper industries To improve the quality of both raw material and the
resulting final products, targeted manipulation of the wall could be of great
importance The applications in textile and paper industries fully depend on the
quality of the plant fibres Their quality in turn depends on the amount and
crystallmity of the cellulose together with their interconnecting compounds, mainly
hemicellulose and lignm
Chemical and physical properties of fibres, and their further technical applications
vary depending on both their species and tissue origin (McDougall et al 1993)
Sources of plant fibres used in textile industries are derived from the epidermal hairs
of seeds and fruits, ι e cotton and kapok, which are almost entirely composed of
cellulose Other sources of fibres for textiles are sclerenchyma cells of various
origins They include the phloem fibres of primary and secondary phloem, the penvascular and cortex fibres, such as those from flax, hemp, ramie, jute and kenaf
Those bast fibres are bundles of elongated cells with thick cell walls, rich in highly
crystalline cellulose They derive their special properties, great strength, elasticity
and mdigestibihty from their generally hgmfied secondary wall The conducting fibres
9
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of gymnosperms are solely tracheids and the wood is known as softwood The wood
of angiosperms is called hardwood it usually contains xylem vessels as well as
tracheids and non-conducting sclerenchyma Wood fibres are the mam source for
paper production, they are highly hgmfied and inflexible and therefore need extensive
processing Material derived from parenchyma with non-thickened cell walls includes
the paper made from pitch of papyrus and raffia
Cell wall modification may occur already m planta using genetic engineering (Yuan
and Knauf, 1997, Chappie and Carpita, 1998) Fibre modification may occur also as
part of the technological processes that use specifically designed enzymes
Cellulose-binding domains (CBDs) are discrete domains present in many walldegrading enzymes Their strong and specific binding to cellulose makes them the
ideal tool to target fibre cellulose, not only m-planta, but also in the biotechnological
design of cell wall modifying enzymes The role and function of microbial CBDs have
been described in detail and their mode of action in both natural and heterologous
enzymes is well understood (Linder and Teen, 1997, Levy and Shoseyov, 2002)
Recently, a bacterial CBD isolated from Cellulomonas fimi has been shown to modify
cell wall structure in pianta (Shpigel et al 1998, Shoseyov and Sham, 1999, Levy et
al In Press) Plants expressing a CBD of different, fungal, origin have become
available as well Following, we will present a general description of wall composition
and architecture and consider first the use of individual CBDs of different origin to
directionally modify the wall in planta and, secondly their use m targeting any specific
enzyme or otherwise functional group to cellulose fibres during industrial processing

Plant cell-wall composition and architecture
Higher plant cell walls constitute a contiguous extra-cellular matrix throughout the
plant body Tough the wall is persistent once deposited, during cell growth it is yet
highly dynamic This wall is called the primary wall and consists predominantly of
crystalline cellulose microfibrils (CMFs) that are embedded in a matrix of
hemicellulose, pectin and a variety of proteins (Figure 1) The proteins are both
structural proteins and enzymes that provide the highly dynamic character to the
primary wall The wall deposited after cessation of growth is called the secondary
wall, which has approximately the same constituents as the primary wall, though at

10
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different quantities. Callose, a non-linear ß-1,3-D-glucose polymer may be transiently
present in many cell walls (Stone and Clarke, 1992). Variations in type, proportion
and distribution of the various components relate to size, shape, strength and
function of the various plant tissues (Carpita and McCann, 2000). Moreover, at cell
differentiation the wall may become incrusted or covered with a number of other non-glucan- substances with peculiar properties needed for specialised cell function.
Examples are the waxes and cutin of the epidermis, suberin in cork and endodermis,
and lignin in xylem and sclerenchyma fibres. From the non-glucan substances only
lignin occurs in sclerenchyma fibres, the specialised stress bearing cells that are of
interest here.

Figure 1: Model of the primary cell wall of most flowering plants, except
graminaceous (Carpita and Gibeaut, 1993).
Because comprehension of wall composition and architecture is a prerequisite to
manipulate and next to improve fibre quality, processing and utilisation, we will briefly
review those wall components, i.e. cellulose, hemicellulose, structural proteins,
il
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enzymes and lignin that occur in sclerenchyma fibres of dicotyledons.
Cellulose
The major stress-bearing component of plant cell walls is cellulose, a normally
homogenous and linear chain of ß-1,4-D-glucose residues. In crystalline form, each
glucose unit in the polymer chain is rotated 180° relative to its neighbours, so that in
fact the basic repeating unit is cellobiose (Figure 2).

Figure 2: Structure of cellulose. (A) ß-glucosidic bonds. (B) Schematic diagrams o

(a) longitudinal section and (b) transversal section through cellulose microfibrils illustratin
the crystalline (micellar) and amorphous regions.
Cellulose is synthesised at the surface of the plasma membrane by a complex of 6
cellulose synthases, seen as 'terminal complexes' or 'rosettes' in freeze-fractured cell
membrane surfaces. At least 36 individual cellulose chains form crystalline CMF by
hydrogen bonding between the free hydroxyl functions and oxygen residues of
neighbouring cellulose chains (Delmer and Amor, 1995; Delmer, 1999). In addition,
the CMF are interrupted, and covered all over, by less crystalline cellulose (Hon,
12
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1994; Delmer, 1999) (Figure 2), which may confer them a relatively heterogeneous
structure. Besides wall thickness, the spatial organisation of the CMF in the wall, or
wall texture, will determine its mechanical properties (Emons and Mulder, 2000;
Kersten et al. 2001 ; Emons et al. 2002). Wall texture depends on the pattern of CMF
deposition, but its control is far from understood. At least in primary cell walls, CMF
orientation relates to cell growth and cell polarity as the majority of the CMF are
deposited transverse to the axis of elongation. The deposition of the CMF has been
discussed to be controlled by the cortical cytoskeleton (Satiat-Jeunemaitre, 1987),
but models presuming some sort of self-organisation have been proposed as well
(Emons et al. 2002).
Hemicellulose
Hemicelluloses are a diverse group of polysaccharides in the plant cell wall that
contain xylose as a main component and whose function is to cross-link CMFs. Thus
hemicelluloses provide rigidity to the CMF and strength to the wall. In addition, they
space CMF and thus add to control of wall porosity and the deposition of new
material during wall assembly. Modification of wall plasticity, required for cell
elongation, involves remodelling of the complex cellulose-hemicellulose network
(Rose and Bennett, 1999). In the primary wall of dicotyledons and non-graminaceous
monocotyledons,

the

most

common

hemicellulose

is xyloglucan

(XG). In

angiosperms (hardwoods), the major component is xylan, whereas in gymnosperms
(softwoods) and grasses, glucuronoarabino-xylans and mannans are the most
abundant types.
The XGs are linear chains of ß-1,4-D-glucose (Figure 3), but unlike the unbranched
cellulose, 75% of the glucosyl residues are substituted at 0-6 position by a-D-xylose.
Additional sugars, ß-D-galactose and a-L-arabinose are added at the 0-2 position of
some xylosyl units. a-L-fucose can be added at the 0-2 of a subtending galactosyl
unit, providing a trisaccharide side chain (Fry, 1989; Hayashi, 1989; Carpita and
Gibeaut, 1993). Xylans are composed of ß-1,4-D-xylosyl chains, which are
substituted with glucuronic acid residues or acetyl residues at the 0-2 position, or
with arabinose or arabinofuranose residues at the 0-3 position (Figure 3). The
frequency and composition of the branches are dependent on the source of the xylan
(Thompson, 1993).

13
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Figure 3: Structure of principle hemicelluloses. (A) Average structural repeat of cell
wall xyloglucan (Finkenstadt et al. 1995). (Β) Part of a hypothetical xylan molecule
(Thompson, 1993). 1, xylose; 2, acetyl xylose; 3, α-L-arabinofuranose side chain; 4, 4-0methyl-D-glucuronic acid side chain; 5, acetyl xylose; 6, D-glucuronic acid.

Hemicelluloses do not mutually interact. The XGs coat cellulose after its deposition
and cross-link two CMF by hydrogen bonds between the glucan backbone of the XG
and the cellulose chain. The number of bonds between CMF and XG, and thus wall
strength depends to the degree of substitution of the xyloglucan backbone, and on
the nature of the side chain. The presence of fucosylated trisaccharide side chains
confers a flat conformation of the XGs required for its association with cellulose
(Finkenstadt et al. 1995; Whitney et al. 1995; Pauly et al. 1999).

The binding

involves at least 4 hydrogen bonds, with 0 - 0 distances between 2.6 and 3.0 Â
(Finkenstadt et al. 1995).
The linear xylans associate to cellulose by hydrogen bonds also, but unlike for XGs,
the strength

of the binding, i.e. the number

of hydrogen

bonds,

decreases

proportionally with substitution.
Less

abundant

non-cellulose

galactoglucomannans,

polysaccharides,

and galactomannans,
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some primary gymnosperm walls. In some algae, pure mannans can hydrogen bond
into paracrystalline arrays, which are similar in structure to cellulose.
Pectin
In the primary wall, the cellulose/hemicellulose network is embedded m a pectic
matrix (Carpita

and Gibeaut,

1993). The

pectic

polymers

contain

linear

homogalacturonan blocks or 'smooth regions', and in the same molecule, branched
blocks of rhamnogalacturonans or 'hairy region' with neutral sugar side-chains
(Schols and Voragen, 1996; Vincken et al. 2003). Homogalacturonans are
homopolymers of a-1,4-D-galactosyluronic acids. Two types of 'hairy regions' occur,
rhamnogalacturonan I and II. In rhamnogalacturonans I, the homogalacturonan chain
is interrupted by the presence of a-1,2-L-rhamnosyl residues, which may be
glycosylated at the 0-4 position. Glycosyl chains are rich in arabinosyl and galactosyl
residues. Rhamnogalacturonan II by far shows the richest diversity in sugars and
linkages of all known polysaccharides.
Pectin is synthesised as methylester, which once deposited in the cell wall, are
modified by the enzyme pectin methylesterase. De-esterified pectin components can
cross-link with Ca2+. Those structures called 'egg-box' give rise to a gel-like structure
contributing to the cell wall cohesion (Jarvis, 1984; Fry, 1986). In addition to Ca2+
bridges, ferulic acids that are esterified to arabinose and galactose, can participate in
the cross-linking of pectin (Fry, 1986; Carpita and Gibeaut, 1993). Pectin is a main
component of the middle lamellae, it adheres cells and it determines cell porosity in
the primary wall.
Lignin
In differentiated cells, walls are impregnated with the aromatic polymer lignin. Lignins
are polymers composed of phenylpropanoid alcohol units, which are derived from
coniferyl-, sinapyl- and p-coumaryl-alcohol, depending on the plant source. Linking
occurs by a variety of chemical bonds, including ester and ether bonds and carboncarbon-linkages. The result is a three dimensional network of highly hydrophobic
polymers. In addition, lignin may also be covalently linked to hemicellulose and
cellulose (Lewis and Yamamoto 1990; Whetten et al. 1998). Thus lignins provide an
extreme rigidity to cell walls that are capable to resist mechanical stress, like in

15
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tracheids and hardwood fibres. Lignin is highly disadvantageous for processing and
use of fibres as raw material for textiles and wood-free paper.
Proteins
Protein constituents of the cell walls are structural proteins and enzymes (Cassab,
1998). Extensin, a hydroxyprolin-rich glycoprotein is the main structural protein in the
cell wall and adds to wall rigidity and strength by interlocking the CMF. Side-chains
from pectin or other polysaccharides containing 1 to 4 arabinofuranosyl residues and
single galactopyranosyl residues may be attached covalently to the hydroxyproline
and serine residues respectively.
Cell-wall dynamics largely depend on wall-modifying enzymes that may be secreted
or activated by acidification of the wall (Cosgrove, 1997). They will be discussed
below, in connection to the CBDs.
Cellulose-binding domains: a common feature in many cell-wall modifying
enzymes
The variety of polysaccharide-degrading enzymes, produced by phytopathogens and
involved in the plant cell wall dynamics, typically reflects the diversity of structure
among cell-wall

constituents, and the variety

of

linkages

between each

polysaccharide. Cellulases, mannanases, xylanases, pectinases and other enzymes
involved in the hydrolysis of polysaccharides are modular proteins comprising
multiple structural and functional domains. Typically, these enzymes contain, in
addition to the catalytic domain, one or more carbohydrate-binding modules (Gilkes
et al. 1991). Specific CBDs were first demonstrated in the micro-organisms
Trichoderma reesei (Van Tilbeurgh et al. 1986) and Cellulomonas fimi (Gilkes et al.
1988). Since then, CBDs have been extensively characterised from many cellulases
and xylanases, and have recently also been identified in plant cell-wall modifying
enzymes (Trainotti et al. 1999).

16
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Microbial cellulose-binding domains
Most plant cell wall degrading bacteria and fungi produce enzymatic complexes
(cellulosome) and individual enzymes acting synergistically on (hemi)cellulosic
polysaccharides. Individual enzymes share a multi-domain structure composed of a
catalytic domain and a CBD interconnected by a flexible and often highly
glycosylated linker sequence (Gilkes et al. 1991). In cellulosomal complexes,
enzymes are non-covalently associated to a scaffolding unit carrying a CBD (Bayer
et al. 1998a; Bayer et al. 1998b). CBDs are present in many investigated cellulases
(Gilkes et al. 1991; Henrissat, 1994; Tomme et al. 1995; Warren, 1996),
hemicellulases (Gilkes et al. 1991; Tomme et al. 1995; Warren, 1996; Kulkarni et al.
1999), one fungal (Wei and Goodwin, 2000) and two bacterial (Brown et al. 2001;
McKie et al. 2001 ) pectinases.

CBDs are structurally well-defined domains, that occur internal or linked to the N- or
C-terminus of the catalytic domain (Henrissat et al. 1989; Gilkes et al. 1991; Tomme
et al. 1995b). To date, 240 CBDs are registered in the NCBI protein databank. They
are classified into 13 families according to their amino acid sequence homologies
(Tomme et al. 1995b). Most reported CBDs belong to the families I, II and III. Family I
contains small CBDs (33-40 amino acid residues), all of fungal origin (Table 1). The
other families contain bacterial CBDs (Table 1) much larger in size (90-240 amino
acids). To date, the tertiary structures of 8 CBDs from families I to V have been
solved (Kraulis et al. 1989; Hoffren et al. 1995; Xu et al. 1995; Johnson et al. 1996;
Tormo et al. 1996; Brun et al. 1997; Mattinen et al. 1998; Raghothama et al. 2000).
Families I, II, III and V differ by the structure of their members, but similarities were
observed, between those families, responsible for the substrate binding mechanism.
CBDs may contain a planar linear strip with aromatic residues, with one of their faces
exposed to the matrix, may be involved in hydrogen bonding to cellulose. The
aromatic amino acids are mainly tyrosine in fungal CBDs and tryptophane in bacterial
CBDs. In the same planar strip, polar amino acids are responsible for stabilising the
orientation of the cellulose binding residues. Conserved cystein causes proper
folding of the domain through disulfide bridges. CBDN1 from the family IV differs by
its unique selectivity for amorphous cellulose and soluble oligo-saccharides (Johnson

17
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et al 1996) The binding site of CBDN1 is not flat, but is a cleft containing a central
strip of hydrophobic residues that is flanked on both sides by polar hydrogen-bonding
group This cleft can accommodate single strand carbohydrate chains, which
explains the selectivity of CBDN1 for amorphous cellulose
The structure-function relationship of CBDs was extensively studied by exchanging
catalytic and binding domains m cellulases (Tomme et al 1995a, Snsodsuk et al
1997, Kim et al 1999, Carrard et al 2000), by using site directed mutagenesis of
aromatic ammo acids of the CBD flat face (Remikamen et al 1992, Linder et al
1995a, Linder et al 1995b, Wang and Jones, 1997, Linder et al 1999), or by
chemical modification of the residues (Bray et al 1997) This illustrates why even in
the same family, specific CBD properties may vary Modification of the ammo acids
involved m binding results in a change of the substrate affinity (Lmder et al 1995a)
While bacterial CBDs have an affinity restricted to crystalline cellulose, some fungal
CBDs are able to bind both crystalline and amorphous forms of the substrate
(Remikamen et al 1997) Different CBDs may direct the enzymatic activity to different
sites of the heterogeneous surface of the cellulose (Wang and Jones, 1997, Carrard
et al 2000) Reversibility of the binding also depends on the CBD structure It is now
thought that binding of most CBDs to cellulose is reversible, and that cellulases are
able to slip along the cellulosic fibres The exchange rates, or ability of the CBD to
move along the fibre also vary (Lmder and Teen, 1996, Jervis et al 1997, Carrard
and Lmder, 1999)

For different CBDs, different environmental conditions (eg pH,

temperature) are required for optimal binding (Lmder et al 1999) Each parameter,
which varies from one CBD to another, can affect the specificity of an enzyme
CBDs participate m the required close association of the catalytic domain with the
insoluble substrate (Klyosov, 1990, Hennssat, 1994) It appears that the presence of
CBDs increases the effective concentration of the cellulases on cellulose (Hennssat,
1994, Lmder and Teen, 1997) Removal of the CBD always results in a decreased
activity of the enzyme on insoluble substrates (Gilkes et al 1988, Gilkes et al 1992)
CBDs allow cellulases to act on crystalline cellulose by destabilising the hydrogen
bond structure of the cellulose, making the polysaccharide chains more accessible
for endo-glucanases, only being able to hydrolyse amorphous substrate Bacterial
CBDs contribute to the non-hydrolytic disruption of cotton fibre (Dm et al 1991,
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Henrissat, 1994). The same effect for fungal CBDs was reported on cotton fibre and
CF-11 cellulose (Gao et al. 2001; Xiao et al. 2001). The physical modifications on
cellulose fibre due to this disrupting effect may also differ from one CBD to another.
Lee et al. (2000) observed EG II from Trichoderma reesei was having a peeling and
smoothing effect on cotton fibres, while CBHI was able to penetrate cellulose surface
and to pry apart microfibrils. How CBDs participate in breaking down hydrogen bonds
of the substrate is not yet understood, but appears to be independent from the
catalytic domain. CBDs with different specificities may also play a role in targeting the
catalytic domains to distinct regions of the substrate, but the mechanism of specific
substrate-site recognition by each CBD remains unknown (Carrard et al. 2000).
Plant cellulose-binding domains
The structural rigidity and strength of the plant cell wall is thought to depend on the
integrity of the cellulose/hemicellulose network. Wall loosening proteins associated to
cell expansion, may act at the interface of the cellulose and hemicelluloses, and
affect particularly cell wall structure and plasticity (Cosgrove, 1999). The acid growth
hypothesis proposes that auxine activates a plasma-membrane proton pump. The
acidification of the wall activates growth-specific hydrolases, which cleave the bonds
that join microfibrils to other polysaccharides. Relaxation of the wall by loosening
enzymes, together with an uptake of water leads to an increase in cell size. Those
proteins involved in the loosening of the plant cell-wall are endo-1,4-ß-glucanases
(Brummel et al. 1994), xyloglucan endo-transglycosylases (XETs) (Campbell and
Braam, 1999; Thompson and Fry, 2001) and expansins (Cosgrove, 2000). Such
loosening proteins may also be associated to fruit ripening and abscission.
The substrate of XET is restricted to xyloglucans. This enzyme cleaves and then rejoins xyloglucan chains, participating to both loosening and assembly of the cell wall
(Campbell and Braam 1999; Thompson and Fry 2001). XETs have never been
shown to carry any CBD.
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Tabic la. Amino acid sequence of Trichoderma reese/CBDs(family I)
enzyme
CBHI

sequence
TQSHYGßCGGlGYSGPTVCASGTTCQYLNPITSÖCL

CBUII
EGI
EGIII

CSSVWGeCGGQNWSGPTQCASGSTCVYSNDl'J'ißCL
TQTHWCeCGGlGYSGCKTtlTSGTTCQYSNDl'FSßCL
OOTVWGOCGGIGWSGPTNCAPGSACSTLNP VYAOO.

reference

Tomme et al 1995b

In bold: aromatic amino-acids involved in the binding tlnderlined conserved cystein
involved in disulfide bridging In italic conserved domains

Table lb. Amino acid sequence of Cellulomonas fimi CBDs (familly II)
enzyme

Sequence

reference

CenA

APGCRVDYAVTNQWPGGFGANVTITNLGDPVSSWKLDWTYTAGQRIQQ
LWNGTASTNGGQVSTSLPWNGS1PTGGTASFGFNGSWAGSNPTPASFSLN
GTTCTGT

CenB

T P S C r V VYSTNS W NVGFTGSVKITNTGTTPLTWTLGFAPSGQQVTQG WS
ATWSQTGTTVTATGLSWNATLQPGGSTDIGFNGSHPGTNTNPASFTVNGE
VOJ

CenD

Tomme
et al. 1995b

TGSCAVVTYTANGWSGGFTAAVTLTNTGTTALSGWTLGFAFPSGQTLTQ
GWSARWAQSGSSVTATNEAWNAVLAPGASVE1GFSGTHTGTNTAPATFT
VGGATCTTR

In bold conserved tryptophane residues.
involved in disulfide bridges

Underlined and italic

conserved cystein

Table 1c. Amino acid sequence of the faEG3 CBD (strawberry
endoglucanase)
Sequence
FqEG3

QSSYNQLLPVVTSQPKQTPVPKLTPAAPASTSGPIAIAQKVTSSWVSKGVT
YYRYSTTVTNKSGKTLNNLKLTISKLYGPUVGLTSKTGDSYVFPSWLNSL
PAGKSLEGFVYIH

reference
Trainotli
etaI

1999b

In bold conserved tryptophane residues

Table Id. Amino acid sequence of the CsEXPI CBD (cucumber expansin)
enzyme
CsEXPI

Sequenc e
GSRTGWQSMSRNWGQNWQSNNYLNGQGLSFQVTLSDGRTLTAYNLVPS
NWQFGQTYEGPQF

In bold conserved tryptophane residues

T a b l e I: Amino acid sequences of cellulose-binding domains.

20
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Endo-1,4-ß-glucanases from plants usually don't possess a CBD and are not able to
degrade crystalline cellulose, neither have they been shown to hydrolyse native
cellulose (Brummel et al 1994) Their participation to wall loosening involves
cleavage of the xyloglucan chains inter-linking cellulose (Hayashi, 1991, Brummel et
al 1994, Rose and Bennett, 1999) Nevertheless, two unique endo-1,4-ß-glucanases
were shown to possess a putative cellulose-binding domain (Calala and Bennett,
1998, Tramotti et al 1999b) Tramotti and coworkers (Tramotti et al 1999b)
suggested the presence of homologous CBD sequences in an endoglucanase from
cotton and in two genes from Arabidopsis thahana The endo-1,4-ß-glucanases
faEG3, expressed during strawberry fruit ripening, exhibits a typical linker peptide
and a CBD sharing high homology with a CBD sequence from the bacteria
Dictyostelium discoideum (Tablel) The unusual faEG3 was shown to loosen and
disorganise cellulose microfibres during fruit ripening (Tramotti et al 1999a, Tramortì
étal 1999b)
Apart from the endo-glucanase Cel12A from Tnchoderma reesei (Yuan et al 2001),
none of the known XETs or endo-glucanases has been shown to induce extension of
isolated plant tissues

However, another class of proteins, called expansins,

enhances extension of boiled cucumber hypocotyls and wheat coleoptiles Action of
expansins on cell walls seems not to be related to any endo- or exo-cellulase activity
(McQueen-Mason et al 1992, McQueen-Mason and Cosgrove, 1995) According to
substrate specificity and sequence similarities, expansins have been classified in two
subgroups, α and β, sharing 25% ammo acid identity At their C-termmus, a- and βexpansms all exhibit a sene of conserved tryptophanes (Table 1), sharing homology
with the CBD of bacterial cellulases (Cosgrove, 1999, Cosgrove, 2000, Darley et al
2001) Expansins have been shown to bind reversibly to crystalline cellulosic
substrates (McQueen-Mason and Cosgrove, 1995, Cosgrove, 1998, Cosgrove,
1999) Comparative studies have shown that expansins, unlike bacterial CBDs, don't
compete with xyloglucan for binding to cellulose, suggesting they may interfere with
different sites of the substrate (Cosgrove, 1999) Like bacterial CBDs, expansins
were shown to weaken cellulose paper without apparent hydrolytic activity
(McQueen-Mason and Cosgrove, 1994), and to enhance hydrolysis of cellulose by
cellulases The participation of expansm to cell expansion may be mediated by the
loosening of non-covalent association within the cellulose/hemicellulose network The
21
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occurring separation of cellulose from their hemicellulose coating would allow the
microfibrils to slide passed each other The mechanism by which hydrogen bonds are
disrupted, and the participation of the CBD in this mechanism, is however not yet
understood
CBD as a biotechnological tool
Plant cell wall modification
The intriguing role of CBDs in microbial hydrolases and in cell-wall loosening
enzymes may be of interest also m plant cell wall modification In-planta, by
interacting with cellulose, individual CBDs might directly, or indirectly, affect some
structural aspects of the cellulose-xyloglucan network
ln-vitro, a family III CBD from the bacterium Clostridium cellulovorans, showing
affinity for crystalline cellulose, promotes peach pollen tube growth and Arabidopsis
thaliana seedlings elongation at low concentration, which effect is reverted at high
concentration (Shpigel et al 1998) When expressed in transgenic poplar trees and
tobacco plants under the control of the Ce/7 (endo-ß-1,4-glucanase) promoter,
specific for elongating tissues (Sham et al 1997, Sham et al 2000), the CBD from
Clostridium cellulovorans enhances growth rate and increased plant biomass
The bacterial CBD from Clostridium cellulovorans, which disrupts crystalline
cellulose, has been shown not to have any expansm activity on cucumber hypocotyls
or wheat coleoptiles (Cosgrove, 1999) Bacterial CBD increased the rate of cellulose
synthesis in Acetobacter xylinum, and appeared to interfere in the crystallisation of
the bacterial cellulose ribbon (Shpigel et al 1998) The CBD from Clostridium also
appeared to compete with xyloglucan for coating the cellulose surface (Shpigel et al
1998)

Thus, it may be hypothesised that bacterial CBDs act on cellulose-

hemicellulose interaction, and facilitate the cell wall loosening Over-expression of a
fungal CBD, much smaller m size and suspected to bind to different forms of
cellulose in-planta leads to a different effect on the cell wall Small dyes, such as
calcofluor-white, Congo red or coumarme, that bind to native cellulose during its
secretion (Herth, 1980) have been shown to affect cellulose crystallisation and
deposition It is assumed that a CBD, which may coat native cellulose or intercalate
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with microfibrils, would have a similar effect Antibodies annihilating the activity of
endo-1,4-ß-glucanases involved in cell wall loosening are known to affect cell wall
structure (Hoson and Nevms 1989, Inouhe and Nevms 1991) Covering the substrate
sites of cell-wall loosening enzymes, CBDs could mimic this effect of antibodies,
resulting in a defect in cell elongation
It is difficult to specify a unique and clear mode of action of CBDs on cell walls It is
assumed that variations m the substrate specificity, in the size and the disrupting
ability of the cellulose-binding proteins, as well as variations in the promotor
controlling their level of expression and tissue localisation, would alter cell-wall
structure and plant development in a different fashion Variation in biomass yield,
fibre length, the degree of polymerisation or crystallmity of the cellulose, and
polysaccharide composition would provide relevant possibilities of exploitation of the
modified plant cell walls Transgenic poplar trees, expressing the CBD from
Clostridium, exhibit longer fibre cells and a higher degree of polymerisation of
cellulose (Shoseyov and Sham, 1999) Paper prepared from those fibres has been
shown to present increased burst, tear and tensile indices, reflecting stronger fibre-to
fibre interactions and thus paper strength (Levy et al 2002)

Enzyme technology
Enzymes produced by cell-wall degrading micro-organisms are applied during textile
and paper processing, since they can be produced at large scale, and due to their
high substrate specificity for plant polysaccharides
The production of wood-free paper requires removal of lignm, but causing minimal
degradation of cellulose, since hgnm's presence avoids the formation of hydrogen
bonds between fibres, limits the swelling of fibres and makes them stiff Cellulases
together with hemicellulases are used in pulping and fibre modification participating
in the enhancement of the fibrillation of fibres, increasing the inter-fibre bonds
responsible for the strength of the product They also influence the drainage rate,
which is limiting the papermakmg speed (Kirk and Jeffries, 1996, Bhat, 2000) They
are of great interest in modification and de-inking of recycled paper Treatment of
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pulps with xylanases and mannanases, dissolving hemicelluloses closely associated
to fibres, renders the fibres more accessible to bleaching chemicals (de Jong et al
1996) and lead to a more efficient dehgmfication when using lignm-degrading
enzymes like laccases (Kulkarni et al 1999) Peroxydases, being used m lignm
oxidation, could also be beneficial in pulp bleaching (Kirk and Jeffries, 1996) Lipases
and esterases are used to remove the hydrophobic content (pitch) of the woods
Non-wood-fibre yielding plants such as flax and jute require pectmase treatment to
degrade the middle lamella separating fibre bundles

The use of purified

polygalacturonases result in better processing than dew-retting achieved by
microorganisms which often lead to cellulose degradation (Sharma and Van Sumere,
1992)
Targetting of enzymatic activity

CBDs are able to maintain their own properties when isolated from different types of
cellulases (Van Tilbeurgh et al 1986, dikes et al 1992, Lemos et al 2000)
Structurally and functionally independent from the catalytic domain, CBDs could be
used to construct fusion proteins, using recombinant technology, without affecting the
biological activity of the fusion partner The utilisation of CBDs as affinity tags for
protein affinity-purification and immobilisation on cellulosic material is now m hand
(Ongetal 1991, Greenwood et al 1994, Reinikamen et al 1997, Linderet al 1998,
Tomme et al 1998, Shpigel et al 1999, Richins et al 2000, Lehtio et al 2001, Levy
and Shoseyov, 2001, Rotticci-Mulder et al 2001 )

Recent studies focused on the key-role of CBDs in association with a catalytic
activity, during the enzymatic treatment of pulps (Rixon et al 1996, Gerber et al
1997, Gerber et al 1999, Suurnakki et al 2000), cotton fibres (Boisset et al 1997,
Azevedo et al 2000), or during paper recycling (Pala et al 2001) The presence of a
CBD in cellulases and xylanases appear to enhance their activity on pulp, and to
improve their bleaching and beating effects on fibres Paper made of those treated
fibres also possesses better properties of dramabihty
The behaviour of enzymes in conditions encountered during processing, such as
high temperatures (Andreaus et al 1999) and agitation (Azevedo et al 2000), has
also been investigated

Under high agitation levels, required during textile
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processing, the presence of a CBD didn't appear to have any benefit on xylanase
activity (Azevedo et al. 2000).
Increasing the availability of CBDs with different specificity, would be a way to
enhance enzyme efficiency, or to multiply the potential uses in production of
cellulosic material. Targeting the activity of enzymes normally deprived of a CBD
such as pectinases, laccases, lipases, would provide innovative solutions to
processes associated to fibre extraction and modification. The production of CBDhybrids with affinity for specific substrate surfaces would lead to an increased value
of the final product. This technology is in development in different laboratories
(Shoseyov et al. 2001).
Recent reports show that the benefit of individual CBD peptides in pulp treatment has
to be considered. For unknown reasons, fungal CBD peptides modify fibre surface
characteristics and improve pulp drainability and paper strength (Kitaoka and
Tanaka, 2001; Pala et al. 2001). A fusion protein including two CBDs from
Clostridium cellulovorans increased strength and water-repellence of Whatman filter
paper (Levy et al. 2002). Cellulases immobilised on cotton fabric were shown to
increase dyeability (Andreaus et al. 1999). Immobilisation of protein on the cellulose
surface affects the charge, hydrophobicity and reactivity of the fibres. It gives
interesting perspectives for production of new kinds of paper, cellulosic composites or
packaging material with added functionality.

Enzyme stability

Knowledge on the modular organisation of natural or recombinant cellulolytic
enzymes would also provide new solutions for protein engineering. Variations in the
combinations of catalytic domains and CBDs, modification of the nature of the linker
peptides, and the interactions between those domains, affect properties of the
enzymes such as binding capacity, protease sensitivity or thermostability.
Removal of the linker region of cellulase sequences was shown either to have
(Srisodsuk et al. 1993), or not (Shen et al. 1991; Black et al. 1997), an effect on the
substrate binding capacity of the enzyme. Linker peptides seem to avoid misfolding
of cellulases, and contribute to their stability. Conferring flexibility and separation,
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they allow domains to act independently Most linker peptides from cellulases are
protease sensitive But susceptibility of linker sequences to such enzymes seems to
depend on the size of those regions (Srisodsuk et al 1993) and on the nature of their
ammo acid sequence, which determines their level of glycosylation (Langsford et al
1987, Shenetal 1991, Srisodsuk et al 1993)
Recent studies showed that modification m the combination of domains of cellulases
from Clostridium thermocellum might affect their thermostability (Kataeva et al 2001)
Riedel étal (1998) characterised one CBD from family III without affinity towards
cellulose, and is apparently only present in the cellulase to maintain the catalytic
activity and the thermostability of the enzyme Description of multiple combinations of
domains and their interactions, and characterisation of natural linker sequences, may
solve the problem of protease sensitivity of recombinant enzymes during their
production Furthermore, it would allow the utilisation of those enzymes in the high
temperature conditions, required during fibre transformation processes

Concluding remarks.

CBDs have earlier been considered beneficial for enzyme activity in bio-processing
Used as affinity tag, they are commonly used to purify or immobilise recombinant
proteins on a cellulosic matrix They could be used to engineer hybrid protein able to
specifically modify cellulosic surfaces

Being part of the modular structure of

cellulases, CBDs, together with catalytic domains and linker sequences participate to
the enzyme stability Production of protease-resistant and thermostable CBD-hybnds,
would benefit from a better understanding of enzymes structure and domains
interactions CBD-technology also represents an innovative approach to modify cellwall synthesis and composition, and produce fibre-yielding plants with new intrinsic
properties The mechanisms of substrate recognition and binding of CBDs on
cellulose surfaces is not yet understood Neither the effect of the binding on the
chemical and physical structure of cellulose surfaces is known Characterisation of
CBDs with specificity restricted to different sites present on the heterologous surface
of the substrate, and increased knowledge's on the optimal conditions for binding,
would favour a fine targeting of recombinant enzymes and allow restricted
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modification of the cell walls and fibre surfaces

Content of the thesis

In this thesis, we investigate the possibility of using fungal cellulose-binding domains
as biotechnological tools to modify cellulose fibre structure and composition
Following chapter 1 (general introduction), the chapter 2 describes the cloning
expression and characterisation of a new cellulose-binding domain and linker peptide
from Aspergillus fungi.
The aim of chapter 3 is to evaluate the ability of the characterised CBD to modify the
structure and/or biosynthesis of bacterial cellulose. The CBD was shown not to have
any disrupting effect on cellulose Using Acetobacter xylinum as a model we proved
that the fungal CBD could alter the biosynthesis and structure of cellulose
Chapter 4 describes the phenotype of Arabidopsis

thaliana expressing the fungal

cellulose-binding domain under the control of a CaMV35S strong constitutive
promoter Transformed plants are shown to have a defect in cell elongation
In chapter 5, we demonstrate that the decrease in cell elongation is due to an
alteration of cell wall structure and composition in the CBD-expressmg plants
Chapter 6 presents a summary and a general discussion of the results obtained in
this thesis, and the potential of cellulose-binding domains as a biotechnological tool
to modify cell walls and fibre properties is discussed
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Abstract
A family I cellulose-binding domain and a serine- and threonme-nch linker peptide
were cloned from the fungi Aspergillus japomcus and Aspergillus aculeatus A GSTCBD fusion protein comprising the glutathione S-transferase and the peptide linker
with the cellulose-bmdmg domain fused to its C-termmus, was expressed m
Escherichia coli The renaturated GST-CBD recovered from the inclusion bodies had
a molecular mass of 36 5 kDa which agrees with the 29 kDa of the GST and the
calculated 7 5 kDa of the linker with the CBD The isolated GST-CBD protein
adsorbed to both bacterial microcrystallme cellulose and carboxymethyl cellulose
Deletion of the linker peptide caused a decrease in cellulose adsorbance and a
higher sensitivity to protease digestion The efficient binding ability of the GST-CBD
permitted its immobilisation on paper, flax and cotton fibres

Introduction
Microbial cellulases often share a three-domain structure consisting of a catalytic
domain and a cellulose-binding domain (CBD), separated by a distinct linker region
(Under and Teen, 1997, Gilkes et al 1991) CBDs have been classified m 10 families
according to sequence homologies (Tomme et al 1995) All fungal CBDs belong to
the same family (Family I) and contain very small CBDs of only 33-40 ammo acid
residues All the other families contain bacterial CBDs, which are larger in size
(Tomme et al 1995, Linder and Teen 1997) Even within the same family, the
specific properties of the CBDs are not always identical and affinity and reversibility
of the binding are parameters that vary from one CBD to another CBDs have been
shown to improve cellulase activity on insoluble substrates, but not on soluble
substrates (Linder and Teen, 1997) It seems that the presence of CBDs favours
cellulase activity by increasing the local concentration of the enzyme on cellulose At
least, bacterial CBDs allow the cellulases to act on crystalline cellulose by
destabilising the hydrogen-bond structure of cellulose making soluble polysaccharide
chains more accessible for hydrolysis (Hennssat 1994, Linder and Teen 1997)
CBDs have been shown to be structurally and functionally independent of the
catalytic domain, and therefore were used to construct fusion proteins that combine
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the biological activity of both fusion partners. For example, CBDs could be
successfully used as affinity tag for protein purification and immobilisation (Levy and
Shoseyov, 2001; Rotticci-Mulder et al. 2001; Richins at al. 2000; Shpigel et al. 1999;
Ahnetal. 1997; Greenwood étal. 1994; Ongetal. 1991).
The use of peptide sequence in designing recombinant proteins appeared to favour a
correct folding of the fused partners into a structure less susceptible to degradation
due to thermal treatment or proteolysis (Argos, 1990). In cellulolytic systems, the
linker peptides, that vary in length from 6 to 59 amino acids, are generally rich in
serine, threonine, proline and glycine. Their amino acid sequences, however are
poorly conserved. Separation and flexibility provided by the linkers favour correct
conformation and independent action of the joined functional domains (Gilkes et al.
1991). The characterisation of natural linker sequences has great potential in enzyme
technology, as these linkers may add new stabilising properties to polyfunctional
enzymes.

In this study, we describe the cloning of a fungal cellulose-binding domain with an
unusually serine and threonine rich linker peptide from the plant-pathogen fungi
Aspergillus japonicus and Aspergillus aculeatus. The CBD with the linker was fused
to the glutathione S-transferase (GST) reporter gene and expressed in E. coli. Both
core and substrate-binding domains retained their properties after fusion via the
peptide linker. Deletion of the linker region reduced processibility and binding
capacity of the construct. With the perspective to use this CBD in producing fibre
modifying enzymes, the binding of this CBD-fusion protein to natural fibres has also
been investigated.

Material and methods

Strains and plasmids.
Aspergillus japonicus Saito (strain 2345, ATCC 20236) and Aspergillus aculeatus
lizuka (strain 2344, CBS 101.43) were grown on a minimal medium (llmen at al.
1997) enriched with 1% carboxymethyl cellulose (CMC, Sigma) and used to isolate
the linker peptide and the cellulose binding domain genes.
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Escherichia coli XL1-Blue was grown on LB medium (Sambrook et al 1989) and
used for all cloning experiments The expression vector pGEX-4T-1 and the
expression host E coli BL 21 were from Amersham Pharmacia Biotech , and grown
on 2xYT medium (Sambrook et al 1989)
Cloning of a linker sequence and a cellulose-binding domain.
Total RNA was extracted from Aspergillus japomcus and Aspergillus aculeatus alter
2 days of growth at 250C , according to Sambrook et a l , and converted in cDNA
using the Enhanced Avian RT-PCR Kit (Sigma) and oligo-dT as primer
Using

known

cellulase

gene

sequences

from

Aspergillus

aculeatus

(cellobiohydrolasel, GeneBank AB002821, avicelaselll, GeneBank AB015511, and
FN CMCase, GeneBank AB015510), primers complementary to the region flanking
the linker sequence and CBD were designed and purchased from Eurogenetec
(forward

primer

S'-ACCTCTACCAGGAAGGCCTCG-S',

reverse

primer

5'-

GCACTGiCrOGAGTAGTAiG/AJTCATTC-S')
Amplification of the putative CBD region was performed by PCR on the isolated
cDNA The resulting PCR fragments were separated by electrophoresis Putative
CBDs containing fragments were selected, based on their size, and purified using
QIAquick gel extraction kit (QIAgen, USA), according to the manufacturer's
instructions
The isolated DNA fragments were then ligated in the plasmid pGEM-T-easy
(Promega) according to the manufacturers The ligation mixture was used to
transform Escherichia coli XL1 Blue The insert sequence was confirmed by DNA
sequencing of the pGEM-T-easy plasmid from recombinant E coli (Eurogenetec,
Belgium)
Protein expression.
Expression of the recombinant protein was performed using the pGEX expression
system (Amersham Pharmacia Biotech ), allowing the production and easy
purification of the glutathione S-transferase fusion proteins Two fusion proteins were
produced a GST-CBD, and a GST-CBDAL in which the linker sequence has been
deleted Primer including the BamHI restriction site and complementary the 5' end of
the linker (S'-GGATCCACCTCTACCAGCAAGGCCTCG-S') or to the CBD (5'GGATCCGTTGCCCAGCTGTACGGAC-a') were designed A Xhol restriction site
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and a stop codon were inserted in the reverse primer designed on the 3'end of the
CBD

(S'-CTCGAGTCAGCACTGCGAGTAGTAGTCATTC-S')

After

PCR

amplification, sequences to be expressed were digested by BamHI and Xhol
restriction enzymes, and gel purified
The fragments were inserted in the plasmid pGEX-4T-1, digested by the same
restriction enzymes and gel purified according to the manufacturer instructions
Recombinant plasmids were used to transform £ coli BL21 cells Recombinant cells
were selected on LB plates containing ampicillm (5C^g/ml) An amount of 0 5ml of a
fresh overnight culture of recombinant cells were transferred to 4ml 2xYT medium
containing ampicillm (5(^g/ml) After 3 hours of growth at 370C, IPTG was added to a
final concentration of 0 2 mM to induce protein expression Expression was done
overnight at 30°C under shaking (250 rpm)

Isolation and purification of the protein.
Cells from a 1 liter culture were harvested by centrifugation at 40C, then washed
once and resuspended in 20 mM Tris buffer, pH7 5 After somcation (Branson,
somfier 250), inclusion bodies were isolated by centrifugation, and dissolved in 6M
guamdme-HCI for 30 mm The solubihsed fraction was recovered by centrifugation,
then diluted 1 10 in TEDG renaturation buffer (10mM Tris, pH 7, 0 1mM EDTA,
0 1 mM dithiothreitol, and 5% glycerol) Ammonium sulfate was added to 80%
saturation to precipitate proteins Proteins were removed by centrifugation and
resuspended in 10 ml IxPBS buffer (Phosphate-Buffered Saline 140mM NaCI,
2 7mM KCl, 10mM Na2HP04, 1 8mM KH2PO4, pH 7 3), then dialysed at 40C against
the same buffer
The protein fraction was purified on Gluthatione Sepharose 4B column using the Bulk
GST Purification Module (Pharmacia Biotech), according to the manufacturer
Binding experiments.
Binding isotherms were performed using concentrations from Spg to 50pg of purified
GST-CBD protein in Na-Acetate buffer as mentioned above An equal volume of this
solution was mixed with the substrate solution (0 2% BMCC with 0 5% BSA to avoid
non-specific binding to packing material, in Na-Acetate buffer) After 1 hour at 40C,
samples were centnfuged and the amount of protein in the supernatant was
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calculated. The amount of free BSA in the control was subtracted for all samples,
giving the free-CBD concentration. The binding ability of the GST-CBD to natural
fibres was estimated in the same way, using retted flax (Unum usitatissimum), cotton
(purchased from a local store) and paper (gel-blotting paper, Schleischer and
Schuell) as substrates. 12μΙ of the supernatant isolated before and after incubation
was applied on SDS-PAGE. Competition assays in the presence of amorphous
cellulose were carried out by adding 2g/l CMC (Carboxymethyl cellulose, low
viscosity, Sigma) to each sample.
The binding capacity of the CBD protein was estimated in the same way, using a
constant amount of CBD (30pg) and different amount of BMCC (from 0.005mg to
20mg).
To study the pH dependency of the binding, the following buffers were used instead
of the Na-Acetate buffer: all 25mM; glycine-HCI pH2.0 and pH3.0; Na-acetate pH4.0
and pH5.0; HEPES pH6.0 and pH7.0; glycine-NaOH pH8.0 and pH9.0.
Protein quantification and SDS analysis.
Protein concentration was determined with the BCA assay kit (Pierce), with bovine
serum albumine as a standard. Protein were analysed by electrophoresis in 12%
separating Polyacrylamide gel containing 0.1% (v/v) SDS in a mini-protean II (Biorad)
as described by Laemmli (1970), then stained with coomassie blue or silver nitrates.

Results
Cloning of a putative cellulose binding domain.
PCR amplification using specific primers annealed to cDNA from Aspergillus
japonicus and Aspergillus aculeatus both resulted in a 216-base pair product. DNA
sequence analysis demonstrated a 100% homology between the sequence cloned
from the two Aspergillus strains used in this experiment.
The repeated serines and threonines in the 5' side of the sequence (amino acids 1 to
37, Figure 1) suggest the presence of a linker peptide region. Blast analysis
confirmed the presence of a typical family I fungal cellulose-binding domain with
100% homology to the cellobiohydrolase I from Aspergillus aculeatus (amino acids
38 to 72, Figure 1). As reported for CBDs from Trichoderma reesei (Linder et al.
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1995; Tomme et al. 1995) the Aspergillus CBD has four cysteines at conserved
positions and thus Is stabilised by 2 disulfide bridges. In addition, a number of
residues are conserved which form the flat hydrophilic CBD surface that probably
interacts with the cellulose chains.
Protein expression and purification.
Expression in E. coli was performed using the pGEX expression system, which
allowed the production of a GST (glutathione S-transferase) fusion protein. The
expressed fusion protein exhibited a molecular weight composed of the 29kDa of the
GST and the calculated 7.5kDa of the linker and CBD. After expression of both GSTCBD and GST-CBDAL (Figure 1), no protein was recovered from the cytosolic
content of the sonicated cells. The GST-CBD was detected in the solubilised fraction
from the pellet (Figure 2). The extracted protein had to be refolded for a correct
conformation of the CBD and could be purified on a Glutathione Sepharose 4B
column (Figure 2). The final yield was 2.5 mg by 1 liter culture.

TSTSKASTTTTSSKTTTTSSKTTTTTSKTSTTSsssT NVAni.vnnrnnnnwTCPTTrASfiTrTKONnvvspri.

Figure 1: Schematic representation of the GST-CBD fusion protein. The amino aci
corresponding to the linker sequence are underlined. The sequence corresponding to th
CBD is shown in bold letters. AL: deletion of the linker sequence giving rise to GST-CBDA
Figure 2: Purification of the
GST-CBD fusion protein visualised on
12% SDS-PAGE. M: low molecular
weight; 1: guanidine HCI-solubilised
inclusion

bodies

fraction from

sonicated cells; 2: flow-through after
application on Glutathione sepharose
4B; 3: column washes; 4: elution of the
GST-CBD fusion protein.
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The GST-CBD fusion protein was easily purified (Figure 2) and remained stable after
purification (Figure 3B). However, complete purification of the GST-CBDAL could not
be achieved. The GST-CBDAL, with a size of 32.5kDa, 29kDa of the GST and the
3.5kDa of the CBD, was co-eluted with a second protein with the exact size of the
GST (figure 3A). This protein most likely originates from cleavage of the GSTCBDAL. Even extensive washing of the Glutathione Sepharose 4B column before
elution could not prevent cleavage of the eluted fraction when incubated at 370C
(figure 3A), suggesting a co-purification with E. coli proteases. The proper binding
ability of the GST part to the glutathione column, and the size of the isolated protein
suggest that the cleavage occurred either between the two fused domains or in the
CBD domain itself.
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Figure 3: Stability of the GST fusion proteins. Time course of proteolysis of the
partially purified GST-CBDAL (A), and the intact GST-CBD (B). 14% SDS-PAGE. 1: pro
eluted from Gluthathione Sepharose. 2-5: proteins incubated 30 min, 1h, 2h and 3h,
respectively, at 37°C. mw: molecular weights of the standard proteins in kDa.
Binding ability to microcrystalline cellulose.
The adsorption isotherm on BMCC confirmed the binding ability of the GST-CBD to
crystalline cellulose. The affinity of the GST-CBD to BMCC was quantified by
measuring the initial slope of the isotherm. The partition coefficient was calculated to
be 1.8L.g-1. Competition with carboxymethyl cellulose (CMC) also demonstrated
affinity for soluble substrate. The profile of the isotherm suggested a higher affinity for
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amorphous cellulose. Comparing the initial slopes of the isotherms, it could be shown
that once the binding sites available on CMC were saturated by the fusion protein, it
could further bind to BMCC with the same relative affinity as in the absence of CMC
(Figure 4A). The adsorption capacity of the GST-CBD was determined to be 0.86 mg
/ g of bacterial cellulose.
As already reported for other Family I CBDs, the binding of the GST-CBD occur at a
pH ranging from 2.0 to 8.0. At tfC the binding is maximal between pH4-5. An
increase in temperature to 25 C C did not substantially decrease the binding efficiency
to bacterial cellulose at a pH ranging from 2.0 to 8.0. No binding could be measured
at a pH higher than 8.0, neither at 4°C nor at 25 0 C (Figure 4B).
The binding of the GST-CBD protein appeared to be efficient on natural fibres. After 1
hour incubation at 4 0 C of 100μg of the purified GST-CBD with 20mg of paper, cotton
or retted flax fibres in 500μΙ Na-Acetate buffer, about 90% of the protein was
adsorbed (data not shown).
Deletion of the linker peptide undoes the ability of the GST-CBDAL to bind to BMCC
(Figure 5).
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Figure 5: Binding efficiency of GST-CBD. 14% SDS-PAGE of the partially purified
GST-CBDaL (lanes 1-2), and GST-CBD (lanes 3-4). Material applied to BMCC (lane 1

lane 3), and unbound protein remaining in the supernatant following binding (lane 2 and 4
mw:molecular weights of standard proteins.
Binding ability to cellulosic fibres.
The GST/CBD fusion has been shown to bind to all the cellulosic materials used in
this experiment. After application of 10(^g GST-CBD to 20 mg of flax or cotton fibres
during 1 hour at 37°C, no protein was visible in the supernatant fraction applied on
the silver stained SDS-PAGE. Nevertheless, the binding was lower on paper as
compared to what could be observed on flax or cotton fibres, as the protein could still
be detected on gel (data not shown).
Discussion

In this paper, we set to construct and characterise a new cellulose-binding fusion
protein for industrial use. Such a construct has to meet the following demands: (i) a
high binding ability to the targeted material, and (ii) a proper peptide linker allowing
the two coupled domains to work independently and conferring protection against
proteolysis. A recombinant glutathione S-transferase fused to a CBD via a linker
peptide was expressed in E. coli where it formed inclusion bodies. After solubilisation
of those aggregates and refolding of the protein, it could be isolated easily by affinity
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on Glutathione Sepharose and eluted with reduced glutathione, confirming the
correct folding of the GST moiety.
The partially purified protein was proved to bind cellulose. The CBD cloned from
Aspergillus aculeatus and Aspergillus japonicus show an apparent affinity, pH and
temperature dependency comparable to what has been reported for other family I
CBDs. The fusion to the GST via the linker did not affect its usual properties.
Removal of the cellulose-binding domain from cellulases often results in a decrease
in activity on insoluble substrates, suggesting a key role of CBDs for binding to those
substrates (Linder and Teeri, 1997). However, the cellulose-binding domain of CBHI
(cellobiohydrolase I) isolated from Trichoderma reesei (Reinikainen et al. 1997) and
the CBD from Aspergillus strains were shown to exhibit affinity for both crystalline
and amorphous substrate.
Deletion of the linker region of cellulase sequences may (Srisodsuck et al. 1993) or
may not (Shen et al. 1991; Black et al. 1997) have an effect on the binding ability of
the enzyme. The effect may depend on how the folding of the binding domain is
modified. The presence of a flexible separating region between the two domains of
the fusion protein such as we described here appears sufficient to guarantee
effective binding to crystalline cellulose. Most linker peptides from cellulases are
protease sensitive (Gilkes et al. 1988, Gilkes et al. 1991). Protease sensitivity
apparently depends on the size of the linkers (Alfthan et al. 1995; Srisodsuck et al.
1993) as well as on their amino acids sequences which determine the level of
glycosylation (Langsford et al. 1987; Srisodsuck et al. 1993; Shen at al. 1991). A
small size or a high degree of glycosylation may protect a linker from proteolysis. The
linker peptide we described is particularly rich in serine and threonine, which are
known potential sites for O-glycosylation (Jentoft, 1990). This glycosylation probably
protects the linker from proteolysis.
Thus, the construct described here fulfils all the demands with respect to cellulose
binding, persistent independent action of the linked domains and protection against
proteolysis.
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Abstract

The DNA fragment encoding a cellulose-binding domain and attached linker from
Aspergillus japomcus was subcloned and expressed m E coli The CBD had a high
affinity for cellulose No morphological or structural changes could be observed on
cotton and flax fibres after treatment with the CBD X-ray diffraction analyses
indicated that the CBD had no disrupting effect on bacterial cellulose When
Acetobacter xylmum was grown m the presence of CBD, it was found to increase
cellulose biosynthesis Scanning electron microscopy of the cellulose composite
produced by Acetobacter showed that the addition of CBD to the medium resulted in
an alteration of the cellulose structure

X-ray diffractometry showed higher

crystallmity of the Acetobacter cellulose

Introduction

Most microbial cellulases share a three-domain structure consisting of a catalytic
domain connected to a cellulose-binding domain (CBD) by a linker peptide Based on
their sequence homology, CBDs could be classified in 13 families (Tomme et al
1995), family I containing only small CBDs (from 33 to 40 ammo acid residues) of
fungal origin, while the other families are mostly represented by bacterial CBDs,
much larger m size (from 90 to 250 ammo acids) The presence of CBDs m cellulases
is essential for the degradation of crystalline cellulose (dikes et al 1988, dikes et al
1992)

CBDs appear to enhance cellulase catalysis by increasing the local

concentration of the enzyme at the insoluble cellulose CBDs may also participate in
disrupting the crystalline cellulose, thus creating a soluble substrate available for
hydrolysis by the catalytic domains (Dm et al 1994, Dm et al 1991,Gaoetal 2001,
dikes et al 1993, Henrissat, 1994, Xiao et al 2001)
CBDs retain their functions after separation from the catalytic domain (dikes et al
1992) The cellulose disruptive property of purified CBDs was shown to induce
morphological changes on cellulose fibre surface (Lee et al 2000, dikes et al 1998),
leading to a modification m texture and strength of the fibres (Levy et al 2002, Pala
étal 2001, Suurnakki et al 2000) Therefore, CBDs could be applied successfully m
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textile and paper technology (Pala et al 2001, Cavaco-Paulo 1999, Suurnakki et al
2000)
CBDs may also be regarded as potential tools to alter cellulose fibre quality and/or
quantity m vivo (Levy et al 2002, Levy & Shoseyov 2002) The gram-negative
bacterium Acetobacter xylinum has long been considered as a model to study
cellulose synthesis and microfibril assembly Acetobacter produces highly crystalline
and pure extracellular cellulose using glucose as a carbon source Like most algae
and all higher plants, Acetobacter produces native cellulose which is normally the
cellulose I allomorph The Acetobacter cellulose pellicle is constituted of twisted
ribbons of cellulose, composed of bundles of microfibrils extruded parallel to the
bacterial wall (Ross et al 1991, Haigier et al 1982) In Acetobacter, polymerisation
and crystahsation have been shown to be coupled processes Acetobacter grown in
the presence of fluorescent brightening agent or with modified cellulose such as
CMC, that all bind specifically to cellulose, produced cellulose with altered crystallinity
(Benziman et al 1980, Haigler et al 1980, Haigler et al 1982, Haigler and Chanzy,
1988) Growth in the presence of these intercalating agents also resulted in an
increase in cellulose biosynthesis A CBD from Clostridium cellulovorans described
by Shoseyov and Doi (1990) has been shown to increase the rate of cellulose
biosynthesis by Acetobacter xylinum Furthermore, the cellulose ribbon structure
appeared to be affected, the newly formed fibres being sprayed out into splayed
ribbons (Shpigel et al 1998)

In this study we investigated the effect of the Aspergillus japomcus CBD and its
attached linker (Quentin et al 2002) on the structure of fibres and cellulose produced
by Acetobacter xylinum The disruptive effect of the CBD on bacterial microcrystallme
cellulose (BMCC) and cotton and flax fibres was analysed by polarising light
microscopy and high resolution scanning electron microscopy In addition, we
investigated the possibility of using this CBD to alter the yield and/or the structure of
cellulose produced by Acetobacter xylinum
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Material and Methods
Culture conditions
Acetobacter xylmum was cultured in the Hestnn-Shramm (HS) medium (Hestrm and
Schramm, 1954) under stationary conditions at 30oC

Escherichia coli BL21

harbouring the pGex-4T-1 vector was grown on 2xYT medium as described
previously (Quentin et al 2002, chapter 2 of this thesis)
Cellulose-binding domain expression and purification
The GST-CBD (glutathione S transferase-cellulose binding domain) fusion protein
was expressed in E coli and purified on glutathione sepharose as described
previously (Quentin et al 2002) The cellulose-binding domain was recovered after
cleavage with thrombin protease (Amersham Pharmacia Biotech), according to the
manufacturer's instructions Proteins were analysed by electrophoresis in 14%
Polyacrylamide gels containing 0 1% SDS in a mini-protean II gel apparatus (Biorad)
as described by Laemmh (1970) Protein concentration was determined with the BGA
assays kit (Pierce), with BSA as a standard, according to the manufacturer's
instructions
Light and polarising light microscopy
Flax and cotton fibres were incubated in the presence of 50μg/ml CBD in Na-acetate
buffer (50mM, pH5 0) for 2 hours at 4 0 C, and observed with a light microscope under
bright field condition To test whether added CBDs could influence the isotropy of the
fibres, the birefringence of the fibres was examined with a polarising light microscope
(Leitz, HM-POL) at maximum magnification with crossed mcols and with a 1/4λ filter
(Preston, 1974) Controls were incubated 2 hours at 4°C m Na-acetate buffer
Scanning electron microscopy
Water-retted flax (jL/num usitatissimum) and cotton (purchased from a local store)
fibres incubated m the presence of CBD were rapidly frozen m nitrogen slush and
then transferred to the vacuum chamber of the cryo-FESEM (SEM, JEOL-JSM
6330F) After 3 mm sublimation at -850C, samples were sputtered with gold/platinum
for 40 sec at -140°C and examined in the microscope at -140CC
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Fragments of the cellulose pellicle produced by Acetobacter xylinum grown either in
presence or absence of purified CBD (50 and 10(^g/ml) were washed with sodiumacetate buffer (50mM, pH5.0). Samples were then deposited on the sample holder
and cryo-fixed in the same conditions as described above, and examined in the SEM.
X-ray diffraction
Bacterial micocrystalline cellulose (BMCC, 10mg) was incubated in sodium acetate
buffer (50mM, pH5.0), for 2 hours at 4°C with gentle agitation, in either presence or
absence of 5C^g and 10(^g of purified CBD per ml of buffer. Cellulose was collected
by centrifugation, washed with distilled water, and dried in an oven at 650C overnight.
The cellulose pellicle produced by Acetobacter xylinum on a medium containing 50 or
100μg CBD per 50ml, was washed in 0.1M NaOH at 80oC, and then with milliQ
water. The cellulose film was finally dried overnight at 65°C.
CBD-treated BMCC, and cellulose produced by Acetobacter xylinum were analysed
by x-ray diffractometry. X-ray diffractograms were measured with a reflective
diffractometer (PW3710, Philips) with Cua radiations. The measurement conditions
were as follows: divergence slit, 1 degree; receiving slit 0.1mm; X-ray radiation,
50kV, 40mA. The crystallinity was measured from 7° till 40° (2Θ angle) with a scanstep size of 0.02°.

Results
Purification of the cellulose-binding domain
The expression of the GST-CBD fusion protein, having affinity for both carboxymethyl
cellulose

(CMC) and bacterial

microcrystalline

cellulose

(BMCC)

and its

immobilisation on glutathion sepharose were performed as described previously
(Quentin et al. 2002; chapter 2 of this thesis). Cleavage of the immobilised fusion
protein with a thrombin protease allows the recovery of the CBD moiety to purity
(figure 1). About 0.4 mg CBD could be isolated from one litter culture. Binding ability
of the purified CBD moiety was confirmed by incubating a sample fraction with BMCC
for 1 hour at 40C, and by checking for the presence of unbound proteins in the
supernatant by SDS-PAGE analysis (data not shown).
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Figure 1: Purification of the cellulose-binding domain. Lane M: molecular weight

markers in kDa. Lane 1: fraction eluted after cleavage by thrombin protease. Lane 2: elu

of protein immobilised on glutathione sepharose by reduced glutathione, after the proteas
treatment.
The A. japonicus CBD does not cause any cellulose disruption
As described previously for the GST-CBD fusion protein (Quentin et al. 2002, chapter
2 of this thesis), purified CBDs did bind to flax and cotton fibres when incubated in
Na-acetate buffer at pH5.0 (data not shown). Fibres treated with the CBD did not
show any de-aggregation or swelling when observed with a light microscope under
bright field conditions (Figure 2). No alteration on the cellulose surface of cotton or
flax fibres could be observed either. Polarising light microscopy did not reveal any
apparent modification in crystallinity of the surface of treated fibres when compared
with the control (Figure 2). The effect of the CBD on the surface of flax and cotton
fibres was examined by high-resolution SEM (figure 3a and 3b). At high magnification
(x20000), no significant physical effect of the CBD on the fibres could be observed.
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Figure 2: Birefringence of fibres after incubation with CBDs. Cotton (A to D) and flax (E to H)
fibres incubated with 0 (A, D, E and G) and 50//g CSD observed under bright light (Α, Β, E
and F) and polarised light (C, D, G and H) microscope. Scale bar: 25μ/π.
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Figure 3a

Figure 3b

Figure 3: The A. japonicus CBD does not alter the morphology of cellulose fibres.
Scanning electron micrographs of flax (figure 3a) and cotton (figure 3b) fibres incubated (B
and D), or not (A and C), with 50 ßg of purified CBD per ml of Na-acetate buffer. Scale bar: 2
μτη (A and B) and 1μν (C and D).
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To confirm whether the A. japonicus CBD exhibits any disruptive effect, bacterial
microcrystalline cellulose (BMCC) was incubated in the presence of various
concentrations of CBDs and analysed for crystallinity using x-ray diffractometry. The
peak patterns of treated cellulose were typical for crystalline structures of bacterial
cellulose, since no differences from the peak patterns of untreated BMCC were
observed. The action of the fungal CBD on bacterial cellulose did not lead to any
significant decrease in the intensity of the peaks characteristic of native cellulose bt,
suggesting that the crystalline structure of cellulose was not disrupted (figure 4).
3000 -ι

control
— Treated

'2Θ

Figure 4: The A. japonicus CBD does not affect the crystallinity of bacterial cellulos

X-ray diffractograms of bacterial microbial cellulose (BMCC) incubated (treated), or n
(control), 1 hour at 4 °C in the presence of 50 μς CBD per ml of Na-acetate buffer.

Influence of the cellulose-binding domain on A. xylinum cellulose biosynthesis
The influence of the CBD on Acetobacter xylinum cellulose biosynthesis was
evaluated by analysing the course of cellulose production in the presence of purified
CBD by measuring cellulose pellicle thickness. As shown in figure 5, the addition of
CBD enhanced the thickness of the cellulose layer during the early production phase.
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After six days of growth in stationary conditions, the thickness of the cellulose
remains stationary Thus, the CBD effect may be attributed to an enhancement in the
rate of cellulose biosynthesis

without CBD
4

with 50ug CBD
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Figure 5: A xylinum grown in the presence of CBD shown a higher rate of cellulose
biosynthesis Change of the thickness of the bactenal cellulose layer grown (treated) or not
(control) in the presence of 50μg CBD per ml of medium

Influence of the cellulose-binding domain on A. xylinum cellulose structure
Using SEM (scanning electron microscopy), we could show that growth in the
presence of 5C^g CBD per ml of medium caused swelling of the cellulose ribbons
Indeed the usual twisted structure observed in the untreated ribbon became
disordered significantly, and separation between microfibrils occurred inside the
ribbon (Figure 6) Furthermore, cellulosic ribbons seemed to aggregate m some
larger but less organised macrofibnls Growth m the presence of 10C^g CBD per ml
led to a less organised network in which orientation of microfibrils seemed to have
been perturbed (Figure 6) Ribbons also appeared to be much thinner, probably due
to an absence of organisation of the microfibrils into macrofibres It should also be
noted that the production of cellulose in the presence 50 to 10(^g/ml CBD led to the
production of a composite more recalcitrant to sublimation during cryo-fixation, which
may suggest an alteration of the physicochemical properties of the cellulose
produced
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Figure 6: CBDs affect the Acetobacter cellulose structure. Scanning electron
micrographs of cellulose composite produced by Acetobacter xylinum in the absence (A and
B), and in the presence of 50 μg (C and D) or 100 μg (E and F) CBD per ml of culture
medium. Scale bar: 1μτη. Arrows show the separation between microfibrils within the
cellulose ribbon.
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In order to investigate whether alteration of the structure of the cellulose composite
was related to a modification in cellulose crystallinity, cellulose samples were
analysed by x-ray diffractometry. The spectra of x-ray diffraction of cellulose
produced in the presence of 5(^g per 50ml medium did not show significant
differences when compared with the control. Growing Acetobacter xylinum in the
presence of 100μg CBD per 50ml medium, however, results in an increase of the
intensity of peaks 1 and 3 of native cellulose Ι α (Figure 7). In addition, the presence
of the regenerated form of cellulose Ι β (peak 4) can be observed. The spectra reveal
5.9% increase in relative crystalline index.

ι
I

— control
— CBD treated

ρ
°2Θ

Figure 7: CBDs affect the crystallinity of the cellulose composite produced by

Acetobacter. X-ray diffractograms of product samples from Acetobacter xylinum grown or
in medium enriched in CBD (100μg per 50ml of medium).

Discussion
The presence of CBDs in cellulases is essential for the degradation of crystalline
cellulose. CBDs appear to enhance cellulase catalysis by (I) increasing the local
concentration of the enzyme at insoluble cellulose, and/or by (ii) disrupting the
crystalline cellulose, creating a substrate available for hydrolysis by the catalytic
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domains. This non-hydrolytic disruptive effect on cellulose has been demonstrated
for both bacterial and fungal CBDs (Henrissat, 1994; Din et al. 1991; Din et al. 1994;
Gao et al. 1998; Xiao et al. 2001). This property also occurs in CBD containing plant
endo-glucanases (Trainotti et al. 1999) and expansins (Cosgrove, 1999). However,
the A. japonicus CBD does not cause cellulose disruption. Some other CBDs of
bacterial origin do not exhibit this activity either (Bolam et al. 1998; Rixon et al. 1996).
Thus, the non-hydrolytic disruption of cellulose by CBDs is not a rule. Surfaces of
cotton and flax fibres do not appear to be eroded or roughened by the linker-attached
CBD from Aspergillus japonicus, as previously observed on cotton by Gilkes and coworkers (1998) for a CBD and attached linker from the bacteria Cellulomonas fimi.
Using atomic force microscopy (AFM), Lee and collaborators (2000) detected tracks
and holes on cotton fibres, which might reflect binding sites of the CBD on the
cellulose surface. Despite the fact the CBD was binding to flax and cotton fibres,
using birefringence and SEM studies, we were unable to detect any morphological
change on flax or cotton fibres. Super-molecular alteration by added CBDs therefore
seems to be excluded. However, these results must still be interpreted with caution,
as small changes on cellulose surfaces may have remained undetected with the
current techniques (Bolam et al. 1998). Subtle changes on cellulose surface, such as
solubilisation of single cellulose chains, have been shown to occur (Reinikainen et al
1995; Bolam et al. 1998). In spite of the absence of detectable morphological
modification of the cellulose surface, coating fibres with CBDs may alter their
physico-chemical properties. In addition, the linker-attached CBD we describe may
be of interest in targeting reactive molecules to fibre surfaces, while preserving the
integrity of the cellulose.

In this chapter we also investigated the effect of the linker-attached CBD on cellulose
production by Acetobacter xylinum, which is considered as a model system to study
cellulose biosynthesis and structure. Binding to both amorphous and crystalline forms
of cellulose (Quentin et al. 2002), the CBD from Aspergillus japonicus was supposed
to alter the assembly of the cellulose ribbon produced by A. xylinum by interacting
with cellulose directly after its extrusion from the cell. Indeed, growing A. xylinum in a
medium enriched with CBD proteins led to an increase in the rate of cellulose
polymerisation and an alteration in the cellulose structure. Polymerisation and
crystallisation were shown to be coupled in A. xylinum. Substances affecting
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crystallisation, such as fluorescent brightening agents or dyes (Brown et al 1982,
Haigler et al 1980, Haigler et al 1982, Haigier & Chanzy, 1988), CMC (Benziman et
al 1980) or bacterial CBD (Shpigel et al 1998) were shown to induce an increase of
cellulose polymerisation Our results confirmed that CBDs might be considered as
intercalating agents able to modulate cellulose biosynthesis and structure McLean
and coworkers (2000) have suggested that CBDs, instead of binding along the
microfibres, may bind across those fibres Levy and collaborators (2002) also
showed that CBDs may cross-link cellulose fibres Such a cross-link in between
fibres may explain both the agglutination of cellulose microfibres produced by A
xylinum in the presence of CBD as seen in figure 3, and the increase in crystalhnity
measured using X-ray diffraction Higher concentration of CBD did not lead to such a
agglomeration, probably due to the saturation of binding sites by CBDs CCPs,
cellulose cross-linking proteins (Levy et al 2002), have been shown also to induce
cellulose agglutination, and fibre cross-linking Concentration dependent effects,
similar to the one we report here, were also observed with the CCP during
agglutination assays High concentration of CCP did not induce any aggregation The
A japomcus CBD was able to affect both quantity and quality of the cellulose
produced by A xylinum Thus, it may be considered as a potential agent to modify
cellulose and cell walls m planta, and it may allow the production of cellulose fibres
exhibiting alternatives properties
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Chapter 4 - The expression of a fungal CBD m Arabidopsis thahana

Abstract

Cellulose-binding domains (CBDs) are part of the modular structure of microbial and
plant endo-ß-1,4-glucanases and expansins, and may be instrumental in cellulose
degradation and cell wall loosening. Transgenic Arabidopsis thaliana were produced
that expressed a CBD from Aspergillus japonicus under an enhanced CaMV35S
constitutive promoter. Light-grown transformants showed significant alterations in
their phenotype. Stems, roots, cotyledons and leaves appeared to be shorter in the
CBD-expressing Arabidopsis, whereas tip-growing root hairs were shown to elongate
more. In all tissues investigated, cells were shown to undergo a radial, rather than
longitudinal, expansion. The plant dwarfism was related to a defect in cell elongation.

Introduction

A wall that counterbalances the cell's internal osmotic pressure or turgor, and thus
prevents protoplast rupture, surrounds all plant cells. As a consequence, the wall not
only limits cell expansion and defines cell shape, but is instrumental also in plant
morphogenesis. For this purpose, the wall must be able to expand locally and
directionally, without losing its integrity.
The stress bearing elements in the primary cell wall of higher plants are the
crystalline cellulose microfibrils (CMFs), cemented by a complex matrix of
hemicellulose, mainly xyloglucan, pectin and proteins (Carpita and Gibeaut, 1993).
Wall expansion is achieved by proton extrusion that activates enzymes causing
loosening of the matrix and allowing creep of the non-extensible CMFs (Cosgrove,
1997). Wall integrity is preserved by a concomitant and regulated deposition of newly
synthesised polysaccharides (Cosgrove, 1997; Darley etal. 2001).
However, the mechanism underlying these processes is poorly understood. CMFs
are made up of homologous linear chains of ß-1,4-D-glucose residues that are
synthesised at the cell surface by a complex of 6 cellulose synthases, seen as
terminal complexes or rosettes in freeze-fractured cell membrane surfaces
(Montezinos and Brown, 1976). At extrusion, at least 36 individual cellulose chains
form the crystalline CMFs by mutual hydrogen bonding (Delmer and Amor, 1995;
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Delmer, 1999) Wall texture and mechanical properties depend largely on the pattern
of cellulose deposition, but its control is a matter of debate At least m primary cell
walls, microfibrils orientation relates to cell growth and cell polarity, as the majority of
the microfibrils are deposited transverse to the axis of elongation

Matrix

polysaccharides, xyloglucans and pectin, are synthesised in the Golgi apparatus and
secreted in the cell wall (Zhang and Staehelm, 1992) At deposition, xyloglucans may
coat cellulose and cross-link two microfibrils by hydrogen bonding between the
xyloglucan backbones and the cellulose chains (Fry, 1989, Hayashi, 1989) The
actual rigidity and strength of the plant cell wall is thought to depend on the integrity
of this cellulose/hemicellulose network Elongation requires the loosening of this
network by enzymes that progressively disrupt bonds between cellulose and the
coating xyloglucans, conferring plasticity to the cell wall (Cosgrove, 1997, Cosgrove,
1998)

Wall loosening enzymes include endo-glucanases, xyloglucan endo-

transglucosylases and expansmes (Cosgrove, 1999)

Cellulose-binding domains (CBDs) occur in some plant endo-1,4-ß-glucanases and
expansms that are involved in wall loosening (Calala and Bennett, 1998, Tramotti et
al 1999, Cosgrove, 1999, Darley et al 2001) CBDs were first identified as part of a
three-domain structure, ι e the catalytic domain connected to the CBD by a linker
peptide, that is shared by most microbial cellulases Based on sequence homology,
microbial CBDs have been classified in 13 families (Tomme et al 1995) Familly I
contain only small CBDs (from 33 to 40 ammo acid residues) from fungi All other
families are made up of bacterial CBDs They are much larger in size (from 90 to 250
ammo acids) and share homologies with the CBDs from plants CBDs have a high
affinity for crystalline cellulose (Klyosov, 1990, Hennssat 1994) They have been
proposed to participate in a non-hydrolytic disruption of the cellulose chains of the
CMFs (Dm et al 1991, Hennssat, 1994, Gao et al 2001, Xiao et al 2001), thus
facilitating the action of the associated catalytic domain (Gilkes et al 1988, Gilkes et
al 1992)
The Clostridium cellulovorans CBD has been shown to modulate peach pollen tube
walls and Arabidopsis thaliana root elongation in vitro in a dose-effect manner Low
concentrations of CBD stimulated plant cell elongation, while high concentrations
showed an inhibitory effect (Sphigel et al 1998) When expressed in poplar under the
control of the tissue-elongatmg-specific ce/7 promoter (Sham et al 1997), the CBD
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from Clostridium cellulovorans caused an increase in biomass production (Levy and
Shoseyov, 2002)

Thus, CBDs may be powerful tools to modify cell wall structure

and composition (Levy and Shoseyov, 2002) In addition, they may be instrumental to
better understand wall construction at genesis and cell expansion
Presently, we investigated the effect of the expression in Arabidopsis thaliana of a
family I CBD from Aspergillus japomcus with affinity for both amorphous and
crystalline cellulose (Quentin et al 2002) Expression of the CBD under the control of
a constitutive promoter led to a defect in cell elongation and plant development

Materials and methods

Materials
Arabidopsis thaliana, ecotype Wassilevskija (Ws) was used for all experiments The
C58C1 strain of Agrobactenum tumefaciens was used for plant transformation
Standard molecular cloning were done in Escherichia coli XL1 blue
Constructs
Standard molecular cloning techniques were performed as described by Sambrook et
al (1989)
Cloning of the Arabidopsis thaliana Cell peptide signal sequence
Genomic DNA was extracted from Arabidopsis thaliana stems The Ce/1 (endoglucanase gene) peptide signal (Sham et a l , 1997) was amplified by PCR using the
following primers S'-CCATGGCGCGAAAATCCCTAATTT-S' containing a Ncol site
and a start codon, and S'-GTCGACTTTACGGAGAGCGTCGC-S' including a Sail
restriction site pSi was obtained by ligation of the amplified fragment in the
Ncol/Sall-digested pMTL23
Construction ofpSi-CBD
An Aspergillus japomcus cellulose-binding domain (CBD) with attached linker was
amplified

by

PCR

on

cDNA

using

the

following

primers

5'-

GTCGACACCACCAGCAAGGCCTCG-3' containing the Sail restriction site, and 5'79
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GGATCCTCAGCACTGCGAGTAGTAGTCATTG-S' including a stop codon and a
BamHI restriction site (Quentin et al. 2002). The resultant PCR fragment was then
cloned in the BamHI/Sall-digested pSi giving rise to pSi-CBD.
Introduction of Si-CBD in a plant transformation vector
The pSi-CBD vector was digested with BamHI and Ncol. The resulting fragment was
inserted in the BamHI/Ncol-digested pAMV-1, a pMTL23 derivative containing the
translation enhancing S'-untranslated region (UTR) of the alfalfa mosaic virus (AMV)
cloned into the Bglll and Ncol sites (Rouwendal et al. 1997), creating the pAMV-SiCBD. The pBin19 (Sevan, 1984) derivative pBinE35S-nos (Rouwendal et al. 1997),
was linearised by using BamHI, and modified by insertion of the Bglll/BamHI
fragment originated from the digested pAMV-Si-CBD, resulting in the pBinE35SAMV-Si-CBD-nos expression vector.
Plant transformation
The constructs pBinE35S-AMV-Si-CBD-nos and pBinE35S-nos (negative control)
were introduced in Agrobacterium tumefaciens by electroporation. Transformants
were selected on LB medium containing kanamycin 50mg/l, rifampicin 50mg/l and
gentamycin 20mg/l.
A. tumefaciens was grown overnight in 50ml LB with kanamycin 100mg/l, harvested
by centnfugation and resuspended in 25ml infiltration medium (Murashige and Skoog
(1962) medium, 5% sucrose, pH5.8). After centnfugation, the pellet was resuspended
in 2ml infiltration medium containing 0.05% Silver L77. Flowers of 3 to 4 week-old
plants were immersed in the A. tumefaciens solution during 5 minutes. 3 weeks after
infiltration, T1 seeds were harvested.
From each transformed plant, about 100 seeds were sterilised in hypochloride (1%
v/v) during 5 minutes and then washed three times with sterile milliQ water. The
seeds were resuspended in 0.8% agar in sterile milliQ, then spread on selection
medium (1xMS, 1% agar, 20g/l sucrose, 80mg/l kanamycin, pH5.7-5.8). Plates were
incubated 48 hours at 40C before to be transferred to a growing chamber at 210C
under a 16h-light/8h-dark cycle. For dark conditions, plates were wrapped in three
layers of aluminium foil. Green house-grown plants were transferred to soil after 7
days of growth on selection medium.
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Molecular analysis
Southern-blot analysis
Genomic DNA was isolated from leaves of 3-week old plants, and i^g of digested
DNA was blotted on a positively charged membrane (Hybond N+, Amersham), using
standard techniques (Sambrook et al 1989) The filter was hybridised with a
digoxigenm-labelled probe amplified on the CBD sequence of pBinE35S-AMV-SiCBD-nos as described by the manufacturer (Boehrmger, Mannheim, Del )
Northern-blot analysis
Total RNA was isolated from leaves of 3-weeks old plants, and 8μg of denaturated
RNA was blotted on a positively charged membrane (Hybond N+, Amersham), using
standards protocols (Sambrook et al 1989) The filter was hybridised as described
for the southern-blot analysis
Production of antibodies and Western-blotting
The CBD from Aspergillus japomcus was purified as described previously (chapter 3
of this thesis) The rabbit polyclonal anti-CBD antisera were prepared at Eurogentec
S A (Herstal, Belgium) using their standard immunisation procedure
Cellular proteins were isolated from leaves with Tns-HCI (0 1M, pH7 5) containing
100mg/l PVP

(polyvmylpyrrohdon, Merck) and proteases

Inhibitor complex

(Complete, Roche) Cell walls were obtained by washing (three times) ground leaves
for 1 hour in 70% ethanol at 70oC The remaining pellet, which contained the cell
wall, was dried overnight under vacuum at room temperature Cell wall proteins were
extracted with 2M NaCI
SDS-PAGE (Laemmli, 1970) was performed m a midi-protean II system (Biorad)
under reducing denaturing conditions For Western-blot analysis proteins were
electrophorectically transferred onto a PVDF filter (Millipore) Filters were blocked
over-night at 4°C with skim milk powder in TTBS (0 1M Tns-HCI, pH7 5, 500mM
NaCI, 0 1% Tween-20) The filters were incubated 2 hours at room temperature with
the polyclonal anti-CBD antibodies (1 500 to 1 20000 in 1% skim milk in TTBS),
washed with TBST, and incubated 1 hour at room temperature m a secondary
antibody-conjugated to alkaline-phosphatase (AP) (goat anti-rabbit, Sigma, 1 5000 in
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1% skim milk in TBST) After washing with TBST, the filters were rinsed with AP
buffer (0 1M Tns-HCI, pH9 5, 0 5M MgCb, O 5M NaCI) Antibody-binding was
detected by incubating the filters m 10ml AP buffer containing 33μΙ of 5-bromo 4chloro 3-indoyl phosphate (50mg/ml) and 66μΙ of mtro-blue tetrazohum (50mg/ml)
(Amersham Pharmacia Biotech)
Alternatively, before electrophoresis, the rabbit polyclonal antisera were centnfuged
and dialysed against phosphate buffer (20 mM, pH7 0), and applied on a Glutathione
Sepharose on which a GST-CBD fusion protein (chapter 2 of this thesis) had been
immobilised Potentially affinity-bond anti-CBD immunoglobulmes were eluted with
glycine buffer (0 1M, pH2 7), and neutralised by collecting the fractions in Tns-HCI
(1M, pH9 0)
Microscopy
For light microscopy, hand-cut segments of 7-day old hypocotyls were fixed and
embedded in Spurr as described previously (Quentin et al 1997) Semi-thin sections
(1pm) were stained with toluidme blue and examined in a light microscope (Axioplan,
Zeiss, Germany) For Scanning Electron Microscopy (SEM), samples were fixed
overnight at 40C in 1% osmium tetroxide in PIPES (0 2M, pH6 8), and progressively
dehydrated in ethanol

The samples were then critical-point-dned, mounted on

specimen holders with carbon cement, coated with gold by sputtering, and examined
in a JSM 6330F scanning electron microscope (SEM, JEOL) Alternatively, leaves
were frozen in nitrogen slush, and, sublimated for 4min at -90oC, sputtered for 40sec
at -140oC, and following the preparations were examined at -140oC in the JSM
6330F SEM
Comparison between transformant and wild-type material always occurred on the
basis of precisely staged and well defined plant parts Statistical analysis was always
performed on 5 different stems or leaves from independently grown transformants
and wild type In each case, three images were taken from comparable sites
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Results

Isolation of the transformants and genetic analysis
A CBD with affinity for both bacterial microcrystalline cellulose (BMCC) and
carboxymethyl-cellulose (CMC) was cloned by RT-PCR on RNA extracted from
Aspergillus japonicus

(Quentin et al. 2002) and introduced in a pBin19 derivative

construct (Rouwendal et al. 1997) (Figure 1). To target the CBD to the cell wall, the
Cell (endo-ß-1,4-glucanase C e l l ; Shani et al. 1997) signal sequence was linked to
the CBD. A linker region, cloned from Aspergillus japonicus and required for proper
folding of the CBD (Quentin et al. 2002), was used to connect the two domains. Six
independent Arabidopsis

thaliana plants (To, parental generation) were transformed

by flower dipping in a recombinant Agrobacterium

culture. Kanamycin resistance,

PCR analysis and Northern-blot analysis were used to confirm the presence of active
transgenes in the Τι generation (data not shown).

Figure 1: Schematic representation of the pBin19 derived transformation
vector. E35S: enhanced CaMV 35S promoter, AMV: translation enhancing 5 - untranslated
region of alfalfa mosaic virus, PepSig: Cell Arabidopsis thaliana signal sequence, link: linker
peptide, CBD: cellulose-binding domain from Aspergillus japonicus, nos-p: nopaline synthase
gene promoter, nptll: neomycine phosphotransferase gene, nos-t: nopaline synthase gene
tenninator. B: Bam HI restriction site, N: Ncol, H: Hindlll, E: EcoRI. LB: left border, RB: right
border.

In order to confirm the CBD translation and its targeting to the cell wall, intracellular
proteins and cell wall proteins were isolated. Due to insufficient specificity of the

83

Chapter 4 - The expression oj a fungal CBD m Arabidopsis thahana
produced antisera, Western-blot analysis could not be used to confirm the presence
of the CBD in the extracts (data not shown)
A transgenic line was selected, in which both CBD insertion and phenotype were
stable over four generations No kanamycm-sensitive plant was observed over four
generations, indicating the presence of more than a single active copy of the
transgene as shown by Southern-blot analysis on DNA extracted from T3 plants
(figure 2A)

A tandem insertion was detected in all these siblings In 3/4 of the

population a single insertion and an inverted repeat insertion were additionally
detected

Transcription of the CBD gene m the transformed population was

confirmed by Northern-blot analysis (figure 2B) All following experiments have been
conducted on the T3 generation of this selected transgenic line
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Figure 2: Molecular analysis of 7 CBD transformant and a control A thahana plants
by DNA gel blot and RNA gel blot A Southern-blot analysis was performed using genomic
DNA (10ßg) digested with BamHI (A1) or Ncol (A2), and size fractionated on 0 8% (wlv)
agarose gels Membranes were hybndised with a CBD gene specific probe Β Northern-blot
with 8ßg of total RNA from leaves of 3 weeks-old plant The filter was hybndised with the
total insert shown in figure 1 1 wild type 2 CBD transformants rRNA ethidium bromidestained nbosomic RNA
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Phenotype of the transformants
Plant morphology
Plants were grown under two different light regimes, under a 16 hour-light/ 8 hourdark cycle or entirely in the dark. In both conditions, the plants transformed with the
control construct pBinE35S-nos did not exhibit any phenotype when compared with
the wild type. All plants from the transgenic line expressing the CBD and grown
under light showed the same dwarfish phenotype. The effect of the CBD was not
detectable in seedlings grown entirely in the dark (data not shown).

Figure 3: CBD transformant phenotype. A: 5-day-old light-grown control (A1) and
CBD transformant (A2) seedlings. B: 7-day-old light grown control (left) and CBD
transformants (right) seedlings. F: mature green house-grown control (left) and nt (right)
plants. Scale bar represents 1cm.

85

Chapter 4 - The expression of a fungal CBD in Arabidopsis thaliana

The hypocotyl of 7 day-old light grown CBD transformants (1.39 ± 0.18 mm) was one
third shorter than the hypocotyl of the controls (1.99 ± 0.24 mm) (figure 3C and 4 A).
Its growth kinetic, however, was unchanged (figure 4A), indicating that the difference
in hypocotyl length was not due to growth delay. With a few exceptions, both
transformants and controls elongated between the second and seventh day. Root
growth of the light-grown tranformants was also reduced (figure 3C and 4B).
However, the difference in root length became significant only after seven days of
growth: 4.03 + 0.59 mm and 6.18 ± 1.15 mm for the 9-day old, light grown
transformants and controls, respectively.
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Figure 4: Hypocotyl and root elongation kinetics of light grown control and CBD
transformant seedlings. For each indicated time point, 50 plantlets were investigated.
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The size of cotyledons, rosettes and flowering stems, also appeared to be reduced.
Differences in size between controls and transformants were maintained after
maturation (figure 3).
Unlike all other organs investigated, the tip-growing root hairs of the seedlings
expressing the CBD had become longer than those of the control (Figure 3D and
3E).
All these measurements were done also on hypocotyls and roots of transformants
grown under dark condition. However, no significant differences with controls were
observed.
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Figure 5: Hypocotyl phenotype of light grown control (A) and CBD transformant
(Β) seedling. Arrows emphazise the difference in epidermal cell morphology between the
control (A) and the transformant (Β). Transverse sections of control (C) and transformant
hypocotyls (D) stained with toluidine blue. Scale bar: 100 pm (A and B) and 60 pm (C and D).

87

Chapter 4 - The expression of a fungal CBD in Arabidopsis thaliana

Figure 6; Scanning electron micrographs (SEM) of epidermal cells of 3-weeks-old
control (A and C) and CBD transformant (Β and D) flowering stems. Scale bar: 100 μ/η (A
and B) and 10 μ/τ? fC and D).
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Figure 7: Scanning electron micrographs (SEM) of epidermal cells of 3-weeks-old
control (A and C) and CBD transformant (Β and D) leaves. Scale bar: 20 ßm (A and B) and
100 ßm (C and D).
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Ceil elongation deficiency
To investigate whether organs size reduction derived from a decrease in cell
elongation, size and morphology of cells from different organs were examined
Epidermal cells of light grown 7 days old hypocotyls of the transformants appeared
shorter than those of control seedlings grown under the same conditions The longest
epidermal cells were seen at half height of the control hypocotyls

In the

transformants, at the same position, cells were much shorter, with a clear swollen
appearance, indicating a radial rather than longitudinal expansion (figure 5) These
observations indicate that the reduction in hypocotyl length of CBD-expressmg
seedlings resulted from a decreased cell elongation Light microscopic examination
of transverse sections from transformant hypocotyls showed that the increase in cell
radius also occurred in the cortex of the hypocotyl (Figure 5)
As seen m the SEM, the flowering stem epidermis of the transformants showed
clusters of shorter and larger cells when compared to the control (figure 5) A
statistical analysis showed that cell length varied from 232 ± 68 μπι for the CBD
expressing plants to 342 ±100 μιτι for the controls Cell width was higher in CBD
expressing plants (12 88 ± 2 88 μπι) than in the controls (10 82 ± 1 64 μιη) Similar
observations could be made on the upper epidermis of leaves from 3 weeks old
plants (Figure 7) Lengths and widths of cells along the veins m the middle part of the
leaves varied from 199 05 ± 52 55μΓπ and 28 85±7 25μΐ'π for the transformants to
262 66 ± 83 07μπΓΐ and 28 00 ± 6 55μΓη for the controls
Section of the 3 week old flowering stems from the transformants showed an
impairment of both morphology and distribution of the xylem vessels (figure 8) The
vessels were much irregularly sized than in the control stems In the xylem tissue of
the transformants, particularly, large cells were randomly distributed in between
smaller cells Some phloem cells appeared to be collapsed at contact with the xylem,
probably due to the pressure exerted by the swollen xylem cells (Figure 8)
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Figure 8: Transverse sections of 3-week-old green house-grown control (A, C and E)
and transformant (Β, D and F) plant flowering stems, stained with toluidine blue. A single
vascular bundle (A and B), a detail of phloem and xylem vessels (C and D) and an
enlargement on interfascicular fibres (E and F) are shown, f: phloem, x: xylem, e:
endodermis, ie: interfascicular fibres. Scale bar represents 75μ™.
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Discussion
This study describes the phenotype of Arabidopsis thahana expressing a CBD from
Aspergillus japomcus, with affinity for both crystalline and soluble forms of cellulose
(Quentin et al 2002, chapter 2 of this thesis), under the control of a strongly
enhanced CaMV 35S promoter The expression of the CBD m planta led to a
dwarfish phenotype caused by a decrease in cell elongation

Plants grown

continuously in the dark, however, lacked the phenotype
Since CBDs bind directly to cellulose, they might interfere with cellulose biosynthesis
and deposition and assembly in the wall Once cellulose has been deposited, CMF
orientation largely defines the direction of cell elongation Impairing biosynthesis or
orientation of the CMFs could lead to an iso-diametnc expansion or swelling of the
cells, rather than a directional, longitudinal elongation Mutation of genes involved in
the synthesis and/or deposition of cellulose also led to dwarfish phenotypes, due to a
defect in cell elongation A thaliana mutants such as KORRIGAN (Nicol et al 1998),
PROCUSTE (Desnos et al 1996, Fagard et al 2000) or KOBITO (Pagant et al
2002), also show swollen cells
Shpigel and co-workers (1998) reported that CBDs from the bacterium Clostridium
cellulovorans modulated the elongation of various in vitro cultured plant cells in a
dose-effect manner Though high concentrations of CBDs have been shown to inhibit
root elongation, low CBDs concentration, however, showed a reverse effect and
promoted growth Expression under the enhanced CaMV 35S promoter apparently
causes a sufficient high expression of CBD to inhibit cell elongation m A thahana
The difference m response to CBD expression between hypocotyls, roots and stems,
and the reverse effect on tip growing root hairs may be explained by the observations
of Shpigel and co-workers (1998) Concentrations of bacterial CBD ranging from 0 01
to 1 μg/ml were shown to promote roots growth, whereas the tip-growing root hairs
and pollen tubes required much higher concentrations (100 μg CBD/ml)
CBDs supposedly act by occupying the binding sites for cell wall loosening enzymes
Similar effect on cell elongation were also obtained with antibodies inhibiting the
activity of endo-1,4-ß-glucanases involved in wall loosening (Inouhe and Nevms,
1991, Hoson and Nevms, 1989)
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As a result of binding to cellulose and hemicellulose, CBDs might interfere with their
regular association. Like CMC (Haigler et al. 1982) and fluorescent brightening
agents (Haigler et al. 1980), CBDs from C. cellulovorans prevented crystallisation of
Acetobacter xylinum CMFs, which resulted in an accelerated cellulose production
(Shpigel et al. 1998). Competition with xyloglucan for cellulose binding has been
demonstrated as well (Shpigel et al. 1998). Interference of CBDs with the structure of
the cellulose/xyloglucan network may affect also the mechanical wall properties.
Results reported in chapter 3 of this thesis indicated a modification in the structure of
A. xylinum cellulose and thus, related effects may be expected after CBDs
expression in planta.
The effect of the expression of the CBD in planta was shown to be restricted to
development under light, also called photomorphogenesis. Seedling grown in the
dark, undergoing skotomorphogenesis, remained unaffected. This conditional
phenotype of the CBD transformants may be explained in various ways. Maybe, CBD
expression remains lower at skotomorphogenesis, but reports on the CaMV 35S
expression under that condition do not support such an effect. Alternatively, the effect
of the CBDs may be obscured by the strong polar extension at skotomorphogenesis.
In our view, the conditional phenotype relates to a change in wall composition at
skotomorphogenesis. The effect of CBDs somehow must relate to wall composition
and wall construction, and differences in wall structure occur between photo- and
skotomorphogenesis. In Arabidopsis thaliana, a switch from skotomorphogenesis to
photomorphogenesis leads to a modification in the composition and structure of the
cell wall (Desnos et al. 1996; Gendreau et al. 1997). In other plants, etiolation has
been correlated with changes in the cell wall's polysaccharides content (Morvan et al.
1991) causing an alteration in mechanical properties of the wall (Kutschera, 1996;
Schopfler et al. 2001).
However, further biochemical and cytological analysis are needed to precisely
determine the relation between the expressed CBDs alterations in wall construction
and the conditional dwarfish phenotype.
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Abstract
Arabidopsis thaliana plants expressing a cellulose-binding domain (CBD) from
Aspergillus japonicus showed a dwarfish phenotype due to a defect in cell
elongation. Microscopic techniques showed that the spatial architecture of the walls
was modified in the CBD-expressing plants. FT-IR analysis of the walls confirmed
that the biochemical composition of the walls was altered. Transformants displayed a
higher content of cellulose, protein and pectins. Presently, we demonstrated that the
cellulose-xyloglucan network of the transformants may be altered.

INTRODUCTION
The primary cell wall of higher plants is a complex structure of cellulose microfibrils
(CMFs) embedded in a matrix of hemicellulose, pectin and protein (Carpita and
Gibeaut, 1993; Cosgrove, 1997). Cellulose microfibrils have a high mechanical
strength and represent the main stress bearing elements of the wall. Cellulose, a
homogenous and linear chain of 1,4-ß-glucan, is synthesised at the surface of the
plasma membrane by a complex of 6 cellulose synthases, called 'terminal
complexes' or 'rosettes'. At deposition, cellulose chains form crystalline CMFs by
hydrogen bonding between the free hydroxyl groups and oxygen residues of
neighbouring cellulose chains (Delmer and Amor, 1995; Delmer, 1999). The
biosynthesis and deposition of cellulose microfibrils in the wall may involve
microtubules and membrane-attached endo-1,4-ß-glucanases, which would define
microfibril length and orientation (Emons and Mulder, 2000; Nicol et al. 1998). The
transverse orientation of CMFs in growing cells favours a longitudinal rather than a
radial expansion of the cell wall (Emons and Mulder, 1998; Emons and Mulder,
2000).
In the primary cell wall of dicotyledons, the non-extensible cellulose microfibrils are
cross-linked among others by hemicelluloses, mainly xyloglucan. The creep of
cellulose microfibrils relative to each other, essential to permit wall extension,
requires the reorganisation of the cellulose-hemicellulose network by wall loosening
enzymes. Endo-1,4-ß-glucanases and xyloglucan endo-transglycosylases participate
in the hydrolysis of inter-linking xyloglucans (Brummel et al. 1994; Campbell and
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Braam, 1999, Thompson and Fry, 2001), while expansms appear to release
xyloglucans from cellulose surfaces without any hydrolysmg activity (Cosgrove, 1998,
Cosgrove, 2000)
Cellulose-binding domains (CBDs) are part of the multi-domains structure of
microbial and plant endo-1,4-ß-glucanases and expansms (Cosgrove, 1999, under
and Teen, 1997, Tramotti et al

1999) CBDs may have a role in cellulose

degradation and wall loosening The presence of CBDs in cellulases is essential for
the degradation of crystalline cellulose (Gilkes et al 1988, dikes et al 1992) CBDs
appear to enhance cellulase activity by increasing the local concentration of the
enzyme on the insoluble cellulose CBDs may also participate in disrupting the
crystalline cellulose, creating an accessible soluble substrate for hydrolysis by the
catalytic domains (Dm et al 1991, Gao et al 2001, Gilkes et al 1993, Henrissat,
1994, Xiao et al 2001) The CBD from the bacterium Clostridium cellulovorans was
shown to modulate plant cell elongation in vitro (Shpigel et al 1998) Transgenic
poplar trees expressing the C cellulovorans CBD under the control of the Cell
elongating tissues-specific promoter (Sham et al 1997) showed longer fibres and an
increased degree of polymerisation of cellulose (Levy and Shoseyov, 2002, Levy et
al 2002) This CBD was suggested to compete with xyloglucan for binding to
cellulose and could participate in the loosening of the cell wall In addition, this CBD
could affect the crystallmity of cellulose produced by Acetobacter xylmum, and
increase cellulose biosynthesis (Shpigel et al 1998) Previously, we have shown that
a CBD from the fungus Aspergillus japomcus (Quentin et al 2002) may also affect
cellulose biosynthesis and structure in Acetobacter xylmum (chapter 3 of this thesis)
The A japomcus CBD was expressed in Arabidospis thahana under the control of the
enhanced CaMV-35S constitutive promoter Transgenic plants showed a dwarfish
phenotype The aberrant plant development was related to a defect in cell elongation
(Chapter 4 of this thesis)
In this chapter we investigated whether the defect in cell elongation observed in the
CBD transformants was related to any modification in the cell wall structure The
binding of the CBD to the wall causes an alteration of its composition and results in a
defect m wall structure
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MATERIALS AND METHODS

Growth conditions
Arabidopsis thaliana, ecotype Wassilevskija (WS), harbouring a pBin19 derivative
with an Aspergillus japonicus CBD gene linked by its linker peptide to the Cell signal
sequence from Arabidopsis thaliana (Chapter 4 of this thesis) were sown on selection
medium (1xMS, 1% agar, 20 g/l sucrose, 80 mg/l kanamicm, pH5 7-5 8) Plates were
incubated for 7 days in a growing chamber at 210C under a 16h light/ 8h dark cycle
After 7 days, plants were transferred to soil and grown in a growing chamber under
the same conditions
Microscopy
For transmission electron microscopy (TEM), small fragments of flowering stems
were fixed m 2 5% (v/v) glutaraldehyde (Sigma) in 0 1M sodium cacodylate (Sigma)
buffer at pH 7 0 Samples were then post-treated with 1 % (v/v) osmium tetroxide
(Sigma), dehydrated in an alcohol series and embedded m LR-white Embedding
Media (Sigma), as described previously (Jauneau et al 1998) Ultra-thin sections
(100nm) were stained with uranyl-acetate and lead citrate or phosphotungstic acid
(PTA) according to Roland and Vian (1991), and examined m a transmission electron
microscope (TEM, Jeol)
Extension measurements
Wall extension measurements were carried out with a constant extensiometer as
described by Cosgrove (1998) Wheat coleoptiles were abraded with carborundum to
disrupt the cuticle, boiled in water for 15 sec to inactivate enzymes activity, and
secured between two clamps under a constant tension of 20 g Cuvettes were filled
with 50 mM sodium acetate buffer, pH 5 0 for 30 mm, followed by the protein fraction
(50 μg and 100 μg CBD per ml of sodium acetate buffer at the same pH)
Measurements were conducted for 5 hours
The still extensible upper part of flowering stems from both control and transformant
plants were frozen/thawed, abraded and fixed in the extensiometer Cuvettes were
filled with SOrnM sodium acetate, pH4 5 for 45 mm, followed by a LTP fraction (J
Nieuwland, personal communication) in the same buffer for 50min Finally, imidazol
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(500mM, m PIPES 50mM, pH4 5) was added and the stem extension measured for
15 mm
FT-IR spectroscopy
Cell walls were extracted by incubating 20 plants for 30 mm in 90% ethanol at 65 0 C
Following, the plants were ground, and the homogenate was centnfuged at 2500g for
15 mm Next, the pellet was washed with ethanol three times, overnight with
methanol/chloroform (2 3 v/v), and finally rinsed with 90% ethanol again The
remaining pellet, containing the cell wall, was dried overnight at 70 °C
IR-spectra of cell wall material were collected on a BIO-RAD FTS-60A spectrometer
equipped with a MTC detector and diffuse reflectance (DRIFT) accessory MID-IR
spectra were obtained between 4000 and 700 cm 1 at a resolution of 2 cm 1 in the
diffuse reflectance mode, using KBr as reference 128 Interferograms were co-added
for a high signal to noise ratio Three replicate spectra were measured for every
sample and the mean spectrum was used for data analysis All data sets were
corrected for baseline and normalized for area before further statistical data analysis
Principal Component Analysis (PCA) was carried out using the statistical program
Unscrambler, version 6 2 (Camo AIS, Norway)
Cellulose quantification
The cellulose content of the extracted cell walls was measured as described by
Updegraff (1969), using Whatman paper as a standard
X-ray diffraction
Arabidopsis thahana extracted cell walls were analysed by x-ray diffractometry X-ray
diffractograms were measured with a reflective diffractometer (PW3710, Philips) with
Cua radiations The measurement conditions were as follows divergence slit, 1
degree, receiving slit 0 1 mm, X-ray radiation, 50 kV, 40 mA The crystallmity was
measured from 7° till 40° (2Θ angle) with a scan-step size of 0 02°
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RESULTS

Cell wall ultrastructure
As the CBD should interact with cellulose, and as similar phenotypic characteristics
have previously been described for Arabidopsis mutants affected in their cellulose
biosynthesis

and/or deposition, we focused our investigation

on cell-wall

ultrastructure. Using microscopy, the walls of CBD-expressing plants and that of
control plants transformed without CBD were investigated on transverse hypocotyl
sections of 7-day-old seedlings grown under a 16h light-8 h dark cycle. TEM showed
that fixed cell walls from transformants were thicker than the control walls. Thickness
of the external epidermal wall varied from 0.36 ± 0.07μηη (n=20) for the control to
0.41 ± Ο.ΟΘμιτι (n=20) for the transformants. Cell wall texture was visualised by uranyl
acetate and lead citrate staining (Roland and Vian, 1991). On sections from control
7-day-old hypocotyl, several parallel and continuous layers of wall material could be
observed in the external epidermal wall, revealing wall spacial architecture. On
hypocotyl sections of transformants, the epidermal wall showed a more irregular
staining pattern than the controls. Such a pattern may reflect irregularities in
polysaccharide deposition. Control epidermal walls displayed organised layers of
fibrillar structures. In the transformants, the wall layers are interrupted by more
granular areas (Figure 1). Using PTA staining, supposed to be relatively specific for
polysaccharides (Roland and Vian, 1991), the same observations could be made on
external epidermal walls (not shown). Cortical tissues of CBD-expressing plants also
were more irregularly stained. In the transformants granular areas were present
intermittently within the typical fibrillar structure observable in controls (Figure 2) .
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Figure 1: Transmission electron microscopy. Outer epidermal cell wall of 7-day-old
light-grown control (A and C) and CBD transformant (Β and D) hypocotyls seedlings stained
with uranyl-acetate and lead citrate. Scale bar represents 900nm (A, C and D) and 1μτη (Β).

Figure 2: Transmission electron microscopy. Cortical cell wall and cell junctions
showed heterogeneous PTA (phosphotungstic acid) staining in the transformants (A and C)
when compared to the control (B and D). Scale bar: 1μτη.
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Extensiometry
By itself, the CBD was unable to modify cell wall plasticity in vitro. Concentrations
from 30 to 100 μg CBD per ml of acetate buffer did not cause wall creep of heatinactivated wheat tissue in the extensiometer (data not shown).
Extensiometry was used to evaluate the alteration of wall plasticity of transformant
flowering stems as well. The transformant stems appeared to break easily when
applied between the two clamps of the extensiometer, suggesting a higher
susceptibility to tensile strength (data not shown). Preliminary studies showed that
the incubation of isolated control Arabidopsis stems with the expansin-like LTP (J.
Nieuwland, personal communication) facilitated extensibility. Arabidopsis CBDexpressing stems, however, did not show any response when exposed to LTP (data
not shown). The addition of imidazol, disrupting the hydrogen bonds interconnecting
the wall polysaccharides, caused an important increase in control stem extension,
but did not cause any creep in transformant walls (data not shown). These results,
which still need further confirmation, would suggest different polysaccharide
organisation in the transformant cell wall, when compared to the control. An alteration
of the cellulose-hemicellulose network in particular, would be expected.

FT-IR spectra of cell wall material
Isolated plant cell walls contain variable amounts of polysaccharides (pectin,
cellulose, hemicellulose), proteins, and aromatics (lignin), each polymer having a
particular molecular conformation and interacting in a specific way with neighbouring
molecules. This complexity becomes manifest in the vibrational spectra of the cell
walls. Variations in intensity and width of the bands in the spectrum represent
compositional differences (McCann et al. 1990; McCann et al. 1992; McCann et al.
1997). Isolated cell wall material from control plants and transformants were
examined using FT-IR. Figure 3A shows the FT-IR spectra of cell wall material
isolated from control and transformed plants, respectively. The spectra show the
characteristic absorption bands of proteins (amide I at 1560 cm"1 and amide II and
1650 cm"1, respectively), esters (1720 cm"1), phenolics (1500-1620 cm"1) and
carbohydrates (900 - 1200 cm"1). Although a specific assignment of the bands is
difficult because of many complex vibrations that overlap, particularly in the
carbohydrate regions, it is possible to differentiate between the CBD-expressing and
control plants mainly from bands associated with pectins and proteins.
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Figure 3: FT-IR spectra of cell wall material. FT-IR spectra of isolated cell wall
material from control plants (control) and CBD-expressing plants (transformed) (A).
Difference spectrum generated by digital subtraction of spectrum (control) from spectrum
(transformed) (B).

Application of digital subtraction was used to identify more clearly the differences
between spectra. Before digital subtraction, the spectra were relatively scaled by an
appropriate subtraction factor. Figure 3B shows the difference spectrum obtained by
subtracting the spectral trace of the cell wall material of a control plant from that of a
mutant. The difference spectrum shows that there is an increase in the proportion of
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protein (1560 cm"1), phenolic esters (1710 cm"1) and aromatics and cellulose (1136
cm"1 and 1192 cm'1) in modified plants, as compared to control. In addition, a change
in biochemical composition of the plant cell walls was confirmed by the Updegraff
assay, allowing the measurement of the cellulose content in the extracted cell walls
(Updegraff, 1969). Indeed, a slight increase in the cellulose content could be
observed in most of the transformants when compared to the controls (data not
shown).
Principal component analysis (RCA) for grouping ofFT-IR spectra
To discriminate between the control and mutant plants, principal component analysis
was applied. PCA is a statistical method that reduces the dimensionality of the data
from 500 (one every 2 cm"1 for the region 1800 cm"1 to 750 cm"1) to only a few
principal components (PCs). Each spectrum has a corresponding set of PC scores
describing the variance of the spectrum relative to the mean of the population for
each PC. When PC scores of the spectra are plotted against one another, the
patterns in the data are revealed and molecular factors responsible for the separation
of groups of spectra can be identified. PC analysis was performed by using FT-IR
spectra of cell wall material isolated from control and CBD-expressing plants. A
model with 3 PCs explaining 80% of the variance in the data set was obtained. The
loading for PC1, explaining 48% of the variance, showed characteristics of pectin and
cellulose in the fingerprint region (peaks at 1030, 1130, 1154, 1710 and 1740 cm"1)
and protein (1560 cm"1) (Figure 4A). Peaks at 1560 (proteins), 1710 (lignin esters)
and 1740 cm"1 (pectin esters) were negatively correlated with those of cellulose. The
loading for PC2, explaining 32% of the variance, showed characteristics of purified
cellulose in the fingerprint region (peaks at 1060, 1100, and 1160 cm"1), protein (1560
and 1650 cm"1) and phenolics (920, 960, 1375, and 1475 cm"1) (Figure 4A). Peaks at
920, 960,1375, and 1475 cm"1 were negatively correlated with those of cellulose and
protein. PC3, that explains 7% of the variance, has high positive loadings for
phenolics (970, 1520, 1537, 1610, 7120 cm"1), (not shown). PCA plot of the spectra
using the first two principal components shows a clear discrimination between mutant
and controls (Figure 4B). Because the PC scores of the spectra of transformants
have negative loadings on PC1, the data suggests that transformants are richer on
protein and pectin. The CBD-expressing plants differ, however, from each other for
content in cellulose, as suggested by the spreading along PC2. Some transformants,
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with positive scores on PC2, are probably rich on cellulose. One plant of the
transformed line could not be classified, but this mutant differs from the others in its
high phenolics content (high positive scores on PC3, not shown).
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X-ray diffraction of extracted cell walls
Extracted cell walls were analysed by x-ray diffractometry. Patterns of spectra were
similar for both control and transformants. The expression of the CBD in planta
resulted, however, in a 5 % decrease in relative crystalline index of the transformant
cell walls, as compared to the control cell walls (Figure 5).

— Wild type
— transgenic

•2Θ

Figure 5: X-ray diffractograms of extracted cell walls from controls and CBDexpressing Arabidopsis thaliana.

Discussion

Transgenic Arabidopsis thaliana plants were produced that expressed an Aspergillus
japonicus CBD with attached linker under a CaMV-35S constitutive promoter. Lightgrown transformants showed significant alterations in their phenotype. Stems, roots,
cotyledons and leaves appeared to be shorter in the CBD-expressing A. thaliana. In
all tissues investigated, cells were shown to undergo a radial, rather than
longitudinal, expansion. The plant dwarfism was related to a defect in cell elongation
(chapter 4 of this thesis).
Cytochemical analysis of the cell wall revealed a change in the staining pattern in the
walls of CBD-expressing Arabidopsis thaliana, when compared with a negative
control. Increase in thickness of fixed cell wall may be a fixation artefact, rather than
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a real thickening of the wall Yet, it shows a modification in the biochemical or
structural properties of the wall in the CBD expressing plants PTA and lead citrate
revealed a more irregular staining pattern in the wall of CBD-expressmg plants, which
may be caused by an alteration of the biosynthesis or assembly of wall components
Intercalation of CBD in between cellulose chains during their extrusion at the wall
may disturb microfibril assembly, which would explain the decrease in crystallmity
Binding to cellulose directly after its extrusion within the wall, CBDs may avoid the
normal assembly of cellulose microfibrils Cellulose content appeared to be slightly
higher in most of the transformants, when compared to the controls Similar
observations could be made on cellulose produced by Acetobacter xylinum in the
presence of CBDs (Shpigel et al 1998, Chapter 3 of this thesis) Treatment with
other intercalating agents perturbate the crystallisation process of cellulose and
resuite m an increase in cellulose biosynthesis by A xylinum (Benziman et al 1980,
Haigleretal 1980, Haigier et al 1982, Haigier et al 1987, Brown et al 1982) Levy
and co-workers (2002) made similar observations on poplar transgenic trees
expressing a Clostridium cellulovorans CBD In this paper we proved that expression
of a fungal CBD causes an alteration of cellulose crystallisation and an increase of
cellulose biosynthesis in trangemc Arabidopsis thahana
McCann and Roberts (1991) proposed a model in which the polysaccharides in a
typical dicotyledonous primary cell wall are organised into two networks, a cellulosehemicellulose network and a pectin network The binding of xyloglucans to cellulose
makes the network more weak (Cosgrove, 1997) A decrease in stiffness and an
increase in extensibility are observed in the cross-linked cellulose-xyloglucan network
(Whitney et al 1999) Xyloglucans may play a role m keeping cellulose fibrils apart,
conferring plasticity to the wall (McCann et al 1990) Shpigel and co-workers (1998)
have shown that CBDs may compete with XGs for binding to cellulose Having a high
affinity for a soluble form of cellulose such as carboxymethyl cellulose (CMC)
(Quentin et al 2002), the A japomcus CBD is also suspected to bind to the 1,4-ßglucan backbone of xyloglucans Though the cellulose content appeared to be
slightly increased in most of the transformants, we presume the cellulose-xyloglucan
network to be altered The absence of a cellulose-xyloglucan network is always
related to a defect in plant development and cell elongation (Burton et al 2000, Nicol
et al

1998)

Furthermore, such an alteration leads to a modification m the

composition of the independent pectin network (His et al 2001, Shedletzky et al
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1990; Shedletzky et al. 1992). The FT-IR analysis we described in this paper would
confirm that the alteration of the cellulose-xyloglucan network is compensated by an
increased pectin biosynthesis. The observation that pectin may change the
architectural organisation of cellulose microfibrils during their deposition (Chanliaud
et al. 2002) may also be taken into account. In the case of increased pectin content,
it may also participate in the modification of cell wall architecture.
Structural rigidity and strength of the plant cell wall is thought to depend on the
integrity of the cellulose-hemicellulose network. Wall loosening proteins associated to
cell expansion, may act at the interface of the cellulose and hemicellulose, and affect
particularly cell walls structure and plasticity (Cosgrove, 1999). The acid growth
hypothesis proposes that auxine activates a plasma-membrane proton pump. The
acidification of the wall activates growth-specific enzymes, which cleave the bonds
that join microfibrils to other polysaccharides. Relaxation of the wall by loosening
enzymes, together with an uptake of water leads to an increase in cell size. Those
proteins involved in the loosening of the plant cell-wall are endo-1,4-ß-glucanases
(Brummel et al. 1994), xyloglucan endo-transglycosylases (XETs) (Campbell and
Braam, 1999; Thompson and Fry, 2001) and expansins (Cosgrove, 2000). The
substrate of XET is restricted to XGs. This enzyme cleaves and then re-joins
xyloglucan chain, participating to both loosening and assembly of the cell wall
(Campbell and Braam, 1999; Thompson and Fry, 2001). The participation of Endo1,4-ß-glucanases to wall loosening also involves cleavage of the xyloglucan chains
inter-linking cellulose (Rose and Bennett, 1999; Brummel et al. 1994; Hayashi, 1991).
Expansins action on cell walls seems not to be related to any endo- or exo-cellulase
activity.

Expansin

may

loosen

the

non-covalent

association

within

the

cellulose/hemicellulose network (McQueen-Mason et al. 1992; McQueen and
Cosgrove 1995). The separation of cellulose from their hemicellulose coating would
allow the microfibrils to slide along each other. Neither bacterial CBDs (Cosgrove,
1999) nor the A. japonicus CBD have been shown to induced creep in heatinactivated plant tissues. The case we described may be due to the fact that the CBD
is unable to disrupt cellulose, and thus probably unable to release XGs from cellulose
surfaces. It may also corroborate the hypothesis that on cellulose CBDs may bind to
different sites than that of expansin (Cosgorve, 1999). Coating cellulose and/or
hemicellulose surfaces, CBDs may block the access of enzymes and other proteins
that participate in cell elongation by loosening the cellulose-xyloglucan network.
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Inouhe and Nevins (1991), showed that antibodies specific for wall glucanases were
able to inhibit the auxin induced elongation and wall loosening in dicotiledons. The
same result could be obtained with antibodies against 1,4-ß-glucan polymers (Hoson
and Nevins, 1989). Similar effects of CBDs coating 1,4-ß-glucans are expected, and
would explain the defect in cell elongation observed for the transformants. Wall
loosening not only allows microfibril separation, but also the insertion of newly
synthesised polymers. The inhibition of loosening proteins would thus not only affect
the rearrangement of the cellulose-hemicellulose network, but it would also have an
effect on the synthesis and assembly of other wall polymers, as these processes are
highly co-ordinated in walls of growing cells.
We have shown that the expression of a fungal CBD in planta led to the production of
altered cell walls. We suspect the CBD may affect the formation of a normal
cellulose-xyloglucan network, this defect being compensated by an increased content
of pectin compounds. The CBDs may also mediate their effect on plant development
by inhibiting the activity of wall loosening enzymes involved in cell elongation.
Together with the results obtained by Shoseyov's group (Shpigel et al. 1998; Levy et
al. 2002; Levy & Shoseyov 2002) our own data allow to conclude that CBDs may be
used to modulate cell wall composition and structure, and thus might be of great
economic and social importance.
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Plant cell walls constitute the major part of the earth's biomass, of which already 50%
is made up of cellulose alone with a yearly turn over of 1011 ton Either directly or in
conserved form, plant cell walls, with their bulk of cellulose are world wide the almost
single source for fuel and the chemical sector of industry

Depending on its

arrangement and purity, cellulose may provide highly variable degrees of stress
resistance, tensile strength, flexibility and durability to the cell wall and its derivatives
It thus comes as no surprise that unprocessed or as a derivative, cellulosic walls are
mankind's oldest and probably most important natural, biodegradable and renewable
raw material for construction, textiles, paper, plastic, food additives and medicines
Despite the attention it gained therefore, many debatable questions remain
concerning the physico-chemical properties of the plant cell wall and its cellulose
derivatives Though the chemistry of cellulose is relatively simple, it is made up solely
of 1-4,ß D linked glucose monomers, the understanding of cellulose biosynthesis and
degradation is still incomplete

Modifying the physico-chemical properties of

cellulose, its arrangement m the plant cell wall and speed and quantity of production
would improve its potential for a large variety of applications Targeted modification
thus may be of great technological, commercial but also social interest and therefore
comes as a true challenge to applied science and scientists
In this thesis, it was intended to investigate the potential of the highly efficient fungal
cellulose binding domains as tools to target the wall for modification of its
composition and structure To that purpose, we identified and cloned an Aspergillus
japonicus and Aspergillus aculeatus cellulose-binding domain (CBD) together with
the linker that connect it to the catalytic, cellulose-splicing domain Following, we
studied the affinity of these CBDs with and without linkers for purified cellulose
fractions and various fiber types In addition we studied the effect of CBDs on the
structure of intact fibres and Acetobacter xylmum cellulose ribbons We also
expressed the Aspergillus CBD in Arabidopsis tahliana and studied its phenotype
and effects on wall composition and wall structure.

Cloning and characterisation of a fungal CBD
Most cellulose degrading enzymes have a three-domain structure consisting of a
catalytic domain, with the actual hydrolytic activity, and a cellulose-bmdmg domain
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(CBD), responsible for the targeting of the enzymes to their substrate. These two
domains are connected by a flexible linker peptide that facilitates their independent
function (Under and Teeri, 1997; Gilkes et al. 1991). CBDs have been classified in 10
families on the basis of their sequence homologies (Tomme et al. 1995). All fungal
CBDs are very small, only 33-40 amino acid residues, and together make up the
family 1 CBDs. All other families contain bacterial CBDs that are larger in size (up to
250 amino acid residues) (Tomme et al. 1995, Linder and Teeri 1997). CBDs were
also identified in animals and plants, and share homologies with the bacterial ones.
In chapter 2 of this thesis, we described the cloning of the cellulose-binding domain
and linker peptide from the fungi Aspergillus aculeatus and japonicus. cDNA was
amplified by RT-PCR using primers derived from similar regions of different fungal
cellulases, resulting in a 216 bp amplification product. Repeated serine and threonine
in the 5' half of the sequence suggest the presence of a linker region. Blast analysis
confirmed the presence of a typical family I fungal CBD.

The exact role and action mechanism of CBDs is still a matter of speculation. The
presence of CBDs in cellulases is essential for the degradation of crystalline cellulose
(Gilkes et al. 1988; Gilkes et al. 1992). It has been suggested that the CBDs enhance
the enzymatic activity merely by increasing the effective enzyme concentration at the
cellulose surface (Henrissat, 1994; Linder and Teeri, 1997). CBDs, however, may
also disrupt the crystalline structure of cellulose, thus creating a soluble substrate
available for hydrolysis by the catalytic domains (Din et al. 1994; Din et al. 1991; Gao
et al. 2001; Gilkes et al. 1993; Henrissat, 1994; Xiao et al. 2001). Here it was shown
that the Aspergillus linker-attached CBD was able to bind to different, not only
crystalline, cellulose types, i.e. Avicel, bacterial microcrystalline cellulose (BMCC),
cotton and flax fibres, but also to substituted soluble forms of cellulose such as
carboxymethyl cellulose (CMC) (chapter 2). In our hands, the A. japonicus CBD did
not cause cellulose disruption, or changes in morphology of the treated fibre surfaces
(chapter 3). Some bacterial CBDs do not show such effects either (Bolam et al. 1998;
Rixon et al. 1996). Apparently, the non-hydrolytic disruption of cellulose by CBDs is
not a rule. Thus, the Aspergillus CBD may be used to modify cellulose surface
properties while preserving the integrity of the fibres. This CBD may be considered a
potential tool to target enzymatic activity or to add functional groups at cellulose
surfaces. Indeed, while preserving cellulose integrity, CBDs linked to specific
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substances may add properties such as hydrophobicity and hydrophilicity, net
charges, specific ion binding etc. to fibres. CBDs are able to maintain their own
properties when isolated from different cellulases (Van Tilbeurgh et al. 1986; Gilkes
et al. 1992; Lemos et al. 2000). Structurally and functionally independent from the
catalytic domain, CBDs have been used to construct fusion proteins without affecting
the biological activity of the fusion partner (for review, see Levy and Shoeseyov,
2002). In chapter 2 of this thesis, we described the production of a GST-CBD
(glutathione-S-transferase) fusion protein. The partially purified protein was proved to
bind cellulose. The purified GST-CBD showed an apparent affinity, pH and
temperature dependency comparable to that reported for other family I CBDs. In
addition, the fusion to the GST via the linker did not affect CBDs usual properties.
Deletion of the serine- and threonine-rich linker region reduced stability and binding
capacity of the construct (chapter 2). Because of their protease tolerance and high
binding ability to both amorphous and crystalline cellulose as well as to natural fibres,
the CBD and linker sequence described in this thesis may be useful tools to target
fused proteins to cellulose surfaces.

Modulation of cell wall composition
When expressed in planta, CBDs, interacting

with cellulose, may

affect

polysaccharide synthesis and wall assembly (Quentin et al. In Press; Levy and
Shoseyov, 2002; Levy et al. 2002; Gilkes et al. 1998). We used two model systems:
Acetobacter xylinum, where the effect of CBDs on pure cellulose ribbon structure can
be directly studied by addition of CBDs to the ribbons in statu nascendi (Chapter 3)
and transformed Arabidopsis thaliana expressing and secreting CBDs (Chapter 4
and 5).

A cetobacter xylinum

The Gram-negative bacterium has long been regarded a model system to study
cellulose biosynthesis (Delmer and Amor, 1995; Hestrin and Schramm, 1954) and
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cellulose microfibril (CMF) assembly. A. xylinum produces cellulose that is secreted
not as a cell wall polymer like in eukaryotes, but as an extracellular pellicle. In
addition, microfibrils synthesis and assembly are directly affected by reagents or
polysaccharides added to the medium (Tokoh et al. 2002; Chanliaud et al. 2002;
Whitney et al. 1999; Haigler and Chanzy, 1988; Brown et al. 1982; Haigier et al.
1982; Benziman et al. 1980; Haigler et al. 1980). A family III Clostridium
cellulovorans CBD (Shoseyov and Doi, 1990) was shown to increase the rate of
cellulose biosynthesis by A. xylinum, and to alter cellulose ribbon's assembly
(Shpigel et al. 1998). In this thesis, we have shown that the addition of the A.
Japonicus linker-attached CBD to the growth medium of A. xylinum also caused an
increase in cellulose synthesis and an alteration in the cellulose pellicle's structure
(chapter 3). Furthermore, we have shown that the effect of the linker-attached CBD
on cellulose structure was concentration-dependent. As described in chapter 3,
growth of A. xylinum in the presence of 50μg CBD per ml medium results in
aggregation of the cellulose ribbons. A concentration of 100μg/ml medium, however,
caused the opposite effect and a much more loosen network was formed. As the A.
japonicus CBD was shown to affect both quantity and quality of the cellulose
produced by A. xylinum (Chapter 3), this CBD may be considered a potential agent
for cellulose and cell wall modification in planta.

CBD expression in planta

The plant primary cell wall consists of CMFs embedded in a matrix of
polysaccharides, hemicelluloses and pectin, and proteins such as the CMF crosslinking extensins, wall creep facilitating expansins and a number of enzymes. In
dicotyledonous primary walls, the polysaccharides are organised in two distinct
networks, a cellulose-hemicellulose network and a pectin network. The rigidity of
most plant cells and tissues depends on the tensile strength of the wall answering
this turgor pressure. The strength of the wall is thought to depend on the integrity of
the cellulose-hemicellulose network, whereas the pectin network is thought to
determine wall porosity (Carpita and Gibeaut, 1993). To allow cell elongation, the
primary cell wall must be able to expand. The auxin-induced acidification of the wall
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activates wall loosening proteins. Those proteins, responsible for wall expansion,
may act at the interface of the cellulose and hemicellulose, and affect particularly cell
wall structure and plasticity. A simultaneous deposition and assembly of new material
within the expanding wall preserve its integrity. How the synthesis and assembly of
the different polyssacharides are co-ordinated in the wall of growing cells is still not
understood. An interrelation between the synthesis and assembly of the cellulosehemicellulose network and the pectin network has been demonstrated, however, in
previous studies (His et al. 2001, Burton et al. 2000, McCann et al. 1993, Shedletsky
et al. 1990).
In this thesis, we described the expression of the Aspergillus CBD under the control
of a strong constitutive promoter (CaMV35S) in Arabidopis thaliana. We proved that
the expression of this Aspergillus CBD in planta causes defects in cell elongation
(Chapter 4) and affects cell wall composition (Chapter 5).
Previous work has shown that a bacterial CBD from Clostridium cellulovorans could
modulate plant cell elongation in-vitro (Shpigel et al. 1998). Low CBD concentration
enhanced cell elongation, while high concentrations led to inhibition. The expression
of the Aspergillus CBD in Arabidospis thaliana under an enhanced CaMV35S
promoter, giving a high level of expression in all plant tissues, led to a decrease in
cell elongation and a dwarfish phenotype (Chapter 4).
By binding to the cellulose chains at their extrusion, CBDs may prevent regular CMF
assembly. Since the fungal CBD bind soluble substituted form of cellulose, such as
CMC (Chapter 2), these CBD may also bind to the 1,4-ß-glucan backbone of
xyloglucans and so prevent cross-linking of CMFs. Thus, part of the CBD effect may
be mediated by an alteration of the cellulose-xyloglucan network assembly. As
shown by Levy and Shoseyov (2002), transgenic poplar trees expressing a bacterial
CBD exhibit more loosely organised cell walls. The presently described cytochemical
analysis and x-ray diffractometry of transgenic CBD-expressing Arabidopsis thaliana
showed a similar effect on the cell walls (Chapter 5). In addition, cell walls from CBD
expressing plants had a higher content in cellulose, as detected by FT-IR analysis
(Chapter 5). Synthesis and deposition of the various wall polymers probably are
interdependent, as affecting cellulose deposition automatically causes alterations in
the biosynthetic pathway not only of cellulose but also of other wall polymers.
Absence or defect in the assembly of the cellulose-hemicellulose network in the
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primary cell wall may be compensated by a higher pectin content (His et al. 2001,
Burton et al. 2000, McCann et al. 1993, Shedletsky et al. 1990). In addition, CBD
coated cellulose or hemicellulose surfaces may be inaccessible to enzymes and
other proteins that by loosening the cellulose-hemicellulose network cause wall creep
and thus facilitate cell elongation
Together with the results obtained by Shoseyov's group (Shpigel et al. 1998; Levy et
al. 2002; Levy & Shoseyov 2002) our own data allow to conclude that CBDs may be
used to modulate cell wall composition and structure. In both system known to date,
CBD expression led to a more loosen cell wall and to an increase in cellulose
biosynthesis (Chapter 5). CBDs may not affect directly the system involved in
cellulose biosynthesis. It is hypothesised that both CBD used to date in cell wall
modification may act as intercalating agents and may affect the cellulose-xyloglucan
network assembly. The intensity of the effect leading to an increase or to a decrease
in cell wall extension may be dependent on both, the level of expression of the CBD,
and the timing of this expression ruled by the promoter controlling this expression.
Variation in promoters and plant system may lead to different perspectives in term of
cellulose product and potential application.

Conclusions

As shown here, the CBDs from the fungus Aspergillus may be a highly useful tool in
adapting cellulose fibres and their derivatives to specific applications.
Various strategies may be considered using CBD technology. This CBD, together
with the linker peptide, may be applied to engineer modified enzymes (fusion
proteins) to improve the processibility of the harvested fibres. It may also be used to
modify cellulosic material properties by adding new reactive groups to cellulose
surfaces. Finally, using transgenesis, CBDs may allow us to modulate fibre
composition, length or strength in planta.
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Summary

This

thesis

describes

studies

using fungal

cellulose-binding

domains

as

biotechnological tools to modify and improve the quality of plant fibres Fibre surface
structure plays a key role in fibre properties, and the chemical composition depends
on the raw material and on the production process Targeted enzymatic modification
of the fibre surface may lead to improved technical qualities and processibility of the
fibres In addition, modification of the biosynthesis and assembly of cell walls of fibreyieldmg plants is of great interest in obtaining requested fibres properties
In nature, cellulose-binding domains (CBDs) are found in enzymes involved in the
degradation of hgnocellulosic plant biomass CBDs are discrete protein modules that
possess the intrinsic ability to bind strongly and specifically to different forms of
cellulose Based on sequence homologies CBDs could be classified in 13 families
All fungal CBDs belong to the same family (Family I) and are very small domains of
only 33-40 ammo acid residues All the other families contain bacterial CBDs, that
are larger in size (until 250 a a ) CBDs appear to enhance cellulase catalysis by
increasing the local concentration of the enzyme at the insoluble cellulose CBDs
may also participate in disrupting the crystalline cellulose, thus creating a soluble
substrate available for hydrolysis by the catalytic domains CBDs are structurally and
functionally independent from the catalytic domain When isolated, they keep their
affinity for cellulose, and can be used to construct fusion proteins without affecting
the biological activity of the fusion partner In-planta, interacting with cellulose, CBDs
might directly, or indirectly, affect some structural aspects of the cellulose-xyloglucan
network, and could be used to modify biosynthesis and assembly of the cell-walls of
fibres-yielding plants A CBD from the bacteria Clostridium cellulovorans, showing
affinity for crystalline cellulose, was shown to promote plant cell elongation through
an increase of the rate of cellulose synthesis

A family I cellulose-binding domain and a serine- and threonme-nch linker peptide
were cloned from the fungi Aspergillus japomcus and Aspergillus aculeatus A GSTCBD fusion protein comprising the glutathione S-transferase and the peptide linker
with the cellulose-binding domain fused to its C-termmus, was expressed in
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Escherichia coli The renaturated GST-CBD recovered from the inclusion bodies was
purified, and was shown to bind to both bacterial microcrystallme cellulose and
carboxymethyl cellulose The fusion protein could also be immobilised on natural
fibres (flax and cotton) Deletion of the linker peptide affected the ability of the hybrid
to adsorb to cellulose, and the fusion protein was more sensitive to protease
digestion (Chapter 1)
The disruptive effect of the linker-attached CBD on bacterial microcrystallme
cellulose, cotton and flax fibres was analysed using polarised light microscopy,
scanning electron microscopy and X-ray diffractometry X-ray diffraction analysis
showed that the CBD had no disruptive effect on purified bacterial cellulose No
morphological or structural changes could be observed on cotton and flax fibres after
treatment with the CBD (Chapter 3)
The possibility of using the Aspergillus linker-attached CBD to alter the yield and/or
structure of cellulose produced by Acetobacter xylmum was investigated (Chapter 3)
When Acetobacter xylinum was grown in the presence of the purified attached-linker
CBD, it was found to increase the rate of cellulose biosynthesis Scanning electron
microscopy of the cellulose composite produced by Acetobacter showed that the
addition of CBD to the medium resulted in an alteration of the cellulose structure in a
dose-dependent manner X-ray diffractometry showed higher crystallmity of the
produced cellulose

Transgenic Arabidopsis thaliana were produced that expressed the linker-attached
CBD

under

an enhanced

CaMV

35S

constitutive

promoter

transformants showed significant alterations in their phenotype

Light-grown
Stems, roots,

cotyledons and leaves appeared to be shorter m the CBD-expressmg Arabidopsis,
whereas tip-growing root hairs were shown to elongate more

In all tissues

investigated, cells were shown to undergo a radial, rather than longitudinal,
expansion The plant dwarfism was related to a defect in cell elongation (Chapter 4)

Microscopic techniques showed that the spatial architecture of the walls was
modified in the CBD-expressmg plants FT-IR analysis of the walls confirmed that the
biochemical composition of the walls was altered Transformants displayed a higher
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content of cellulose, protein and pectin. Presently, we demonstrated that the
cellulose-xyloglucan network of the transformants might be altered. This defect in cell
wall assembly may be compensated by an increased pectin biosynthesis (Chapter 5).
Various strategies may be considered using CBD technology. The CBD we
described, together with the linker peptide, may be applied to engineer modified
enzymes (fusion proteins) to improve the processibility of the harvested fibres. It may
also be used to modify cellulosic material properties by adding new reactive groups
to cellulose surfaces. Finally, CBDs may allow us to modulate fibre composition,
length or strength in planta.
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Samenvatting
Dit proefschrift beschrijft het onderzoek naar de mogelijkheden om plantenvezels te
veranderen en de kwaliteit ervan te verbeteren door middel van cellulosebindingsdomemen

De structuur van het oppervlak van de vezel speelt een

belangrijke rol bij de vezel-eigenschappen en de chemische samenstelling hangt af
van het ruwe plantenmatenaal en de gebruikte verwerkingsprocessen Specifieke
enzymatische verandering van het vezel-oppervlak kan leiden tot verbeterde
technische kwaliteiten en verwerking van de vezels Daarnaast zijn veranderingen in
de biosynthese en opbouw van de celwanden van vezel-producerende planten van
groot belang bij het verkrijgen van de gewenste vezel-eigenschappen

In de natuur worden cellulose-bindingsdomemen (CBDs) aangetroffen in enzymen
die betrokken zijn bij de afbraak van lignocellulose-bevattende plantaardige
biomassa CBDs zijn afzonderlijke eiwit componenten, die de eigenschap hebben
sterk en specifiek aan verschillende vormen van cellulose te binden Op grond van
hun sequentie-homologie zijn CBDs in 13 families ingedeeld Alle schimmel-CBDs
behoren tot dezelfde familie (Familie I) en zijn relatief klem (33-40 aminozuren) Alle
andere families bestaan uit bactenele CBDs, die groter zijn (tot 250 aminozuren)
CBDs zijn zowel structureel als functioneel onafhankelijk van het katalytisch domein
van het enzym In geïsoleerde vorm behouden ZIJ hun affiniteit voor cellulose en ze
kunnen worden gebruikt om hybride-eiwitten te maken, zonder de biologische
activiteit van de fusiepartner te schaden Binnen de plant, reagerend met cellulose,
kunnen CBDs direct of indirect

structurele aspecten van het cellulose-glucaan

netwerk beïnvloeden en op die manier gebruikt worden om de aanmaak en opbouw
van de celwanden m vezel-producerende planten te veranderen Zo is met een CBD
van de bacterie Clostridium cellulovorans, die affiniteit vertoont voor crystallijn
cellulose,

aangetoond dat het mogelijk is de lengtegroei van de plantencel te

bevorderen en wel door een toename van de snelheid van cellulose-synthese

Een Familie I cellulose-bindmgsdomein en een senne en threonine-njk Imker-peptide
werden gekloneerd uit de schimmels Aspergillus japomcus en Aspergillus aculeatus
Een GST-CBD fusie-eiwit bestaande uit het glutathion S-transferase en het linker138

Summary/Samenvatting/Resume

eiwit plus CBD gefuseerd aan het C-uiteinde, werd tot expressie gebracht in
Escherichia coli Het gerenatureerde GST-CBD werd geïsoleerd uit de mclusiebodies en gezuiverd Het bleek aan zowel bacteneel microcrystalhjn cellulose als
carboxymethyl cellulose te binden Het fusie-eiwit kon ook worden geimmobiliseerd
op natuurlijke vezels (vlas en katoen) Het weglaten van de Imker was van invloed op
de mogelijkheden van het hybride om aan cellulose te adsorberen en het fusie-eiwit
was ook gevoeliger voor afbraak door protease (Hoofdstuk 1)
De mogelijkheid dat het Imker-gebonden CBD bacteneel microcrystalhjn cellulose,
katoen en vlas-vezels uiteen zou kunnen laten vallen werd onderzocht met een
gepolariseerd-hcht microscoop, scanning-electronen microscoop en met X-ray
diffractie X-ray diffractie analyse liet zien dat het CBD gezuiverd bacteneel cellulose
met uiteen doet vallen Ook werden geen morfologische of structurele veranderingen
waargenomen aan katoen en vlasvezels na een behandeling met CBD (Hoofdstuk
2)
De mogelijkheid om Aspergillus Imker-gebonden CBD te gebruiken om de opbrengst
en/of structuur van het cellulose van Acetobacter xylmum

te veranderen werd

onderzocht (Hoofdstuk 3) Indien Acetobacter xylmum groeide m aanwezigheid van
gezuiverd Imker-gebonden CBD nam de snelheid van cellulose synthese toe Met
behulp

van

scanning-electronen

microscopie

van

de

door

Acetobacter

geproduceerde cellulose composiet toonde aan dat de toevoeging van CBD aan het
medium ervoor zorgde dat er een dosis-afhankelijke verandering van de cellulose
structuur optrad Met X-ray diffractie werd aangetoond dat het geproduceerde
cellulose meer crytalhjn van structuur was

Transgene Arabidopsis thaliana planten zijn gemaakt, die de Imker-gebonden CBD
tot expressie brengen onder een CaMV 35S constitutieve promotor In het licht
opgekweekte transformaten vertoonden significante veranderingen m hun fenotype
De stam, wortel, zaadlob en het blad waren korter m de Arabidopsis die CBD tot
expressie bracht, terwijl top-groei m de wortelharen versterkt werd

In alle

onderzochte weefsels vertoonden de cellen een meer radiale m plaats van
longitudinale groei Het klem blijven van de planten zou te maken hebben met
problemen m de celstrekking (Hoofdstuk 4)
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Met microscopische technieken is aangetoond dat de ruimtelijke structuur van de
celwanden van de planten met CBD-expressie was veranderd Met FT-IR analyse
van de wanden werd bevestigd dat de biochemische samenstelling was gewijzigd
Transformanten bezitten meer cellulose, eiwit en pectine WIJ tonen ook aan dat in de
transformanten mogelijk veranderingen optreden in het cellulose-xyloglucaan
netwerk Dit probleem m de celwandopbouw kan mogelijk worden gecompenseerd
door een toename van de pectine biosynthese (Hoofdstuk 5)
Diverse strategieën kunnen worden ontwikkeld met CBD-technologie Het CBD dat
WIJ hier beschrijven, samen met het Imker-eiwit, kan worden toegepast om
veranderde enzymen te construeren om daarmee de verwerking van vezels te
verbeteren Het kan ook worden gebruikt om cellulose materiaal-eigenschappen te
veranderen door nieuwe reactieve groepen aan het oppervlak te koppelen Ten slotte
kunnen CBDs ons in staat stellen om vezel-samenstelling, lengte of stevigheid te
veranderen

140

Summary/Samenvatting/Resume

Résumé
Cette thèse décrit des études visant à utiliser des cellulose-bindmg domaines (CBDs)
de champignons filamenteux comme outils biotechnologiques afin de modifier et
d'améliorer la qualité des fibres végétales La structure de leur surface joue un rôle
important dans la propriété des fibres, et leur composition chimique varie à la fois en
fonction du matériel végétal brut et des procédés utilisés lors de leur extraction Des
modifications enzymatiques ciblées de la surface des fibres permettraient d'améliorer
la qualité technique des fibres et leurs utilisations De plus, modifier la biosynthèse et
la structure des parois cellulaires des plantes permettrait d'obtenir des fibres
possédant les qualités demandées

Dans la nature, les CBDs font partie intégrante d'enzymes impliquées dans la
dégradation de la biomasse ligno-cellulosique Les CBDs sont de discrets modules
proteiques qui ont la capacité de se lier spécifiquement et fortement à différentes
formes de cellulose En se basant sur des homologies de sequences, les CBDs ont
pu être classifies en 13 familles Tous les CBDs de champignons filamenteux
appartiennent à la même famille (famille I), et sont de tres petite taille (de 33 a 40
acides aminés)

Toutes les autres familles contiennent des CBDs d'origine

bactérienne, et sont de taille plus large (jusqu'à 250 acides aminés) Les CBDs
favorisent l'action du domaine catylitique auquel ils sont associés en augmentant la
concentration de l'enzyme à la surface de la cellulose De plus, ils déstabilisent les
liaisons hydrogène entre les chaînes cellulosiques, libérant un substrat soluble
susceptible d'être dégrader par les (hémi-)cellulases Les CBDs sont structurellement
et fonctionnellement indépendants du domaine catalytique. Isolés, ils gardent leur
affinité pour la cellulose, et par conséquent, peuvent être utilisés pour construire des
protéines de fusion, sans affecter l'activité biologique du domaine auquel ils seront
associés ln-planta, se liant à la cellulose, les CBDs pourraient affecter, directement
ou indirectement, la structure du réseau de cellulose et d'hémicellulose des parois
végétales, et pourraient être utilisés pour modifier la biosynthèse et la structure des
parois cellulaires des plantes à fibres II a été prouvé qu'un CBD de la bactérie
Clostridium cellulovorans, se liant à la cellulose crystalline, pouvait promouvoir
('elongation cellulaire, en augmentant le taux de synthèse de la cellulose
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Un CBD de la famille I, ainsi qu'un peptide linker ont été isolés des champignons
filamenteux Aspergillus japonicus et Aspergillus aculeatus. Une protéine de fusion
GST-CBD comprenant la glutathione-S-transferase, le peptide linker et ce CBD
attaché à l'extrémité C-terminale a été exprimée dans Escherichia coli. La protéine
GST-CBD a été purifiée, et il a été démontré qu'elle pouvait se lier à la BMCC
(bacterial microcrystalline cellulose) et à la CMC (carboxymethyl cellulose). La
protéine de fusion a également pu être immobilisée sur des fibres naturelles (lin et
coton). La supression du peptide linker affecte à la fois la capacité de la protéine de
fusion à s'adsorber sur la cellulose, et sa sensibilité aux proteases (chapitre 1).
La capacité du CBD à désorganiser la BMCC, les fibres de lin et de coton, a
également été étudiée à l'aide de la microscopie à lumière polarisée, de la
microscopie électronique à balayage et de la diffraction à rayon X. L'analyse par
diffraction à rayon X a montré que le CBD n'avait aucun effect sur la cristallinité de la
cellulose bactérienne purifiée. Aucun changement morphologique ou structurel n'a
pu être observé sur les fibres de lin et coton après traitement avec le CBD (chapitre
3).
La possibilité d'utiliser le CBD d'Aspergillus pour altérer la quantité et la structure de
la cellulose produite par la bactérie Acetobacter xylinum a été étudiée. (Chapitre 3).
Quand Acetobacter xylinum est cultivé en présence du CBD, il a été démontré que la
vitesse de biosynthèse de cellulose par la bactérie était accrue. L'étude par
microscopie électronique à balayage du film de cellulose produit par Acetobacter, a
montré que l'ajout de CBD au milieu de culture entraînait une alteration de la
structure de la cellulose de facon dose-dépendante. L'analyse de la cellulose par
diffraction à rayon X a montré que sa cristallinité été augmentée.

Des plantes d'Arabidospis thaliana transgéniques ont été produites, exprimant le
CBD sous le contrôle d'un

promoteur

constitutif

CaMV35S. Les plantes

transgéniques cultivées à la lumière, possèdent un phénotype modifié. Les tiges,
racines, cotylédons et feuilles sont plus petites chez les plantes exprimant le CBD.
Les poils racinaires (tip-growing), au contraire, sont plus longs. Dans tous les tissus
étudiés, les cellules subissent une expansion radiale plutôt que longitudinale. Le
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nanisme des plantes transgéniques apparaît être hé à un défaut de l'élongation
cellulaire (chapitre 4).
Des analyses microscopiques ont montré que l'achitecture des parois cellulaires des
plantes exprimant le CBD était modifiée. L'analyse des parois par spectromètrie
infra-rouge (FTIR), a permis de confirmer que la composition biochimique des parois
était altérée Les plantes transgéniques contiennent plus de cellulose, de protéines et
de pectine. Nous avons montré que le réseau cellulose-xyloglucanes des parois était
perturbé Ce défaut dans la structure pariétale serait alors compensé par une
synthèse accrue de composés pectiques (chapitre 5)
Différentes stratégies peuvent être considérées pour l'utilisation biotechnologiques
des CBDs Le CBD que nous décrivons, pourrait être appliqué à la production
d'enzymes recombinantes (protéines de fusion) pour améliorer l'extraction et
l'utilisation des fibres végétales. Les CBDs pourraient également être utilisés pour
greffer de nouveaux groupes réactifs à la surface des fibres, leur conférant de
nouvelles propriétés (absorbance, couleur...)

Enfin, les CBDs pourraient nous

permettre de moduler, in-planta, la composition des fibres, mais également leur
longueur et leur propriétés mécaniques.
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