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ABSTRACT

XYLOGLUCAN BIOSYNTHESIS: IDENTIFICATION AND CHARACTERIZATION
OF FUCOSYLTRANSFERASE AND CELLULOSE SYNTHASE-LIKE GENES

By

Weiqing Zeng

Plant cell walls provide strength and shape to plant cells, and play a critical role in
intra- and intercellular communications during plant growth and development.
Xyloglucan is the major hemicellulose in the primary wall of dicots and non-
graminaceous monocots. XyG is composed of a 3-(1,4)-glucan backbone that is usually
decorated with a-(1,6)-xylose, B-(1,2)-galactose and a-(1,2)-fucose residues. Until very
recently, none of the genes encoding xyloglucan synthetic enzymes had been identified. I
am therefore interested in identification of these genes and in exploration of their
expression patterns during plant growth and development.

Utilizing sequence information obtained from a partially purified xyloglucan
fucosyltransferase enzyme from pea epicotyls, the full-length cDNAs encoding
Arabidopsis and pea XyG fucosyltransferase, AtFutl and PsFutl, were identified. The
biochemical function of AtFUT1 was confirmed by the immunoprecipitation of XyG
fucosyltransferase activities from Arabidopsis microsomes using antibodies against E.
col-expressed AtFUT1 proteins and, by the presence of XyG-specific fucosyltransferase
activity in COS7 cells expressing the AtFutl gene. The identity of the PSFUT1 was
confirmed through sequence comparisons with the purified enzyme, its sequence

similarity with AtFUT1, and its expression in COS7 cells. In young pea plants, the



expression level of PsFutl was found to be highly correlated with the internode
elongation rate of etiolated pea seedlings.

Cellulose synthase-like proteins of Arabidopsis show 7% to 46% identity with
cellulose synthases and, therefore, have been hypothesized to be involved in the
biosynthesis of wall matrix polysaccharides such as XyG. Expression profiling of AtCsl
genes was performed by examining EST libraries, MPSS libraries and microarray
databases, but did not reveal any strong candidate genes for encoding the xyloglucan
backbone glucan synthase.

Among all AtCsl genes, those of the D subfamily have the highest level of
identity to AtCesA genes. To distinguish whether AtCslID proteins might be isoforms of
AtCesA proteins or enzymes involved in the biosynthesis of matrix polysaccharides, a
polyclonal antibody against an AtCsID2 peptide was generated and utilized to locate the
proteins at Golgi membranes using cellular membrane fractionation techniques such as
sucrose density gradient and two-phase partitioning. Therefore AtCslD genes are likely to
encode enzymes involved in the matrix polysaccharide biosynthesis instead of CesA
proteins.

In another attempt to identify functions for AtCsID genes, transgenic plants
containing RNAI constructs targeting AtCslD transcripts were generated. These plants
showed deformed cotyledons, were dwarfed as adult plants, and had shortened roots with
more branches. However, the transcript suppression of AtCslD genes was only clearly
seen in cotyledons, and no clear alteration in cell wall sugar composition was detected.
Therefore, the exact biochemical functions of AtCslID proteins still could not be

determined.
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CHAPTER 1

The Plant Cell Wall, its Structure, Function, and Biosynthesis



PLANT CELL WALL STRUCTURE AND FUNCTION
Plant cell wall functions

The presence of a cell wall is one of the unique features that distinguish plant
cells from animal cells. The walls, on one hand, provide strength, shape and rigidity to
plant cells and contribute to the structural integrity of plants. On the other hand, the walls
also allow controlled flexibility to plant cells via a controlled weakening and loosening,
thereby allowing cell expansion (Brett, 1983).

Plant cell walls limit the ability of macromolecules, such as large proteins or
nucleic acids, to enter or leave cells. Walls are also involved in the apoplastic transport of
small molecules and ions, including some small proteins and polysaccharides (Carpita et
al., 1979). The movement through plant cell walls is also charge-dependent because the
walls bear a net negative charge (Carpita et al., 1979).

Plants are constantly exposed to attacks from many microorganisms that are
potentially pathogenic. Many plant defense mechanisms involve the cell wall. An intact
cell wall is an effective physical barrier, protecting against pathogen penetration and
spread (Stacey et al., 1992). In addition, the cross-linking of cell wall structural proteins
strengthens the cell walls as a rapid response in the initial stages of the hypersensitive
response before transcription-dependent defense mechanisms occur (Brisson et al., 1994).
The formation of effective papillae at the site of infection provides further mechanical
barriers to penetration (Israel et al., 1980). Another role for cell walls is the elicitation of
phytoalexin production in response to pathogen attacks. Many endogenous elicitors of
phytoalexin production are derivatives of degraded wall polysaccharides created by

pathogen attack or abiotic stresses (Stacey et al., 1992). Oligosaccharide products derived



by degradation of wall polysaccharides may even diffuse to neighboring cells to trigger
defense responses, or sometimes act as signal molecules regulating cell expansion and

plant development (Aldington et al., 1991).

Plant cell wall structures

Electron microscopic examination showed that many plant cell walls consist of
three layers, a middle lamella, a primary wall and sometimes a secondary wall (Brett and
Waldron, 1996). The middle lamella is the first layer formed immediately after cell
division and is derived from the cell plate. The primary wall is the next major layer
deposited from daughter cells onto the middle lamella after cell division is completed
(Brett and Waldron, 1996). The plant cells continue to deposit primary wall as long as the
cell enlarges and its surface area grows (Brett and Waldron, 1996). The primary wall
usually reaches a thickness of 50-100 nm and remains extensible for possible further
growth (Kaczkowski, 2003). Many cells only have two layers of walls. For other cell
types, a third layer of wall, the secondary wall, is deposited after cell expansion stops and
differentiation begins. The thickness of the secondary wall is not as homogeneous as the
primary wall and varies significantly even for different parts of a cell. This secondary cell
wall contributes to many structurally and morphologically different cell types with
unique functions (Preston, 1974; Bacic et al., 1988). For example, cells building up
xylem elements or sclerenchyma have thick secondary walls and are mechanically more
resistant (Kaczkowski, 2003). The deposition of secondary wall is usually accompanied
by lignification to make the walls even stronger (Kaczkowski, 2003). Although a

secondary wall is composed mostly of cellulose and lignin, other polysaccharides such as



xylans and glucomannans are also found in many cases to be deposited along with the
cellulose (Fincher and Stone, 1982; Northcote, 1985; Gibeaut and Carpita, 1994).

Biochemically, the primary cell wall consists of two phases, a microfibrillar
skeleton and a matrix (Carpita and Gibeaut, 1993). The microfibrillar phase has a high
degree of crystallinity and is formed by microfibril structures that are composed solely of
cellulose, a highly structured collection of B-1,4 glucan chains (Carpita and Gibeaut,
1993). The glucan chains are arranged in a crystalline lattice within each microfibril
through intramolecular or intermolecular hydrogen bonding, thereby giving rise to the
high tensile strength of the microfibrils (Carpita and Gibeaut, 1993).

The wall matrix phase is chemically complex and consists of many different
polysaccharides, proteins and phenolic compounds (Brett and Waldron, 1996). There are
two major categories of wall matrix polysaccharides, hemicellulose and pectin,
characterized by their extractabilities by different reagents (Selvendran, 1985). Pectins
are readily extracted by hot water with a chelating agent such as ammonium oxalate,
EDTA, or dilute acid solution, whereas hemicelluloses are extracted only with alkaline
solution (Selvendran, 1985).

Pectins are a mixture of variably branched and strongly hydrated polysaccharides
that are rich in galacturonic acid, rhamnose, arabinose and galactose (Selvendran, 1985).
The presence of pectins controls the wall porosity and charge. Pectic polysaccharides
help cells adhere to form tissues, keep wall enzymes in position, and also keep tissues at
proper hydration level (Kaczkowski, 2003). Pectin polysaccharides also act as signal
molecules in response of symbiotic organisms, pathogens, and insects (McNeil et al.,

1984). The pectic polysaccharides comprise a group of acidic polysaccharides, including



homogalacturonan (HG), rhamnogalacturonan I (RG I), and rhamnogalacturonan I (RG
II), as well as several neutral oligosaccharides and polysaccharides, including arabinan,
galactan, and arabinogalactan that usually appear as side chains of the former three types
(Bacic et al., 1988; Gibeaut and Carpita, 1994). RG I and RG II are extremely complex
polysaccharides with numerous side-chain modifications of arabinans or galactans
(Mohnen, 1999).

Overall, hemicelluloses generally have simpler side chains compared to pectic
polysaccharides. Their backbones, on the other hand, are similar to 3-glucan chains of
cellulose so that hemicelluloses can form numerous hydrogen bonds with the cellulose
molecules (Gibeaut and Carpita, 1994). This cross-linking ability of hemicelluloses is
their main function and helps provide wall structural integrity. Major hemicelluloses
include xyloglucan (XyG), B-(1,3)-(1,4) mixed-linkage glucan, glucuronoarabinoxylan
(GAX), arabinoxylan, xylan, glucomannan, galactomannan, glucuronomannan, and
mannan (Carpita and Gibeaut, 1993). The types of hemicellulose vary greatly in different
plant species, as does the structure or amount of a particular hemicellulose (Carpita and
Gibeaut, 1993).

XyG is the major hemicellulose in the primary cell wall of most dicot plants and
consists of a backbone of a B-(1,4)-linked glucan chain that is modified with a-(1,6)-
xylose, B-(1,2)-galactose, and sometimes a-(1,2)-fucose (Figure 1.1) (Hayashi, 1989).
The mixed-linkage glucans are glucose chains with -(1,3) and B-(1,4) linkages. Xylans
and mannans are polymers of single sugar residues of B-(1,4)-xylose or -(1,4)-mannose,
respectively (Brett and Waldron, 1996). Other xylan- and mannan- derived

hemicelluloses either have more than one sugar residue in their backbones



Fuc
P a(l2)
k4

Gal Gal
} B(1L2)
- ¥ ¥
Xyl Xyl Xyl -

la(l,6) la(1,6) Ea(1,6)
¥

—+ Gle —» Glc —» Glc —» Glc —
B(1,4) B(1,4) B(1,4)
_ 3-20k

«sso e Absent in some Xyloglucans

= Present in all Xyloglucans

Figure 1.1: Structure of a typical xyloglucan building block. Adapted and modified

from Hayashi, 1989 and Fry, 1989.



(glucomannan,), or have side chain modifications (galactomannan, arabinoxylan, GAX),
or both (glucuronomannan) (Brett and Waldron, 1996).

Cell walls contain five major classes of structural proteins, hydroxyproline-rich
glycoproteins (HRGPs) such as extensins, glycine-rich proteins (GRPs), proline-rich
proteins (PRPs), solanaceous lectins, and arabinogalactan proteins (AGPs) (Showalter,
1993). There are also many enzymes associated with the walls such as peroxidases,
phosphatases, invertases, proteases and many polysaccharide-degrading enzymes
(Showalter, 1993).

The composition of the wall matrix varies significantly from plant to plant, cell to
cell, and even at different developmental stages of the same cell type. Most of the
compositional variation comes from differences in the categories, proportions, and
structural modifications of the polysaccharides present in the wall matrix (McNeil et al.,
1984). The primary walls of dicot plants all contain a high proportion of pectic
polysaccharides and a smaller amount of XyGs (Bacic et al., 1988). Gymnosperms have a
similar primary wall matrix with the presence of pectins and XyGs (Burke et al., 1974;
Thomas et al., 1987). In the Poaceae plants, the primary walls usually contain highly
substituted GAX as the major matrix polysaccharide as well as variable amounts of B-
(1,3)-(1,4) mixed-linkage glucans. The pectic polysaccharides and XyGs are usually
minor components (Bacic et al., 1988). Most non-graminaceous monocot plants have a
cell wall matrix composition similar to that of dicot plants, while some of them showed
similarity with graminaceous plants (Bacic et al., 1988).

Therefore, according to the different compositions, the primary walls in higher

plants were classified into two distinct types (Carpita and Gibeaut, 1993). The type I wall






is representative of all Dicotyledonae and some Monocotyledonae. This type of wall has
a wall skeleton structure of cellulose microfibrils cross-linked by the hemicellulose XyGs
(Carpita and Gibeaut, 1993). Other non-cellulosic polysaccharides having similar inter-
linking functions, such as glucomannan, galactomannan, glucuronomannan, f3-(1,3)-
glucans, and GAXs are also found in some type I walls but in very low amounts (Maltby
et al., 1979; Darvill et al., 1980; Meier and Reid, 1982; Bacic et al., 1988). XyGs bind
tightly to the surface of cellulose microfibrils through hydrogen bonds and connect
different microfibrils (McCann and Roberts, 1992; Carpita and Gibeaut, 1993). Type I
primary walls comprise three domains that are structurally different but interacting with
each other (Carpita and Gibeaut, 1993). The first domain, cellulose-XyG network, is the
basic wall structure framework that is embedded in a second domain of matrix pectin
polysaccharides including mainly polygalacturonic acids (PGA) and RGs (Carpita and
Gibeaut, 1993; Gibeaut and Carpita, 1994). Chains of PGA are cross-linked with Ca®* to
form junction zones for chain linkings. The size of junction zones and the size and
frequency of side chains on RGs control the wall porosity (Brett and Waldron, 1996). The
third wall structural domain consists of the structural proteins (Carpita and Gibeaut,
1993).

The type II wall is found only in Poaceae and closely related monocot families
(Carpita and Gibeaut, 1993). Structurally the type II primary wall is based on the same
cellulose microfibrils that are cross linked by GAXs instead of XyGs. The GAXs have a
backbone of 3-(1,4)-D-xylose residues that are modified with single arabinose residues at
O-3 positions or glucuronosyl acid (GlcA) residues at the O-2 positions of the backbone

xyloses (Gibeaut and Carpita, 1994). The degree of side chain modification varies greatly



among different plants. The variation determines the abilities of GAXs to bind with each
other. The presence of high amount of side chains prevents the hydrogen bonding among
themselves or with cellulose microfibrils (Carpita and Gibeaut, 1993). The type Il walls
not only have very little amount of pectins but also display a developmental preference
for methyl esterified or unesterified pectins in specific cell types (Knox et al., 1990). The
esterified PGAs are usually found in vascular tissues while the unesterified PGAs are
usually found in the coritcal cells of root tips and parenchyma cells of seedlings and

coleoptiles (Knox et al., 1990).



XYLOGLUCAN STRUCTURE AND FUNCTION
Xyloglucan structures

XyGs have a cellulose-like backbone composed of $-(1,4) linked D-glucosyl
residues (Figure 1.1). Some of the backbone glucosyl residues are decorated with a-D-
xylosyl residues in 1,6 linkages in a regular pattern that varies depending upon the plant
species. The combination of backbone glucosyl residues and their immediate xylose side
chains constitute the core building blocks for each XyG molecule. Some of the xylose
residues of XyGs are further substituted at the C-2 positions with mono-, or disaccharides
containing B-D-galactose, a-L-arabinose, and a-L-fucose residues (Vierhuis et al., 2001).
The constitution and distribution of side chains again is plant-species and tissue-type
specific (Fry, 1989; York et al., 1996; Vincken et al., 1997; Pauly et al., 2001).

A concise nomenclature was developed to unambiguously designate XyG
structures (Fry et al., 1993). XyG molecules are divided into segments consisting of only
a single backbone glucosyl residue and its side chain residues attached. Each segment
with a different overall structure is designated with a different code letter. The letter “G”
refers to the unbranched backbone B-D-Glc, “X” refers to an a-D-Xyl-(1,6)-B-D-Glc
disaccharide segment, “L” refers to the trisaccharide 3-D-Gal-(1,2)-a-D-Xyl-(1,6)-B-D-
Glc, and “F” refers to the tetrasaccharide a-L-Fuc-(1,2)- B-D-Gal-(1,2)-a-D-Xyl-(1,6)-B-
D-Glc (Fry et al., 1993) (Figure 1.1). XyG from solanaceous plants usually contains
terminal L-arabinose instead of fucose and is therefore designated as arabinoxyloglucan
(Vincken et al., 1997; Vierhuis et al., 2001). The trisaccharide a-L-Ara-(1,2)-a-D-Xyl-
(1,6)-B-D-Glc then is referred as “S”, and the tetrasaccharide B-L-Ara-(1,3)-a-L-Ara-

(1,2)-a-D-Xyl-(1,6)-B-D-Glc is referred as “T” (Fry et al., 1993; Vincken et al., 1997).
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Using this convenient nomenclature system, the two major core building blocks of
XyG are named as XXXG and XXGG (Vincken et al., 1997). XXXG type of XyGs
usually have 75% of the backbone glucoses substituted at their 6 positions with a-D-
xylose at a regular pattern of three substituted residues followed by one unsubstituted
residue (Figure 1.1). XXGG type of XyGs usually have clusters of two instead of three
branched glucose residues alternating with a two glucose residues without any
substituents (Vincken et al., 1996; York et al., 1996).

XXXG type of XyG is the major hemicellulose in the primary wall of
dicotyledonous and non-graminaceous monocotyledonous plants (Pauly et al., 2001).
They usually contain modifications of -D-Gal or disaccharide a-L-Fuc-(1,2)-B-D-Gal
on the xylose residues and yield structures of XXLG, XLLG, XXFG and XLFG (York et
al., 1990; Hisamatsu et al., 1991). Furthermore the presence of fucose residues is
regarded as a specific feature of dicotyledonous XyGs, as XyGs from graminaceous
monocotyledonous plants generally lack the fucose residues. However some exceptions
have been reported (Hayashi, 1989; McDougall and Fry, 1994).

The XXXG type of XyG is also found in seeds as storage polysaccharide,
including seeds from Tamarindus indica (York et al., 1990), cyclamen (Braccini et al.,
1995), Tropaeolum majus (McDougall and Fry, 1990), and Detarium senegalense (Wang
et al., 1996). These XyGs rarely bear any other substituents except some B-D-galactose
on some of the xylose residues, to give structures XXLG and XLLG.

The XXGG type of XyGs are usually found in solanaceous plants as well as
Poaceae plants. One of the unique feature of this type of XyGs is the presence of terminal

a-L-arabinose to form core structures XSGG (Hayashi, 1989; Vincken et al., 1996; York
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et al., 1996). The presence of fucose has not yet been found in this type of XyGs

(Vincken et al., 1997).

Structural roles of xyloglucan

XyG forms a load-bearing network with cellulose. It not only adheres to the
surface of cellulose microfibrils, but also can connect different cellulose microfibrils at
its two ends to contribute to wall plasticity and elasticity (Fry, 1989). The linkages
between XyG and cellulose microfibrils are non-covalent hydrogen bonds (Thompson
and Fry, 2000).

It was proposed many years ago that in dicot plants, XyGs and pectic
polysaccharides, as well as the structural glycoproteins, are covalently joined together to
form the wall matrix phase (Keegstra et al., 1973). Evidence obtained more recently
further supports this hypothesis. XyG and pectic polysaccharides were repeatedly co-
extracted from the wall and found to be inseparable from each other by ethanol
precipitation, gel permeation chromatography, and ion exchange chromatography.
(Chambat et al., 1984; Joseleau and Chambat, 1984; Selvendran, 1985; Selvendran et al.,
1985; Femenia et al., 1999). Treatment of those XyG-pectin complexes with endo-
glycosidases specific for a glycosyl linkage in one polymer would always cause
molecular weight decrease of both XyG and pectic components, strongly indicating an
association of XyG and pectic polysaccharides (Femenia et al., 1999; Watt et al., 1999;
Thompson and Fry, 2000). It has been suggested that the covalent linkage between XyGs
and pectic polysaccharides could be alkali-stable bonds of glycosidic or other forms

(Keegstra et al., 1973; Thompson and Fry, 2000), alkali-labile ester bonds (Mueller et al.,
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1976; Kim and Carpita, 1992; Brown and Fry, 1993; Brown and Fry, 1993), or through
oxidatively coupled phenolics such as diferuloyl esters (Grabber et al., 1995; Parr et al.,

1996).

Xyloglucan’s role during cell expansion

The growing plant cell wall is a dynamic structure with constant metabolism of its
constituent polysaccharides during cell growth and expansion. Apart from the usual
degradation of existing molecules and the synthesis of new molecules, there is an
additional key aspect of XyG metabolism. As one of the major components of the wall
network connecting cellulose microfibrils and pectic polysaccharides, XyG constitutes
20-25% of the dry weight of the primary cell wall in dicot plants and contributes
substantially to the mechanical strength of the cell wall fabric (Fry, 1989). Therefore
XyG has to be disconnected from other polysaccharides in the wall or degraded to allow
the loosening of the existing wall so that more newly synthesized wall materials can be
incorporated during expansion. Two key enzymes, expansins and XyG
endotransglucosylases/hydrolases (XTHs), are thought to be involved in these processes.

Expansins are cell wall-associated proteins that weaken the non-covalent binding,
namely hydrogen bonds, between XyG and cellulose microfibrils, to allow turgor-driven
polymer creep (Rayle and Cleland, 1992; Cosgrove, 2000). This reaction would then
separates existing wall polysaccharides and allow new wall materials to be deposited and
inserted among the previously existing ones.

XTH was first identified as an enzyme catalyzing the transglycosylation of XyGs

(Fry et al., 1992; Nishitani and Tominaga, 1992). In contrast to expansins, which do not
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possess hydrolytic activities, the XTHs cleave the glycosidic linkages in the backbone of
XyG molecules. Instead of transferring the sugar to water, yielding hydrolysis of the
glycosidic bond, XTHs transfer the cleavage product to another XyG molecule to form a
new glycosidic linkage (McQueen-Mason, 1997). It is proposed that, by doing so, XTHs
loosen the connections mediated by XyG molecules and allow temporary wall weakening.
The rejoining between different existing XyG molecules or between newly deposited
XyG molecules and old ones accomplish the expansion of walls as well as the
incorporation of new wall materials, yet reconstitutes the wall network structure (Rose et

al., 2002).

Functions of xyloglucan fragments

Oligosaccharin is a name for oligosaccharides derived from the degradation of
fungal and plant cell wall polysaccharides that have the ability to modify plant growth or
defense responses (Ozeretskovskaya and Romenskaya, 1996). The XyG degradation
product, XXFG, is one of the earliest identified oligosaccharins. It was shown to have an
effect on plant growth and development (York et al., 1984; McDougall and Fry, 1991).

In excised pea stem segments or whole shoots, the nonasaccharide XXFG at a
concentration of 10" to 10™® M can inhibit 2,4-dichlorophenoxyacetic acid (2,4-D)-
induced elongation (York et al., 1984; McDougall and Fry, 1988; Emmerling and Seitz,
1990; Augur et al., 1992). At this concentration, XXFG also inhibits H'-induced growth
(Lorences et al., 1990), gibberellic acid (GA3)-induced growth (Warneck and Seitz, 1993)
and endogenous growth (Wameck and Seitz, 1993). The growth inhibition effect of

XXFG is dependent on the terminal a-L-fucose or the disaccharide a-L-fucose-(1,2)-B-
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D-galactose, since neither XXLG nor XXXG showed similar growth inhibition abilities
(McDougall and Fry, 1989). On the other hand the non-reducing terminal a-D-xylose and
the reducing terminal D-glucose are not essential for the inhibition activity because the
oligosaccharides GXFG and XXFGol are active growth inhibitors (Augur et al., 1992).
Interestingly, XXFG also shows a growth-promoting effect in pea stem segments
when applied at a higher concentration of about 10 M and in the absence of exogenous
phytohormones (McDougall and Fry, 1990; Warneck and Seitz, 1993; Cutillas and
Lorences, 1997). This growth promotion ability is not dependent on the fucose-galactose
side chains but requires a Xyl/Glc-rich backbone (Wameck et al., 1998). The mechanism
and signal transduction pathway of the XyG oligosaccharin controlling plant growth and

development are still poorly characterized.

Xyloglucan as a reserve carbohydrate

The seeds of plants have nutrition stored in the form of carbohydrate, lipid or
protein. Those substances are mobilized during seed germination before the seedlings
become self-sufficient, to allow for energy generation and to produce raw materials for
building cells and tissues in the germinating seedlings (Mayer and Poljakoff-Mayber,
1975). The most common carbohydrate stored in seeds is starch. Other storage
carbohydrates include fructan and cell wall polysaccharides such as galactomannans,
XyGs and galactans (Buckeridge et al., 2000). These storage polysaccharides are normal
components of the cell walls of other tissues but in much lower quantities.

XyG is the storage polysaccharide accumulated in the cotyledonary tissues of

several dicot plants including tamarind (Tamarindus indica) (Kooiman, 1961), nasturtium
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(Tropaeolum majus) (Edwards et al., 1985), Hymenaea courbaril (Buckeridge and
Dietrich, 1990) and Copaifera langsdorffii (Buckeridge et al., 1992). Comparative studies
of XyGs from seeds of these plants showed the same basic structural units XXXG,
XLXG, XXLG and XLLG (Buckeridge et al., 1992). It was also found that the ratios
between these units changes depending on the fine structures shown by different species
and different populations of the same species growing under different environmental
conditions (Buckeridge et al., 1992). However all seed XyGs showed similar
monosaccharides proportions, indicating that a similar degree of branching is preserved,
but the distribution of blocks with different degree of galactosylation determines the fine
structure of XyGs from different sources (Buckeridge et al., 2000).

Studies in T. majus (Edwards et al., 1985), T. indica (Reis et al., 1987), C.
langsdorffii (Buckeridge et al., 1992), and H. courbaril (Tine et al., 2000) have shown
that four degradative enzyme activities are involved in the mobilization of storage XyG.
All four types of enzymes have been isolated from 7. majus. They are a XyG-specific
endo B-(1,4)-D-glucanase or XTH (Edwards et al., 1986; Fanutti et al., 1993), a 3-
galactosidase with high specificity for XyG (Edwards et al., 1988), a XyG-
oligosaccharide specific a-xylosidase or oligoxyloglucan exo-xylohydrolase (Fanutti et

al., 1991), and a transglycosylating B-glucosidase (Crombie et al., 1998).
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IDENTIFICATION OF GENES INVOLVED IN WALL BIOSYNTHESIS

Genes involved in xyloglucan biosynthesis

According to the chemical structure of XyG one could predict the need for at least
four different enzymes involved in its biosynthesis: a 3-glucan synthase(s) to make the
backbone, plus a-xylosyltransferase(s), B-galactosyltransferase(s) and a-
fucosyltransferase to add the side chains. When I began my thesis work, none of the
genes encoding these enzymes had been identified. I joined the first efforts to identify the
gene encoding the XyG fucosyltransferase (Perrin et al., 1999). An enzyme activity assay
for XyG fucosyltransferase was developed using the tamarind XyG, which naturally lacks
the terminal fucose, as the acceptor substrate, and '*C labeled GDP-fucose as the sugar
donor (Farkas and Maclachlan, 1988). The XyG fucosyltransferase was purified from
etiolated pea epicotyls through a GDP-affinity and size exclusion column with the XyG
fucosyltransferase activity monitored at each step (Perrin et al., 1999). The peptide
sequences obtained from the purified enzyme led to the identification of an Arabidopsis
EST clone, which subsequently led to the identification of the full-length cDNA sequence
for Arabidopsis XyG fucosyltransferase (AtFutl) (Perrin et al., 1999). The pea version of
the XyG fucosyltransferase gene, PsFutl, was also identified from a cDNA library
utilizing the peptide sequences identified from the purified enzyme (Faik et al., 2000).
The identity of the AtFutl was confirmed by the precipitation of XyG fucosyltransferase
activity from detergent solubilized Arabidopsis microsomes with antibodies against an E.
coli-expressed peptide encoded by AtFutl, and the detection of XyG fucosyltransferase

activity from AtFUTI proteins expressed in COS7 cells (Perrin et al., 1999).
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An AtFutl mutant mur2, was identified from a screen for altered monosaccharide
composition in cell walls (Reiter et al., 1997). These mutants have a 50% reduction in
total cell wall L-fucose content and showed a reduction in XyG fucosylation to about 1%
of wild type due to the mutation in the A¢Futl (Vanzin et al., 2002). Furthermore, XyG is
the only polysaccharide affected in the mur2 mutant plants (Vanzin et al., 2002).
Howewer, there is no visible phenotype observed for mur2, and its wall strength was
indistinguishable from that of the wild-type plants (Vanzin et al., 2002). A total of nine
DNA sequences that have significant sequence identity with AtFutl have been identified
in the Arabidopsis genome database (Sarria et al., 2001). Together with AtFUT1 and the
PsFUT1, proteins encoded by these nine genes constitute a new glycosyltransferase

family in the CAZY database (family 37, http://afmb.cnrs-mrs.fr/~pedro/CAZY)

(Henrissat and Davies, 2000). AtFUT proteins other than AtFUT1 did not show XyG-
specific fucosyltransferase activities when they were expressed in tobacco BY2 cell
cultures (Sarria et al., 2001). These AtFUT proteins showed very low identity with
fucosyltransferases involved in the biosynthesis of N-linked glycoproteins and were
Proposed to be fucosyltransferases forming fucose linkages present in cell wall
carbohydrates other than XyG, namely, RG I, RG II and AGPs (Sarria et al., 2001).
The XyG galactosyltransferase was identified from a forward genetic approach.

The mur3 mutant was identified in the same screen that identified mur2 (Reiter et al.,
1997). The mur3 plants also showed a 50% reduction in cell wall fucose content just as
Mur2 plants do (Reiter et al., 1997). When the cell wall materials from mur3 and wild-
type plants were fractionated into pectin- and XyG- rich fractions, significant decreases

©f fucose and galactose contents in both 1 M KOH and 4 M KOH soluble fractions were
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observed, indicating the possibility that the disaccharide side chain a-L-fucose-(1,2)--
D- galactose was missing (Madson et al., 2003). When the XyGs from mur3 plants were
digessted with endo-B-D-glucanase, two of the normally seen XyG building blocks XXFG
and XLFG were missing (Madson et al., 2003). The gene mur3 was identified through
pos1itional cloning. When expressed in Pichia pastoris, MUR3 showed XyG-specific

gal actosyltransferase activity and therefore confirmed the identity of MUR3 to be a XyG

gal actosyltransferase (Madson et al., 2003).

The XyG xylosyltransferase was identified through a candidate gene approach. In
Xy G the a-D-xylose is added to the B-glucan backbone in a 1,6 linkage. This glycosidic
reaction is very similar to the one catalyzed by the galactomannan-specific a-(1,6)
galactosyltransferase (Faik et al., 2002). When the sequence of the galactomannan a-(1,6)
galactosyltransferase gene from fenugreek (Edwards et al., 1999) was used to search the
Ar abidopsis genome database, a group of seven genes that share low sequence similarity
With it was identified. When these genes were expressed in Pichia pastoris, one of them,
AtXT], showed XyG specific xylosyltransferase activity (Faik et al., 2002). This XyG-
SPrecific xylosyltransferase activity assay used cellopentose as substrate acceptor, and the
Produyc hydrolysis analysis indicated the xylose residue was added onto the second
E1ucose residue from the non-reducing end (Faik et al., 2002). The other six homologs of
AtXTl did not show this XyG-specific xylosyltransferase activity during the same study,

|[g their functions are still not known (Faik et al., 2002).

A gene encoding the XyG backbone glucan synthase has not yet been identified

lairlly due to the lack of a specific enzyme activity assay method. Currently, several

Sups, including ours, are working vigorously in trying to identify this gene by
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developing the XyG glucan synthase assay and using reverse genetics and genomic
candidate gene approaches. One attractive hypothesis is that one or more of the cellulose
synthase-like genes encode(s) the XyG glucan synthases. Supporting evidence includes
the fact that the chemical structures of cellulose and XyG backbone are exactly the same,
and the fact that cellulose synthase-like genes share significant sequence identity with

genes encoding cellulose synthases (Doblin et al., 2001).

Genes involved in the biosynthesis of other wall polysaccharides
The identification of genes encoding enzymes involved in plant cell wall
polysaccharide biosynthesis began only in the mid-to-late 1990’s with the identification
of thie first cellulose synthase from cotton (Pear et al., 1996). Even at the present time,
only a few genes have been identified and functionally characterized even though
hundreds of enzymes are predicted to participate in the biosynthesis of the various cell
wall polysaccharides. Beside the genes that encode enzymes involved in XyG
biosynthesis, as described above, other genes identified include those encoding the
cellulose synthase catalytic subunits (Williamson et al., 2002), two genes encoding
nzymes for the biosynthesis of galactomannan (Edwards et al., 1999) (Dhugga, personal
COmmynication), and two genes encoding enzymes involved in pectin polysaccharide
biosymnithesis (Bouton et al., 2002; Iwai et al., 2002).
The first cellulose synthase gene was identified through an effort of random
SeqUGncing of clones from a cDNA library constructed from developing cotton fiber at 21
days Post anthesis, at which time cotton fibers make primarily cellulose in very high

TUangjgies (Pear et al., 1996). A full length clone identified showed sequence similarities
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with the bacterial cellulose synthase, celA. When expressed in E. coli the proteins
encoded by this cDNA specifically bound to UDP-glucose, the presumed substrate for
cellulose synthase (Pear et al., 1996). An Arabidopsis mutant 7sw! was identified later.
The mutant plants grown at a restrictive temperature of 30°C contained only half the
amount of cellulose present in wild type plants (Arioli et al., 1998). The mutant turned
out to be defective in a gene encoding a glycosyltransferase closely related to the enzyme
identified as cellulose synthase in cotton fibers (Arioli et al., 1998). Combining the
protein sequence comparison analysis with bacterial cellulose synthases and the
cellulose-deficient mutant analysis, the first Arabidopsis cellulose synthase gene was
finally identified and designated as the cellulose synthase catalytic subunit, AtCesAl.
The Arabidopsis genome contains a cellulose synthase gene family of ten genes.

Most of these ten genes have been linked to cellulose production by characterizing their
corresponding mutant plants. AtCesAl (Arioli et al., 1998), AtCesA3 (Bum et al., 2002),

AtCesA4 (Fagard et al., 2000), AtCesA6 (Taylor et al., 1999), AtCesA7 (Zhong et al.,

2003), and AtCesA8 (Taylor et al., 2000) all showed decreased cellulose production in

their corresponding mutant or antisense plants. AtCesA3 and AtCesA6 mutations also

resulted in resistance to isoxaben, a herbicide that selectively inhibits cellulose synthesis

(Scheible et al,, 2001; Desprez et al., 2002). Mutant plants for all these AtCesA genes,

Plus the antisense plant of AtCesA2 (Bum et al., 2002) all showed morphological

p henOtypes that are consistent with a cellulose deficiency. Therefore all ten AtCesA
8enes seem to have a function involved in cellulose synthesis.

Galactomannan is a hemicellulose that is synthesized as the major storage

POly saccharide and deposited in large quantity in seed endosperm at a certain stage of
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legume seed development (Reid and Meier, 1970; Meier and Reid, 1977; Edwards et al.,
1992). Galactomannan has a 3-(1,4)-mannan backbone decorated with a-(1,6) linked
single galactose residues. A gene encoding the a-(1,6)-galactosyltransferase involved in
the attachment of the galactose residues to galactomannan backbone was first identified
from fenugreek (Trigonella foenum-graecum L) seed endosperm (Edwards et al., 1999).
Microsomal membranes were prepared from developing fenugreek seed endosperm and
solubilized with Triton X-100. With a combination of non-denaturing isoelectric focusing
and SIDS-PAGE, a protein band in the gel was identified to be associated with the
galactosyltransferase activity (Edwards et al., 1999). This protein was subjected to
sequemncing and the peptide sequence information obtained allowed the isolation of a
c¢DN A clone which, when expressed in Pichia pastoris, showed high activity of
galactomannan specific galactosyltransferase (Edwards et al., 1999).

Very recently the gene encoding the enzyme involved in the backbone
biosynthesis of galactomannan, the $-mannan synthase, was identified in guar seed
(Kanwarpal S. Dhugga, personal communication). Again, the rapid deposition of
8alactomannan in large amounts in developing guar seeds was utilized as an advantage.
An EST library was constructed from the developing seeds. One of the cDNA clones
iSolatvs:d, when expressed in soybean somatic embryos, showed high level of activity for
B-mannan synthase (Kanwarpal S. Dhugga, personal communication). The hydrolysis
aANnalysis of the enzyme reaction product was also confirmed to be p-mannan (Kanwarpal
S. Dhugga, personal communication).

A RG II-specific glucuronyltransferase gene (NpGUT1) was identified from

Nicotiana plumbaginifolia through T-DNA tagging (Iwai et al., 2002). NpGUT]1 is
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similar to the gene encoding the catalytic domains of animal glucuronyltransferases
involved in heparan sulfate synthesis (Iwai et al., 2002). When the expression of
NpGUT]I was suppressed by an antisense gene, the glucuronic acid content level was
remarkably reduced in the Na,COs-soluble pectic fractions. In particular, the glucuronic
acid in RG II of cell wall materials was totally missing, confirming a function involved in
the formation of a rather specific sugar linkage (Iwai et al., 2002).

Another gene encoding an enzyme involved in pectic polysaccharide biosynthesis
was i1dentified through the characterization of an Arabidopsis T-DNA insertion mutant
QUASIMODOI (qual) (Bouton et al., 2002). The qua! plants were dwarfed and showed
reduced cell adhesion (Bouton et al., 2002). The biosynthesis of homogalacturonic acid
(HGA) in qual plants was affected since cell walls from the mutant plants had 25% less
uronic acid and galacturonic acid, and a strong decrease of HGA backbone epitopes
speci fically recognizable by monoclonal antibodies JIM5 and JIM7 (Bouton et al., 2002).
The cloned qual gene encodes a type Il transmembrane protein that belongs fo family 8
of glycosyltransferases (Bouton et al., 2002).

It is still a daunting task and a frustratingly slow process to identify all of the
glycosyltransferases involved in the biosynthesis of wall matrix polysaccharides, given
the large number of different sugar linkages present (Perrin et al., 2001). From these a
few successful gene identifications described here, it is realized that the biochemical
aPProach and the genomic candidate approach are both feasible and very efficient,
esD'acially when these two approaches are combined (Edwards et al., 1999; Perrin et al.,
1 999, Faik et al., 2002) (Kanwarpal S. Dhugga, personal communication). In addition,

SNZyme activity assays seem to be the most valuable tool and almost always a necessity
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since the biochemical function of each glycosyltransferase needs to be confirmed
ind1iwvidually. On the other hand, a wise choice of plant species and plant tissue is critical,

especially for the success of the genomic candidate gene approach.

F a2 ctional studies of AtCsl genes

In an effort to identify genes encoding enzymes involved in wall matrix
polysaccharide biosynthesis, genes showing significant sequence identity with known
wall biosynthesis genes have drawn particular interest. The identification of AtCesA
genes through genomic (Pear et al., 1996) and genetic approaches (Arioli et al., 1998)
was a major breakthrough that allowed additional gene identification studies through
comparative genomics (Cutler and Somerville, 1997; Richmond and Somerville, 2000;
Saxena and Brown, 2000).

From the Arabidopsis genomic database, a Blast search using Arabidopsis
cellulose synthase 1 (AtCesAl, AtRswl) as query sequence identified a superfamily of
40 genes. Among them 10 cellulose synthase genes showed more than 50% identity with
€ach other and are proposed to have similar functions. Most of these ten genes were later
identi fied as encoding true cellulose synthases through mutant plant characterizations
(Williamson et al., 2002). The other 30 homologs showed less than 50% identity with
AtCesA and were named as Arabidopsis cellulose synthase-like (AtCsl) genes
(Richmond and Somerville, 2000; Saxena and Brown, 2000). The proteins encoded by
these AtCsl genes are sufficiently divergent from AtCesA proteins that they are not very
h.kely cellulose synthase catalytic subunit isoforms (Richmond and Somerville, 2001).

ArtC s1 proteins not only share identity with AtCesA proteins in the primary sequences, but
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also contain a motif D..D...D..QxxRW that is indicative of B processive

glycosyltransferases and thought to be important in the catalytic site of these enzymes
(Saxenaet al., 1995; Pear et al., 1996; Richmond and Somerville, 2001). Like CesA
proteins, AtCsl proteins all appear to belong to family 2 of inverting nucleotide-
diphospho-sugar glycosyltransferases (Campbell et al., 1997). These AtCsl proteins all
contain multiple transmembrane domains organized in a way similar to AtCesA proteins
with 1 or 2 transmembrane domains in the amino-terminal region and 3 to 6 of them in
the carboxyl-terminal region (Richmond and Somerville, 2001).

Given their structural features, AtCsl proteins have been proposed to be enzymes
involved in the biosynthesis of B-linked polysaccharide backbones, such as XyG, mannan,
galactomannan, and GAX (Richmond and Somerville, 2001), or even cellulose (Doblin et
al., 2001). Direct evidence supporting this hypothesis came from the recent observation
that a guar CslA gene encodes the guar galactomannan-specific mannan synthase

(KanWarpal S. Dhugga, personal communication).
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REGULATION OF CELL WALL METABOLISM

The plant cell wall, with its dynamic functions, not only maintains the integrity of

plantcells but also participates in the regulation of cell growth. Consequently, wall
structure is under frequent modulation by endogenous and external stimuli. The term
<<ce11 wall metabolism” used here describes the process of degradation of existing wall
materials, synthesis and cross-linking of newly deposited wall materials, and also
changes in individual wall polysaccharides including modification of their chemical
structure and changes in the levels of individual polysaccharides.

The metabolism of cell walls is regulated during natural growth and
differentiation (Bolwell, 1988; Stolle-Smits et al., 1999; Bush et al., 2001; Obel et al.,
2002; Tokumoto et al., 2002). Among the factors that influence wall properties are
endogenous or externally applied plant growth regulators such as auxin (Rubery and
Northcote, 1970; Loescher and Nevins, 1972; Nishitani and Masuda, 1981; Masuda, 1985;
Talbott and Ray, 1992), gibberellic acid (Fry, 1980; Potter and Fry, 1994; Nishitani,

1995 ), ethylene (Abeles and Forrence, 1970; Hayashi and Maclachlan, 1984), abscisic
acid (Wau et al., 1994; Maheswari, 1999), jasmonic acid (Takahashi et al., 1995; Ueda et
al,, 1 996; Moore et al., 2003), cytokinin (Robertson et al., 1999), salicylic acid
(Nishimura et al., 2003), and brassinosteroid (Zurek and Clouse, 1994; Xu et al., 1995).
Environmental stresses that induce plant responses often also induce changes in cell wall
Metabolism. Environmental signals that affect wall metabolism include light (Walton and
Ra)’, 1982; Miyamoto et al., 1997; Shieh et al., 1997), temperature (Kubacka-Zebalska
and Kacperska, 1999; Nakamura et al., 2003), drought (Gershenzon, 1984; Maheswari,

I 999), osmotic stress (Boffey and Northcote, 1975; Singh et al., 1985; Talbott and Ray,
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1992), mechanical stress (Jaffe et al., 1985), and wounding (Wu and Bradford, 2003).

P1axt cell walls also participate actively in the pathogenesis process, including pathogen
reco gnition, signal transduction, and the subsequent plant response (Bolwell, 1986;
Esquerre-Tugaye et al., 2000). Fruit ripening is another process that involves significant
wall metabolism, mostly degradation of cell wall polysaccharides (Wakabayashi, 2000).

Many genes encoding enzymes involved in the degradation or reorganization of

cell wall polysaccharides have been identified. Consequently, antibodies have been
generated against the proteins, and probes have been created for the genes. These
reagents allowed the regulation of wall degradation and reorganization to be investigated.
Examples include enzymes involved in wall degradation during fruit ripening (Redondo-
Newvado et al., 2001; Tateishi et al., 2001; Tateishi et al., 2002; Chen and Paull, 2003),
wall metabolism during auxin-induced rapid stem elongation (Inouhe and Nevins, 1991),
as well as expansins and XTHs that are involved in wall reorganization (del Campillo and
Lewis, 1992; Zurek and Clouse, 1994; Reidy et al., 2001; Lee et al., 2003). However,
only a few genes involved in wall polysaccharide biosynthesis have been identified, and
most of them have been identified very recently (Arioli et al., 1998; Edwards et al., 1999).
Without the genes as molecular tools, very few studies on the regulation of wall
bioSynthetic enzymes have been performed. We are, therefore, interested in the
identification of genes involved in XyG biosynthesis as the first step. In the second step
We will generate necessary molecular tools such as gene-specific probes and enzyme-
SPeci fic antibodies, and use them to explore the relationships between wall biosynthesis

and pant growth and development.
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CHAPTER 2

Cloning and Expression Studies of Xyloglucan Fucosyltransferase
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ABSTRACT

XyG is the major hemicellulose in the primary cell wall of dicot and
nongraminaceous monocot plants. However, the genes involved in its biosynthesis are
still largely unknown. In our previous effort to identify genes involved in XyG
biosynthesis, XyG fucosyltransferase was purified from etiolated pea epicotyls, and a
partial-length cDNA clone was identified from Arabidopsis using the protein sequence
information obtained. The first part of this chapter describes the identification of a full-
length cDNA encoding the Arabidopsis XyG fucosyltransferase, using sequence
information obtained from a genomic BAC clone, T18E12. Part of the polypeptide
encoded by this cDNA was expressed in E. coli cells, and a polyclonal antibody against it
was generated. This antibody was used to immunoprecipitate XyG fucosyltransferase
activity from detergent-solubilized Arabidopsis membrane proteins. Heterologous
expression of this cDNA in mammalian COS7 cells or tobacco BY?2 cells produced XyG
fucosyltransferase activity, thereby confirming the identity of this cDNA clone.
Furthermore, the tryptic peptide sequence information obtained from the purified pea
XyG fucosyltransferase protein led to the isolation of a full-length pea cDNA encoding
this enzyme. Sequence comparison revealed that pea XyG fucosyltransferase and its
Arabidopsis equivalent are very close orthologs. The second part of this chapter describes
the rapid elongation of the internodes of etiolated pea seedlings at early growth stages
and the expression of pea XyG fucosyltransferase during the growth process. The data
presented here have established a correlation between the internode elongation rate and

XyG fucosyltransferase expression.
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Introduction

XyG has the same $3-(1,4)-glucan backbone as cellulose, but with side chain
decorations of L-Fuc-(1,2)-D-Gal-(1,2)-D-Xyl-(1,6); D-Gal-(1,2)-D-Xyl-(1,6); and D-
Xyl-(1,6) (Figure 1.1) (Kato and Matsuda, 1980; Fry, 1989). The terminal fucose residue
is thought to have an important function in stabilizing a planar configuration of the XyG
backbone that is essential for cellulose binding as determined by molecular modeling and
in vitro binding studies (Hayashi et al., 1994; Cosgrove, 1997; Levy et al., 1997),
although contradictory evidence has also been presented (Whitney et al., 1995). The
terminal fucose has also been suggested to be involved in signal transduction during plant
growth and development. Some oligosaccharides produced by partial digestion of XyG
influence the growth rate of intact plant tissue at very low concentrations (Darvill et al.,
1992; Aldington and Fry, 1993). One oligosaccharide, XXFG, is able to antagonize the
growth promoting effect of auxin at a concentration of 10° M (York et al., 1984), but
loses its effectiveness when the terminal fucose is absent (McDougall and Fry, 1989).
Therefore the fucose was hypothesized to determine the ability of XyG oligosaccharides
to act as signaling molecules in vivo (McDougall and Fry, 1989).

GDP-fucose:XyG 1,2-a-L-fucosyltransferase is the enzyme responsible for the
attachment of fucose onto galactose of the XyG sidechains. Given the importance that the
terminal fucose might have, we sought to identify the gene encoding the enzyme that
adds it to XyG. A biochemical approach was used to purify the enzyme while monitoring
its activity using an in vitro assay developed by Maclachlan’s group (Farkas and
Maclachlan, 1988). This assay uses radiolabeled GDP-fucose as donor and tamarind seed

XG that naturally lacks the terminal fucose as acceptor (Farkas and Maclachlan, 1988;
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Hanna et al., 1991; Desveaux et al., 1998). The enzyme activity of XyG
fucosyltransferase has been partially purified from pea epicotyl microsomal membranes
(Hanna et al., 1991; Desveaux et al., 1998). The activity co-migrated with a 150 kD
peptide observed on a nondenaturing gel (Hanna et al., 1991). However, previous
attempts to purify the protein to homogeneity or to clone the XyG fucosyltransferase
gene had not been successful. Neither had any other genes encoding enzymes involved in
XyG biosynthesis been cloned.

Etiolated pea epicotyls contain significant amount of XyG fucosyltransferase
activity (Farkas and Maclachlan, 1988; Hanna et al., 1991; Maclachlan et al., 1992).
Consequently this tissue was used by Drs. Amy E. DeRocher and Maor Bar-Peled in our
group to successfully purify this enzyme, utilizing a combination of GDP affinity and
anion exchange chromatography (Perrin et al., 1999). Information from the purified
protein led to the identification of a partial cDNA clone from Arabidopsis. The first half
of this chapter describes the cloning of the full-length coding region of the Arabidopsis
XyG fucosyltransferase (AtFutl) and its pea equivalent (PsFutl) based on peptide
sequence information obtained from the purified enzyme.

For the work on the identification of Arabidopsis XyG fucosyltransferase (Perrin
et al., 1999), my role was the isolation of a full-length coding region of AtFutl, and the
generation and characterization of a polyclonal antibody against E. coli-expressed AtFUT
peptide. For the work on pea (Faik et al., 2000), my role was the isolation of a full-length
coding region of PsFutl, as well a genomic clone with the intron and the untranslated

regions (UTR).
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With the identification of XyG fucosyltransferase genes (Perrin et al., 1999; Faik
et al., 2000), it is feasible to study for the first time the relationship between plant growth
and development and XyG biosynthesis at the molecular level. At the time this work was
done, XyG fucosyltransferase was the only molecular tool available with its gene cloned
and with an in vitro enzyme assay.

The process of cell growth often involves up to a thousand fold increase in cell
volume (Pennell, 1998). The cell enlargement is brought about by a process of relaxation
of existing cell walls, the synthesis and deposition of new cell wall polysaccharides, and
the cross linking of new and old wall materials. Therefore enzymes involved in these
three aspects of cell wall growth, wall degradation, wall modification, and wall
biosynthesis, are all thought to be delicately regulated during plant growth.

XyG plays a key role in controlling cell wall expansion by providing mechanical
strength and physical integrity to cell walls via cross-linking the cellulose microfibrils
(Cosgrove, 2000). As the major hemicellulose of the primary cell wall for dicot and
nongraminaceous plants, XyG undergoes rapid synthesis and also turnover during plant
growth and development (Pauly et al., 2001). An a-xylosidase that degrades XyG
oligosaccharides isolated from Arabidopsis showed higher enzyme activity and
messenger RNA abundance in younger leaves, where XyG turnover is higher (Sampedro
et al., 2001). XyG endotransglycosylase (XET) and expansin are two additional types of
wall modifying proteins. XET cleaves XyG mid-chain and then transfers the cleaved
XyG molecule to the non-reducing end of another XyG chain (Sulova et al., 1998; Steele
and Fry, 1999). Expansins are thought to loosen the polysaccharide associations, mainly

cellulose — XyG association or XyG — XyG association, to allow slippage or the
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deposition of new wall materials (Cosgrove, 2000). More XET mRNAs were detected in
elongating stems, during phytohormone-induced plant growth and during fruit softening
(Steele et al., 2001). A root-specific soybean expansin, GmEXP1, also shows higher
transcript abundance during root rapid elongation (Lee et al., 2003). Even though there
are clear indications that enzyme activities involved in XyG biosynthesis (XyG synthase
and XyG fucosyltransferase) are regulated during plant development and primary wall
biosynthesis (Hayashi and Matsuda, 1981; Pauly et al., 2001), there has never been any
molecular studies on the regulation of gene expression, because none of the genes
involved in XyG biosynthesis had been cloned. I tried to address this question in the
second part of this chapter utilizing the molecular tool of pea XyG fucosyltransferase.
Many scientists have used etiolated pea as a model system to study the expression
of enzymes involved in cell wall biosynthesis, including the development of enzyme
activity assays and the partial purification of XyG fucosyltransferase (Camirand and
Maclachlan, 1986; Farkas and Maclachlan, 1988; Hanna et al., 1991; Maclachlan et al.,
1992). Etiolated pea seedlings have a relatively simple morphology and large amount of
rapidly growing tissue. At a young stage of growth etiolated pea seedlings contain both
fast growing and non-growing tissues. Seedling growth occurs in a visible manner. Its
XyG oligosaccharides were also well characterized (Hayashi and Maclachlan, 1984,
Guillen et al., 1995). This plant has therefore become an attractive model for both
biochemists and molecular biologist (Labavitch and Ray, 1974; Talbott and Ray, 1992),
and In the second half of this chapter, etiolated pea seedlings were used to correlate the

expression patterns of the XyG fucosyltransferase with plant growth stages.
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MATERIALS AND METHOD
Plant material
Pisum sativum cv. Alaska seeds were sterilized with 10% bleach at room
temperature for 15 min and rinsed 4 to 5 times with running water before being imbibed
overnight (~12 hr) with aeration. Seeds were planted in coarse vermiculite and grown in
the dark at 25°C. Internode length was measured in the dark under green safe light with a
ruler. Pea tissues were also collected in the dark under safe light and stored on ice until

used.

Preparation of pea microsomes

Pea seedling samples were cut into small pieces and homogenized in extraction
buffer (40 mM Hepes-KOH, pH6.5, 0.2 M sucrose, 1 mM dithiothreitol [DTT], 1 mM
MgCl,, 0.2 mM phenylmethanesulfonyl fluoride [PMSF]) with a Polytron for 15 seconds
four times on ice. The homogenate was filtered through a double layer of miracloth and
centrifuged at 10,000xg for 10 minutes at 4°C. The supernatant was collected as the S10
fraction and centrifuged again at 100,000xg for 1 hour at 4°C. The pellet, labeled P100,
was resuspended in extraction buffer using an ice-cold Dounce homogenizer. The protein
concentration of P100 microsomes was determined with the BCA protein assay reagent

(PIERCE, Rockford, Illinois).

Oligonucleotide primer synthesis and PCR product sequencing

All oligonucleotide primers were synthesized at the Macromolecular Sequencing

and Synthesis Facility in the Department of Biochemistry, Michigan State University. All
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PCR reactions were carried out in a Peltier thermal cycler-200 (MJ Research). PCR
products were all purified from low melting point agarose gel and cloned into pGEM-T
Easy vector (Promega, Madison, WI) for sequencing. Sequence alignments were carried
out using the software package DNASTAR version 4.0 (Madison, WI) and GCG
programs (Madison, WI). DNA sequencing was done either at the Genomics Technology
Support Facility at Michigan State University or the W. M. Keck Biotechnology

Resource Lab, Yale University.

RNA isolation, gel electrophoresis and Northern blotting

Total RNA from pea seedlings was isolated according to a standard protocol
(Houdebine and Puissant, 1990). Messenger RNA was isolated from total RNA in the
same way as for mRNAs used for RACE reactions. RNA separation by formaldehyde gel
electrophoresis, RNA blotting to N* Hybrid-bond Nylon membrane, and Northern
hybridization all followed standard protocols (Sambrook et al., 1989) except that the
hybridization buffer used was 0.25 M Na,HPO,, 7% sodium dodecyl sulfate (SDS), 1

mM EDTA, pH 7.6.

Preparation of E. coli competent cells

A single colony of DHSa or BL21 (pLysS) was picked from a fresh LB plate and
inoculated in 10 ml LB for overnight culturing at 37°C. On the second day, 3 ml of the
mini culture was inoculated into 300 ml of new LB medium (at 1:100 dilution) and
allowed to grow at 30°C with brisk shaking (250rpm) until the OD600 reached 0.3 to

0.6. The bacterial culture was chilled on ice for 10 to 15 minutes and all following steps
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were carried out on ice. Cells were collected by centrifugation at 1,000xg for 15 minutes
at 4°C and resuspended by swirling in 100 ml (1/3 of the starting culture volume) of RF1
buffer (100 mM RbCl, 50 mM MnCl;, 30 mM KOAc-pH7.5, 10 mM CaCl,, 15%
glycerol, pH 6.0 with acetic acid, filter sterilized) that was pre-chilled on ice. The cell
suspension in RF1 buffer was incubated on ice for 0.5 to 2 hours. Cells were then pelleted
again under the same conditions and resuspended again in 24 ml (1/12.5 to 1/20 of the
starting culture volume, depending on the OD600 value when the cells were collected) of
pre-chilled RF2 buffer (10 mM MOPS-pH6.8, 10 mM RbCl, 75 mM CaCl; and 15%
glycerol, filter sterilized) by swirling and incubated on ice for 15 minutes up to 12 hours.
Cells were then divided into aliquots and placed into pre-chilled eppendorf tubes on ice in
the cold room and quickly frozen by dropping them into liquid nitrogen. Competent cells

were stored at -80°C for up to four years.

5’and 3’ RACE

Poly(A)" RNA was isolated from total RNA using the polyATtract mRNA
Isolation System IV (Promega). RACE reactions were carried out using the 5'-RACE
System, version 2.0 (Life Technologies, Inc.) according to the manufacturer's instructions.
For 5'-RACE, kee258 (5'-ACTCCCGGGTCAACTAGTAGAA-3') was used for cDNA
synthesis, and kee305 (5'-GGCTGACTGATACCTGCTGAGACAAGATTTTT-3") or
kee304 (5’-GTTTGTGTCGGGCTTCATATT-3’) were used as the nested primers. For
3'-RACE, poly (dT) primer was used for cDNA synthesis, and kee302 (5'-
CCAAAAAGCCTGGGCAGAAAT-3') was the nested primer. For both reactions 1.5 pug

mRNA were used for reverse transcription.

50



Construction of plasmid pBS-AtFutl

Oligonucleotide primers kee213 (5’-
GATCCAGAGTCTCCCTCAAGAGCAATCCATGGATCAG-3’) and kee214 (5°-
AATTCTGATCCATGGATTGCTCTTGAGGGAGACTCTG-3’) were designed to
contain the missing sequence of the partial Arabidopsis XyG fucosyltransferase cDNA
clone 6-1B1 (Perrin et al., 1999) and to contain restriction sites BamHI and EcoRI at their
ends and a Ncol site in the middle (Figure 2.1A). About 2 pg of each primer were
vacuum dried and redissolved separately in polynucleotide kinase (PNK) buffer
(Boehringer Mannheim) containing 1 mM ATP in a total volume of 20 pl each. Primers
were phosphorylated at 37°C for 15 minutes by 10 units of PNK followed by 15 minutes
incubation at 70°C to inactivate the enzyme. Phosphorylated primers were mixed
together and denatured at 95°C for 30 seconds, then transferred to a water bath at 90°C.
The primer mixture in the water bath then was allowed to air cool to 30°C on a lab bench.
The annealed oligonucleotide primers were inserted into vector pBlueScript SK (+) via
restriction enzymes BamHI and EcoRI. A positive clone was selected by restriction
digestion of plasmids with Ncol and named as pBS-AtFut1-Ncol. Its identity was further
confirmed by sequencing.

Plasmid DNA of pBS-AtFut1-Ncol was linearized with EcoRI digestion, de-
phosphorylated with calf intestinal alkaline phosphatase (CIP) and purified via low
melting point agarose gel. The insert released from cDNA clone 6-1B1 by EcoRI
digestion was purified the same way and ligated into the treated pBS-AtFut1-Ncol vector,

giving rise to the construct of pBS-AtFutl containing the full coding region for AtFutl.
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Construct pBS-AtFutl was screened by double digestion with Ncol and BglIl. After
digestion the construct with insert in the right direction gave rise to two fragments of 1.2
kb and 3.52 kb while constructs containing the insert in the opposite direction gave rise to

two fragments of 0.56 kb and 4.16 kb.

Construction of expression plasmids pET-AtFutl-1.2 and pET-AtFutl-2.3

DNA fragments of AtFutl-1.2 and AtFutl-2.3 were amplified by PCR reactions
using primers keel76 (5’-AACTACTACATATGAAGTATCTCAGCT-3’, Ndel site
underlined) and keel178 (5’-CACAAGAATTCATACTAGCTTAAGTC-3’, EcoRlI site
underlined), or primers keel77 (5-TAAATTGGCATATGGGTTTCGCCGAA-3’, Ndel
site underlined) and kee178, and plasmid DNA of pBS-AtFutl as template. Gel purified
PCR products were inserted into expression vector plasmid pET28a through restriction
sites Ndel and EcoRlI to give rise to the expression plasmids pET-AtFutl-1.2 and pET-
AtFut1-2.3. Positive clones were screened by a combination of digestions using BglII
alone, Xhol alone, Ndel plus EcoRI, or Kpnl plus Sacl. Positive clones selected were

sequenced to confirm their identities.

Expression of pET-AtFutl-1.2 and pET-AtFutl-2.3

Expression plasmids pET-AtFutl-1.2, pET-AtFut1-2.3, and vector control
pET28a were transformed into E. coli expression strain BL21 (DE3)-pLysS. One colony
was picked up for each construct for protein expression and inoculated in 10 ml LB with
50 ug/ml kanamycin for overnight culture at 37°C. On the second day new cultures of

200 ml were inoculated with 2 ml overnight culture. Cells were induced with 1 mM IPTG
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at 37°C when their OD600 value reached 0.4 to 0.6. One milliliter of cell culture was
collected before induction and every hour after induction for 4 hr. After measuring the
OD600 value, cells were collected and resuspended in adequate amount of 2x SDS-
polyacrylamide gel electrophoresis (PAGE) loading buffer. The volumes of the loading
buffer used were adjusted according to the OD600 values of individual cell culture so that
the final concentration of the cells roughly equaled to each other. Total proteins from
equal amount of cells collected from different induction time points were resolved by
SDS-PAGE and visualized by Commassie staining or western blotting with antibodies
against the 6xHis tag. SDS-PAGE loading buffer contained 62.5 mM Tris-HCI (pH6.8),

2% SDS, 10% glycerol, 5% B-mercaptoethanol and 0.01% bromphenol blue.

Solubility test of peptide AtFUTI-2.3

After being induced for 4 hr, a 2 ml culture of cells containing pET-AtFut1-2.3
was collected and washed once with PBS buffer and resuspended in 200 ul PBS buffer.
After sonication at a 10 seconds duration for a total of 1 min in an output of 50% on ice,
an aliquot of 20 pl was taken out as total protein. The sonicated solution was spun at 4°C
for S minutes at 10,000xg. The pellet was resuspended in 180 ul PBS buffer by
sonication and designated as the P10 fraction. The supernatant was saved as the S10
fraction. After removing an aliquot of 20 pl, the S10 fraction was centrifuged again at
100,000xg for 30 minutes at 4°C. This time the supernatant was saved as S100, and the
pellet was resuspended in 160 pl PBS buffer by sonication and designated as P100.

Aliquots of 20 pl from each fraction was used for SDS-PAGE.
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Purification of peptide AtFUTI1-2.3

A colony that showed high expression of peptide AtFUT1-2.3 was inoculated into
1 liter of LB medium at 37°C and induced with 1 mM IPTG when the OD600 reached
0.47. After S hr, the cells were collected and washed once with SOmM Tris-HCI (pH7.8)
buffer containing S mM MgCl,, and resuspended in 20 ml of the same buffer. Cells were
lysed by adding lysozyme to a final concentration of 100 pg/ml and DNase I to a final
concentration of 10 U/ml followed by sonication on ice for 1 min at 50% output. The
protein inclusion bodies were pelleted at 10,000xg for 10 min and washed four times
with 1% Triton X-100 and four times with H,O. This protein pellet was then solubilized
in 12 ml of 6 M guanidine hydrochloride buffer and precipitated with trichloroacetic acid
(TCA). The pellet was resuspended in 2 ml of 6 M guanidine hydrochloride and analyzed

on SDS-PAGE with bovine serum albumin (BSA) as standard.

Generation of polyclonal antibodies against purified AtFUTI-2.3 peptide

About 600 pg of protein in 6 M guanidine hydrochloride buffer were emulsified
with Titermax adjuvant (CytRx Corporation, Norcross GA) and injected into two New
Zealand White rabbits (MSU Clinical Center Animal Service) No. 61 and No. 86. The
rabbits were each boosted with 50 pg protein two weeks after the first bleed and the
second bleed was collected after two more weeks. All blood samples were allowed to clot
at 37°C for 30 minutes. The clots stuck to the wall of tubes were scraped down with
Pasteur pipette. The clotted blood was allowed to sit at 4°C overnight and then spun for

10 min at 1800xg in a Sorvall RT 6000D centrifuge. The supernatant was collected as
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serum and sodium azide was added to a final concentration of 0.02%. Sera were stored at

-20°C for long term and 4°C for short term use.

Isolation of full-length coding region and genomic clone of PsFutl

All five tryptic peptide sequences obtained from purified pea XyG
fucosyltransferase were conceptually reverse translated into nucleotide sequences. After
analyzing the degenerate rate of each nucleotide sequence and the length of possible PCR
amplification products from using each two of them as primers, two of these five peptides
P5 and P2 were chosen for the design of degenerate primers. Part of the P5 peptide
sequence (ADGFDEK) was used to design the upstream degenerate primer kee230 (5°-
GCIGAYGGITTYGAYGARAA-3’; [ = inosine; R = purines, A or G; Y = pyrimidines,
C or T), and part of the P2 peptide sequence (HPTNNVWG) was used to design the
downstream degenerate primer kee232 (5’-ICCCCAIACRTTRTTIGTIGGRTG-3’). The
template used for fragment PsFutl-a amplification is a plasmid cDNA library derived
from apical hooks of 4-hour-auxin-treated etiolated pea seedlings in vector pBluescript
SK (+) and was kindly provided by Dr. Hans Kende (Department of Energy Plant
Research Laboratory, Michigan State University). In a PCR reaction of 50 pl, 0.1 ul of
cDNA library template and 50 pmol of each primer were used. A discontinuous
touchdown PCR program was designed with the reaction carried for 3 cycles at annealing
temperature of 60°C, then10 cycles at 55 °C, and then 50 °C for 25 cycles. Taq
polymerase, and dNTPs were added after the denaturing step during the first

amplification cycle to hot start the reaction.
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Second round PCR reactions were performed under the same conditions using
PsFutl-a specific primers (kee257: S-TTCTACTAGTTGACCCGGGAGT-3"; kee258:
5'-ACTCCCGGGTCAACTAGTAGAA-3") and the cDNA library vector specific primers
(REV: 5" TCAGGAAACAGCTATGACCATG-3"; DIR: 5'-
GTAATACGACTCACTATAGGGC-3"). Primers kee257 and kee258 were designed
from a 21 bp region from PsFutl-a that bears unique restriction digestion sites for Hincll,
Aval, Xmal, Hapll, Mspl and Smal. Primers REV and DIR were derived from the
sequences outside the polylinker area of the vector plasmid pBluescript SK (+) in which
the template cDNA library was constructed. The same parameters and template were
used as for the amplification of fragment PsFutl-a with the program being slightly
modified to 10 cycles of amplification at an annealing temperature of 65°C, 20 cycles at
60°C and 10 cycles at 55°C.

The full-length cDNA coding region of PsFutl was amplified using Pwo
polymerase (Roche Molecular Biochemicals), end-specific primers (kee322: 5'-
AATGAATATGCTGATAAAGAGAGTC-3"and kee323: 5'-
CTAATTGTCTACGAGCTTAAGGC-3', start and stop codons are bolded), and the
same cDNA library as template under the same PCR conditions for PsFutl-a
amplification. Clone PsFutl-geno was amplified by the same reaction using 300 ng pea
genomic DNA as template. Clone PsFut1-5UTR was amplified with primers kee324 (5°-
ACGAGACATTCGTTCTAATTTCACG-3’) and kee325 (5°-

CAAAGTCAAAGGGCATGTTGTAC-3") with 300 ng genomic DNA as template.

Xyloglucan fucosyltransferase enzyme activity assay
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Microsomal membrane samples were solubilized with 1% Triton X-100 for 15
minutes on ice immediately before enzyme assays were performed. In a
fucosyltransferase activity assay reaction of 50 ul, 10 ul of solubilized P100 membranes
(9 nl P100 sample plus 1 pl 10% Triton X-100) was added with 20 ul of 2.5 x Reaction
Buffer (100 mM HEPES-KOH pH6.8, 0.5 M Sucrose, 2.5 mM DTT, 2.5 mM MgCl,), 10
ul of 1% tamarind seed XyG and 2.5 ul (diluted to 10 ul with H,O before use) of GDP
*C-fucose (10 pCi/ml and 271 mCi/mmol) (NEN Life Science Products, Inc.). Reactions
were carried out at room temperature and stopped with 1 ml of 70% ethanol. Products of
the enzyme assays were precipitated at 4°C or room temperature for at least 2 hours and
washed three times with 70% ethanol. After the last washing, the pellet was briefly air

dried and resuspended in 200 pl H,O for scintillation counting.

Images in this thesis are presented in color
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RESULTS
Isolation of full length cDNA clone encoding AtFUTI

XyG fucosyltransferase was purified from microsomes derived from the epicotyls
of etiolated pea (Pisum Sativum var. Alaska) seedlings by Drs. Amy DeRocher and Maor
Bar-Peled. Although a 1400x enrichment over microsomal membranes was achieved, two
proteins were present in the final preparation. Tryptic peptides derived from each purified
protein were subjected to sequencing (Perrin et al., 1999). One of the proteins was
identified as a homolog of Hsp70 and therefore was not pursued further. Database
searches using the resulting sequence information from the other protein led to the
identification of an Arabidopsis clone from the PRL-2 EST library that encoded four of
the six tryptic peptides. Screening of a size-fractionated Arabidopsis cDNA library
(Kieber et al., 1993) with this EST sequence yielded cDNA clone 6-1B1 (Perrin et al.,
1999).

The sequence of this cDNA was compared with that of a newly deposited BAC,
T18E12. An open reading frame (ORF) from T18E12 contained all the sequence of 6-
1B1 plus regions encoding three amino acids at the N-terminus, and a region before that
presumably to be the 5’ untranslated region. I began working on the project at about this
time and participated in generating a full-length clone for the gene we identified as
described here. A pair of complementary oligonucleotide primers designed to contain
sequences encoding the missing first three amino acids (Figure 2.1A) were annealed and
inserted into vector plasmid pBluescript SK (+). The AtFutl coding region from clone 6-
1B1 was then inserted into the same plasmid vector right after the annealed primers,

giving rise to the full-length clone pBS-AtFutl (Figure 2.1B). The full-length clone pBS-
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Figure 2.1: Cloning of full-length coding region of AtFutl. A. Complementary primers
containing the sequence encoding the missing first three amino acids (in bold) of AtFutl.
Restriction enzyme recognition sites are italic. B. Cloning procedure for pBS-AtFutl.
Primers kee213 and kee214 were annealed and inserted into pBluescript through BamHI
and EcoRI to form intermediate plasmid pBS-AtFutl-Ncol. The fragment of AtFutl
released from clone 6-1B1 was inserted behind the annealed primers on pBS-AtFut1-Ncol
through restriction site EcoRI to form the construct pBS-AtFutl. When digested with
Ncol and Bglll, pBS-AtFutl gave rise to two fragments of 1.2 kb and 3.52 kb. The
construct containing an opposite insert yielded two fragments of 0.56 kb and 4.16 kb

when digested with the same enzymes.
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A

KEE213: 5’ GATCCAGAGTCTCCCTCAAGAGCAATCCATGGATCAG 3
KEE214: 3’ GTCTCAGAGGGAGTTCTCGTTAGGTACCTAGTCTTAA 5’
BamHI Ncol EcoRI
B

BamHI EcoRI

1.2 kb

BamHI EcoRI BamHI EcoRI —
Bglll =>

pBS-AtFutl 3.52kb
=
pBluescript-SK —>| pBS-AtFutl-Ncol Ncol & BgliI
BamHI  EcoRI digestion
0.56 kb
Ncol —

BgllI -

4.16 kb

- : annealed primers kee213 and kee214

N: EcoRI fragment released from clone 6-1B1
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AtFutl was expressed in both COS-7 cell lines (Perrin et al., 1999) and tobacco BY2 cell
lines (Sarria et al., 2001). In both cases, the expressed proteins were able to transfer
fucose from GDP-fucose to tamarind XyG, thereby confirming the identity of this clone

as XyG fucosyltransferase.

Expression of AtFUTI partial polypeptide in E. coli cells and the generation of
antibodies against it

To further confirm the identity of the cDNA clone of AtFutl and explore its
expression patterns during plant growth, a polyclonal antibody was generated against an
AtFUT1 polypeptide expressed in E. coli cells.

Two DNA fragments of AtFutl, AtFutl-1.2 and AtFutl-2.3, were amplified by
PCR reactions and inserted into vector pET28a behind a 6xHis tag. Clone pET-AtFutl-
1.2 encoded a peptide starting from Met 31 until the end of AtFUT1 and contained the
putative transmembrane domain that is predicted for the region between residues 45 and
62. Clone pET-AtFut1-2.3 encoded a peptide starting from Met 73 until the end of
AtFUT1 and did not contain the transmembrane domain.

Peptide AtFUT1-2.3 was expressed in large quantity after IPTG induction and
was detected easily with both Commassie stained SDS-PAGE gel (Figure 2.2B) and
antibodies against the 6xHis tag (Figure 2.2C). However the majority of the expressed
polypeptide was detected in inclusion bodies (Figure 2.2D). Attempts to prevent the
formation of inclusion bodies by lowering the induction temperature, shortening the

culture time after induction, or using lower concentration of the inducing reagent IPTG
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Figure 2.2: Expression of peptides AtFUT1-1.2 and AtFUT1-2.3 in BL21 (DE3)-
pLysS cells. A: Growth curve after IPTG induction of BL21 cells containing plasmids
pET-AtFut1-2.3, pET-AtFutl-1.2 and vector control pET28a. B: Commassie Blue stained
10% SDS-PAGE showing the induction time course of AtFUT1-2.3, AtFUT1-1.2 and
vector control (1 mM IPTG at 37°C). C: Western blot of the same gel as in B using
antibodies against 6xHis Tag (PIERCE). D: The solubility test of overexpressed peptides
AtFUT1-2.3 (1. Total protein after 4 hour induction; 2. 10,000xg supernatant after
sonication; 3. 10,000xg pellet after sonication; 4. 100,000xg supernatant from sample 2;

5. 100,000xg pellet from sample 2).

62



B

0OD600

2.75 1
A : Vector control
® : AtFUT1-2.3
e ‘ m : AtFUTI-1.2
|
175 J
|
1.25 <‘
075 -
0.25 ‘
0 1 2 3 4
Time after induction (hr)
AtFUT1-2.3 AtFUTI-1.2 vector control
OF S1920 580 4% 00 1720 8 00 w12 -3 ()
<—207kD
< 121kD
< 81kD
< 51kD
< 34kD

63



207 kDa

121 kDa

81 kDa

51 kDa

34 kDa

AtFUT1-2.3

AtFUTI1-1.2  Vector control

01234 0123401 2 3
-
D 2 3 4 5
207kDa —» W
121kDa —» &
81kDa —» » i e
51 kDa
34 kDa




all yielded negative results. XyG fucosyltransferase activity was not detected from either
the soluble protein fractions or the inclusion bodies.

Peptide AtFUT1-1.2 with the transmembrane domain was not expressed when the
plasmid was introduced into BL21 (DE3)-pLysS cells (Figure 2.2B). After induction
with IPTG the growth of the cell culture expressing construct pET-AtFutl-1.2 was highly
suppressed as its OD600 value had only very limited increase during the incubation time
(Figure 2.2A). No protein of the expected size could be detected by either coommassie
staining of SDS-PAGE gel (Figure 2.2B) or by immunoblotting with antibodies against
the 6xHis tag (Figure 2.2C). Different colonies containing plasmid pET-AtFut1-1.2 in
BL21 (DE3)-pLysS were tried for induction but yielded similar results. Efforts to induce
the expression of peptide AtFUT1-1.2 under lower culture temperature or with lower
IPTG concentration or under both conditions yielded no recombinant protein. This
toxicity seemed to be due to the presence of the transmembrane domain of the peptide
since peptide AtFUT1-2.3 lacking the transmembrane domain was expressed in E. coli
cells (Figure 2.2).

Peptide AtFUT1-2.3 in the inclusion bodies was washed with Triton X-100 and
water three times and denatured in 6 M guanidine hydrochloride. Denatured peptides
were resolved in SDS-PAGE, excised from the gel, and injected into rabbits to generate
polyclonal antibodies. The antiserum from the second bleed recognized the E. coli
antigen very strongly and also recognized a polypeptide of ~65 kDa (Figure 2.3) from
detergent-solubilized Arabidopsis microsome proteins.

This antibody was then used by Robyn Perrin of our group to successfully

precipitate the XyG fucosyltransferase activity from detergent-solubilized Arabidopsis
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Figure 2.3: Anti-AtFUT]1 polyclonal antibodies recognize an approximately 63 kDa
polypeptide in solubilized membrane proteins of Arabidopsis. A. Inmunoblotting
using antibodies against E. coli expressed AtFUT1-2.3 peptides. B. Coommassie blue
stained immunobliot PVDF membrane used in A. Lane 1 is Arabidopsis carbonate-

washed, detergent-solubilized membrane proteins and lane 2 is antigen (80 ng).
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microsome membranes (Perrin et al., 1999), and therefore confirmed that the cDNA
identified indeed encodes the XyG fucosyltransferase. Another piece of evidence
confirming the identity of this cDNA clone came from the fact that high XyG
fucosyltransferase activity was detected from the COS7 cells or BY2 cells expressing

AtFutl (Perrin et al., 1999; Sarria et al., 2001).

Cloning of full-length coding region, intron and 5’, 3’ UTRs of PsFutl

Because the XyG fucosyltransferase was purified from pea (Perrin et al., 1999),
we decided to isolate the cDNA encoding the pea XyG fucosyltransferase. Analysis of
the tryptic peptides derived from the purified pea fucosyltransferase enzyme yielded
sequence information for six peptides (P1 to P6) (Perrin et al., 1999). Five of them
showed high sequence similarity with AtFUT1 (Figure 2.4A). Two of the peptides, P2
and PS5, were chosen for the design of degenerate primers to amplify fragments from a
pea cDNA library (Figure 2.4B). Based on the AtFutl sequence, these two primers were
expected to generate a PCR product of 726 bp (Figure 2.4A). After unsuccessful trials
with commonly used PCR programs, a discontinuous touchdown program with hot start
was developed (Figure 2.4C). Use of this protocol yielded a single band of about 700 bp;
controls with single primer or no primer showed no clear bands (Figure 2.4D). This PCR
product was designated as PsFutl-a. The sequence of PsFutl-a has 67% identity with the
corresponding region of AtFutl at the nucleotide level and the peptide it encods has
61.6% identity with the corresponding region of AtFUT1 protein. The peptide encoded
by PsFutl-a also contains the amino acid sequence of tryptic peptide P1. A further round

of PCR reactions were designed to amplify cDNA fragments toward the 5'and 3' ends of

67



Figure 2.4: Isolation of PsFutl fragment PsFutl-a. A. Sequences of tryptic peptides
derived from purified pea XyG fucosyltransferase and the deduced sequences of
comparable regions from Arabidopsis. B. Degenerate primers kee230 and kee232 used
for the amplification of PsFutl-a were designed according to the sequences of peptides
P5 and P2. Their relative positions on the cDNA were predicted according to the
positions of their comparable regions on AtFutl cDNA. C. The discontinuous
touchdown PCR program with hot start used for the amplification of fragment PsFutl-a.
The amplification reaction was first carried out at an annealing temperature of 60°C for
three cycles, then 55°C for 10 cycles, followed by 50°C for 26 cycles. Taq polymerase
was added immediately after the denaturing step of the first amplification cycle for the
hot start. D. PCR reactions for the amplification of PsFutl-a with primers kee230 and
kee232 (1); with primer kee230 alone (2); with primer kee232 alone; and with no primer

added (4).
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Pea Peptide Arabidopsis Peptide Identity

PL VFGFLGR VFHHLGR 86%

P2 YLLHPTNNVWGLVVR YLFHPTNQVWGLVTR 80%

P3 AVLITSLSSGYFEK AVLVTSLNAGYAEN 64%

P4 YYDAYLAK YYEAYLSH 63%

P5 LLGGLLADGFDEK LLGGLLASGFDED 85%

P6 ESILPDVNR EKLLPEVDT 44%
B

PS: A D G F D E K

Kee230: SGCIGAYGGITTYGAYGARAAR A3

P2: H P 7T N N v w G
S'CAYCCIACIAAYAAYGTITGGGGTI
Kee232: '3'G T R. GG I'T G L T R T TR C.A T ACECCC I
Kee230
>
726bp
<+
Kee232
D
C 94°C 3
94°C 1
3x 60°C 17
729632
94°C 1 1.6 kb d
10x 55°C1’ 1kb —
72°C2’
94°C 1’ 0.5 kb .

50°C 1’
26x 72°C 2
72°C 10°
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this gene from the same cDNA library using primers derived from the fragment of
PsFutl-a and regions derived from the plasmid vector (Figure 2.5). Among five major
PCR products generated and sequenced (Figure 2.5B), PsFutl-j and PsFutl-k revealed
the longest unknown sequences 5’ and 3’ to the fragment PsFutl-a, respectively. Because
one of the primers used for the amplification of both PsFutl-j and PsFutl-k came from
the same region of PsFutl-a, the combined sequence of PsFutl-j and PsFutl-k
encompassed the entire sequence of PsFutl-a. The combined sequence encoded all six
peptide sequences previously obtained from the purified enzyme (Perrin et al., 1999) with
one amino acid change in peptide P1 (Figure 2.7B), indicating these sequences were
indeed part of the cDNA clone encoding the pea XyG fucosyltransferase.

However, the sequence combined from cDNA fragments PsFutl-j, PsFutl-a and
PsFutl-k still lacked the 5’ end as compared with the sequence of AtFutl cDNA. Primers
were then designed according to the sequence of fragment PsFutl-j and PsFutl-k to
amplify the missing ends of PsFutl and possibly the 5’ and 3’ UTR regions. Five 5’
RACE products were generated using primers at different locations (Figure 2.6). These
products were sequenced. One of the fragments PsFut1-5R33 showed the longest
previously-unidentified sequence containing 73 bp of coding region and 194 bp of S’UTR
region. At the same time, one of the 3’ RACE products, PsFut1-3Ral, was sequenced and
showed a perfect match with fragment PsFutl-k plus about 90 bp sequence after the stop
codon. The combined sequence of cDNA fragments PsFut1-5R33, PsFutl-j, PsFutl-a,
PsFutl-k yielded the full coding region for PsFutl compared with AtFutl (Figure 2.7A).

A full-length cDNA coding region was amplified with primers specific for the

ends of the predicted gene (PsFutl, Figure 2.7B). The same reaction was also performed
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Figure 2.5: Second round of PCR reactions amplifying cDNA fragments toward the
5’ and 3’ of PsFutl-a. A. Location of primers used for the PCR reactions on the plasmid
from the cDNA library template. Broken line indicates the cDNA inserts in the library
constructed on vector pBluescript. Solid line on top of the broken line is the cloned
fragment PsFutl-a. Primers kee 257 and kee 258 were derived from PsFutl-a. DIR and
REYV are primers derived from the vector plasmid pBluescript SK; B. PCR reactions with
primers kee257 and REV (1), kee258 and REV (2), kee257 and DIR (3), and kee258 and
DIR (4). Five major PCR products (indicated by arrows) were cloned onto pPGEM-T easy
vector (Promega) and subjected to sequencing. Fragment j and k showed the longest

unknown sequences 5’ and 3’ to fragment PsFutl-a.
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Figure 2.6: RACE reactions amplifying the 5’ and 3’ ends of PsFut1. Primers used
include kee258 and kee304 (a); kee258 and kee305 (b); kee304 and kee305 (c). Five
major PCR products were cloned into pGEM-T easy for sequencing. Fragment PsFut1-
5R33 showed the longest unknown sequence and is marked with arrow. Primer sequences

and their positions on the cDNA were as indicated in Figure 2.7.
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Figure 2.7: DNA and protein sequences related to PsFutl and PsFUT1, and the
sequence and positions of primers used for DNA fragment amplifications. A.
Sequence alignment of cDNA fragments PsFutl-al, PsFutl-j1, PsFutl-a and PsFutl-
5R33 by Pileup of GCG program. B. Sequence of PsFutl including cDNA coding region,
intron, and 5’ and 3’ UTR. Peptide sequence is underneath the cDNA coding region.
Primers used for cDNA fragments amplification are marked with lines above or
underneath the specific nucleotide sequences. Primers kee230 and kee232 were used for
the amplification of the first PCR fragment PsFutl-a. Kee257 and kee258 were used for
the second round PCR reactions. Primers kee258, kee304 and kee305 were used for 5’
RACE while kee302 was used for 3’RACE. Primers kee322 and kee323 were used for
the amplification of full length cDNA coding region PsFutl and the genomic clone
PsFutl-geno. Kee324 and kee325 were used for the amplification of clone PsFut1-5UTR.
Peptide sequences obtained from purified enzyme are underlined and marked as P1~6,
with one mismatch for P1 indicated in parenthesis. The sequence motif found in all a-
1,2-fucosyltransferases and a-1,6-fucosyltransferases is in bold and green, and a putative
transmembrane domain is in bold and italic. Asparagines that are possibly N-glycosylated

are marked with # underneath.
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18

301
38

361
58

421
78

481
541
601
661

721
87

781
100

841
120

901
140

961
160

1021
180

1081
200

Kee324 _
ACGAGACATTCGTTCTAATTTCACGTAGTGAATCAAATGACAAAGTGCCACATCAATTTA
CCGTGGCCACAGCATCACTGTACCAGGCAGTCACACACTCAGAGTCGGTGGTTGAAGTTT
TGAAGTACCATTTGAAGTACACCACTCTCTCTACTCTCAACTAGAATCAATCGTTGTGCA

Kee322 L
TCTGTGGCAATGAATATGCTGATAAAGAGAGTCATTGCAATCAAGAATCCAAGGGGTGAT
M N M L I K R V I A I K N P R G D

GATAATAATAATAATAAACTCTCAGATTTGGAAACCCTCACCGACAAATGTACAACATGC
D NNNNKL S DL E TUL T D K C T T C

Kee325
CCTTTGACTTTGATGCGTGTAATGGCTTTCTTCGTCGTTTCTTTCATGCTCTTCTCCGTT
P L T L M R V M A F FP V V S FP M L F SV

CTCTTCTCACTCTCCGTCGTTCTTCGAGACCCTCCCTCTGATGCCGCTATTTCATCTACA
L P S L § V VvV L R D P P S DA ATI S S T

ACTACTCTCTTCCAACTCAATCAGGGTATGTTCCTCTTTTTCCAAAACTATTTCCTTTTC
T T L F Q L N Q G

TCAATTCAGTTTACCTAACTTCATGAATAAGATTGTAGATCGGGATCAGCATCGGTGGAA
ATCTATCTAGTCATTTTTGTCTAATTAATTACAAATTTAACTAAAGGTTTTGAGTTTTTG
ACAAACAACGGGCTTGTTTAGAATCTGTATTCTTAAATTTGTTAGCTTTAGTTAGAAAAA
AGATGATATTTGCTTTTCTTGCAACTGCATCTCATTGCAGAGTTATGGAATTTCATCTTC

TCTGACTTGTTACTTGTAGGTTTGGGCAGTGATGACTTTGATTCTGTGGAGTTGCTAAAT
L G S D DVF D S V ETUL UL N
Kee230 _ Kee305
GATAAACTGCTCGGTGGCCTTCTCGCTGATGGATTTGACGAAAAATCTTGTCTCAGCAGG
D XK L L, 6 G L L ADGT FUDTEIZKST CTUL S R
PS5
TATCAGTCAGCCATTTTCGGCAAAGGACTATCAGGAAAACCTTCTTCTTACCTTATTTCT
Y Q s A I F G K G L S G K P S8 S Y L I s
Kee304
AGACTGAGAAAATATGAAGCCCGACACAAACAATGTGGACCTTATACTGAATCTTATAAC
R L R K Y E A R H K Q C G P Y T E S Y g
AAAACGGTGAAAGAACTCGGTTCTGGTCAATTCTCTGAGTCCGTGGATTGTAAATATGTA
K T V XK E L G S G Q F S E S V D C K Y V

GTATGGATTTCGTTTAGTGGGTTAGGAAATAGGATATTGACCCTAGTTTCAGCATTTCTT
VWIS F S GULGNU RTITULTTULVSATFL
Kee257 _
TACGCTCTCCTCACTGATCGTGTTCTACTAGTTGACCCGGGAGTCGATATGACTGATCTT

Y AL L TDWU RV ULULVIDU P GV DMTD L
Kee258
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60
120
180

240
17

300
37

360
57

420
77

480
86

540
600
660
720

780
99

840
119

900
139

960
159

1020
179

1080
199

1140
219



1141
220

1201
240

1261
260

1321
280

1381
300

1441
320

1501
340

1561
360

1621
380

1681
400

1741
420

1801
440

1861
460

1921
480

1981
500

2041
520

2101
540

2161
560

2221
2281

TTTTGTGAACCATTTCCTGACGCTTCCTGGTTTGTCCCTCCTGATTTTCCTCTTAACAGT
F C E P F P DA S W F V P P D F P L N S

CATTTGAATAATTTCAACCAGGAATCGAATCAGTGTCACGGGAAAATACTGAAAACAAAA
H L N N F N Q E S N Q C H G K I L K T K

TCAATCACAAATTCCACTGTGCCATCTTTTGTTTATCTTCATCTAGCCCATGATTACGAT
s I T N s T Vv P S F VY L H L A H D Y D
#
GATCATGACAAGCTTTTCTTCTGTGATGAAGAGCAACTTTTTCTCCAAAATGTACCTTTG
D H D K L F F CDEE Q L F L Q NV P L

TTGATTATGAAAACCGATAATTATTTCATCCCATCTCTGTTCTTGATGCCATCTTTTGAG
L I M K T b N Y F I P S L F L M P S§ F E

CAGGAGTTGAATGATCTCTTCCCAAAGAAAGAAAAAGTTTTCCATTTCTTGGGTAGATAT
Q EL NDULTF P K KEIKVF FHT FTLGT R Y
Kee232 (G) P1
CTGTTACACCCCACAAACAATGTGTGGGGACTTGTCGTCAGATACTATGATGCATACTTA
L L HPTNNUVMWGULV VU RY YDA AZYTL

P2 P4
GCTAAAGTTGATGAAAGAATAGGCATACAAATCAGAGTATTTGACACCGATCCCGGTCCA
A K VDETZRTIGTISGQTITZ RVYVT FTUDTTDPG P

TTTCAACATGTACTCGATCAGGTCTTAGCTTGTACTTTGAAGGAGAGTATTTTGCCTGAT
F Q H vV L. D Q vV L. A C T L K E S I L P D
P6
GTAAACCGCGAGCAGAACATTAATAGTTCATCAGGAACACCAAAGTCAAAAGCTGTACTG
V N R E Q N I g S 8§ s G T P K S8 K A V L

ATAACATCGTTAAGTTCTGGTTATTTCGAAAAGGTAAGAGACATGTATTGGGAATTTCCT
I T S L S S G Y F E KV RDMYWEF P
p3
ACAGAAACAGGAGAAGTGGTTGGCATTTATCAGCCAAGCCATGAAGGTTATCAACAAACT
T ETGEV V G T Y Q P S HEGYQOQT
Kee302 _
CAGAAGCAATTTCACAACCAAAAAGCCTGGGCAGARATGTATCTCTTAAGCTTAACTGAT
Q K Q FHNO QI KA AWAEWMYTLTULSTULTD

GTGCTAGTTACTAGCTCATGGTCTACTTTTGGATACGTGGCTCAGGGGCTTGGAGGGTTG
v L v T §8 § W 8§ T F G Y V A Q G L G G L

AAACCATGGATACTCTACAAACCAGAGAATCGAACGGCCCCAAATCCGCCTTGTCAACGT
K P W I L Y K P E E R T A P N P P C Q R

GCCATGTCAATGGAGCCATGTTTTCATGCTCCTCCTTTTTATGACTGCAAGGCTAAGAGA
A M S M E P C F HA P P F Y D C K A K R

GGAACTGACACTGGTGCACTTGTTCCACATGTAAGGCACTGTGAGGATATGAGTTGGGQQ
G T b T G A L vV P HV R HCE DM S W G

Kee323
CTTAAGCTCGTAGACAATTAGTTTTATCTAGATAGCTATGGCTTATGCTACTGTAACTGT
L K L VvV D N *

TAAAACTTGCGAAGTGTTGCAAATTTTGTTGTACAATAGATTGAGTAATTCCTCGTAAAA
AAAAAAAAAA
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1260
259

1320
279

1380
299

1440
319

1500
339

1560
359

1620
379

1680
399

1740
419

1800
439

1860
459

1920
479

1980
499

2040
519

2100
539

2160
559

2220
566

2280
2290
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using genomic DNA as template to amplify the coding region plus introns (PsFut1-geno,
Figure 2.7B). PsFutl-geno contains all the sequences of PsFutl, plus an intron of 294 bp.

The deduced amino acid sequence of PsFUT]1 is shown in Figure 2.7B.

Sequence analysis of PsFutl

The cDNA clone obtained for PsFutl contains a coding region of 1695 bp, a
5’UTR of 190 bp, and a 3’UTR of 110 bp. The deduced translation product is 565 amino
acid residues long, has a predicted molecular mass of 64 kDa, and a theoretical pI of
5.91 as determined by DNASTAR (Madison, WI). The coding region of PsFutl showed
an identity of 62.3% at the amino acid level and 63.8% at the nucleotide level to AtFutl.
The highest similarity was observed at the COOH terminus, which has been postulated in
other characterized fucosyltransferases to contain the catalytic domain (Kleene and
Berger, 1993). A single transmembrane domain from amino acids 43 to 65 was predicted
by the transmembrane helices prediction server TMHMM V. 2.0

(http://www.cbs.dtu.dk/servicess  TMHMM) (Figure 2.7B). The single N-terminal

transmembrane domain is consistent with the observation that Golgi-localized
glycosyltransferases are typically type II integral membrane proteins.

An intron of 294 bp was found in PsFutl-geno when its sequence was compared
with PsFutl (Figure 2.7B). The same region was predicted to be an intron when PsFutl-

geno was subjected to a web-based gene prediction program BCM Gene Finder

(http://dot.imgen.bem.tmc.edu:9331/gene-finder/gf html). PsFutl shows not only a high

sequence identity with AtFutl, but also similar gene structure. The genomic sequence of

AtFutl (from Arabidopsis BAC clone T18E12) has two exons of 277 bp and 1400 bp
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with an intron of 276 bp in between. The genomic sequence of PsFutl (PsFutl-geno) has
exons of 258 bp and 1440 bp with an intron of 294 bp. The sequence similarity mostly
lies in the second exon with an identity of 67% while the first exon shares only 40%
identity. The first exon encodes for the very N-terminus, the transmembrane domain and
the stem region, and therefore it is more variable compared with the region coded by the
second exon, which contains conserved motifs for a- 1,2; 1,6 fucosyltransferases and the
catalytic domain. The introns from these two genes are located at similar position on their
respective genomic clones and also share a 47% identity, even higher than the identity
shared by the first exon. It seems likely that the intron was already present in the gene
before evolutionary divergence of peas and Arabidopsis.

Four N-glycosylation sites were predicted by the GCG program (Madison,
Wisconsin) (Figure 2.7B). This program also predicted a cAMP/cGMP-dependent protein
kinase phosphorylation site at position 538-541, five casein kinase II phosphorylation
sites, a glycosaminoglycan attachment site at position 185-188, four N-myristoylation
sites, and seven protein kinase C phosphorylation sites. However all these predictions
need experimental confirmation to determine whether any of these posttranslational
modifications actually occur.

Although AtFUT1 and PsFUT]1 proteins have very low overall sequence
similarity with other known fucosyltransferases (less than 20% identity), three conserved
motifs were found using the PATTERNFIND program (http://hits.isb-sib.ch/cgi-
bin/hits_patsearch) (Faik et al., 2000). Among five motifs that were previously identified

(Oriol et al., 1999) to be present in all known x-1,2- and «-1,6-fucosyltransferases, three
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of them were found in both PsFUT1 and AtFUT1 (Faik et al., 2000).

Specificity analysis of clone Ps5UTR as probe for Northern blotting

A DNA fragment named PsFut1-5UTR containing 189 bp of 5’UTR sequence
and 124 bp of 5’ end coding region of PsFutl was amplified from pea genomic DNA
(Figure 2.7B) and used as a probe for northern studies. To determine whether this region
is gene specific, the counterpart regions from all AtFut genes were identified from their
corresponding BAC clones and aligned by MultiAlign (DNAStar), a computer program
using ClustalW. Among the ten AtFut genes, this part of the sequence from AtFutl
shared only very low identity with other AtFut genes (5.1 to 16.3%) (Table 2.1). At this
low identity level it was very unlikely that the probe region from AtFutl would recognize
other AtFut genes. Therefore we postulated that PsFut1-5UTR would also be specific for
PsFutl when used as probe for northern blotting in peas. This assessment was further
tested by probing pea genomic DNA digested with EcoRV and HindIII using PsFut1-
SUTR as probe (Figure 2.8). There are only one EcoRYV restriction site and two HindIII
restriction sites in the PsFutl genomic clone (Figure 2.8A). All three restriction sites
were in exon II (Fig2.8A). Therefore when PsFut1-SUTR was used as probe for southern
blotting, only one band was expected for both digestions. That was exactly what was
observed (Fig2.8B), supporting the conclusion that PsFut1-SUTR is a gene-specific probe

for PsFutl.

Internode elongation curve of etiolated pea seedlings
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SUTR  Exonl  Intron Exon Il
189bp  258bp  294bp 1440bp

3UTR
100bp
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1.0kb
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Figure 2.8: PsFutl specific DNA probe PsSUTR. A, The organization of clone

PsFUTgeno. Recognition sites for HindIII and EcoRV are indicated. Clone PsSUTR

contains 189bp of 5 UTR and 124bp of 5” end coding region; B, Southern analysis of pea

genomic DNA using PsSUTR as probe. Fifteen pg of genomic DNA was used for each

digestion. The signals below the 1.0 kb marker are non-specific irregular spots.
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I examined the expression of PsFutl during growth of etiolated pea in terms of
enzyme activity and messenger RNA abundance. The growth of etiolated pea seedlings
was monitored by measuring the internode length daily from day 6 until day 11 (Figure
2.9A). At day 6 the first internode had already accomplished its elongation as very little
additional length increase was seen in the following days (Figure 2.9). The second
internode elongated slightly from day 6 to day 7 with an increase of 1.1 cm, and stopped
its elongation thereafter (Figure 2.9). However the third internode showed dramatic
elongation between days 6 and 11, showing an increase in length of more than 10 fold.
The most rapid elongation for the third internode occurred from day 7 to day 8 when the
length increased by 5.0 cm (Figure 2.9). The elongation rate for the third internode then
decreased daily after this time point until it increased by only 0.6 cm from day 10 to day
11 (Figure 2.9B). Collectively, the results demonstrated that the third internode had the
highest elongation rate at day 7 and that elongation of this internode was nearly complete

atday 11.

Expression of PsFutl in three internodes of etiolated pea seedlings at 7 days old

To correlate the expression of PsFutl with the elongation of etiolated pea
internodes, microsomal membranes were isolated from the three internodes of etiolated
seedlings at 7 days old and examined for XyG fucosyltransferase activity. Total RNA
was also isolated from the same tissues and examined for PsFutl messenger RNA
abundance. PsFut1-SUTR was used as probe for the northern blotting. As indicated in
Figure 2.9, only the third internode showed dramatic elongation at day 7. Accordingly,

the specific activity of PSFUT1 from the third internode was found to be nearly 6 times
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Figure 2.9: Growth curve of etiolated pea internodes. All lengths were measured in the
dark under safe light, and were averages of 40 seedlings. A, internode length of etiolated
pea seedlings from day 6 to day 11; B, elongation rate of etiolated pea internodes

expressed as increased length (cm) per day comparing two consecutive days.
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that from the first intermode and 3 times that from the second intemode (Figure 2.10A).
While the second internode didn’t show much increase of PsFutl messenger RNA
compared with the first internode at day 7, the third internode had dramatically higher
expression of PsFutl as measured by northern blotting (Figure 2.10B). This experiment
demonstrated a good correlation between pea internode elongation rate and the

expression of PsFutl.

Expression of PsFutl in the third internode at different growth stages

From day 7 to day 11, the elongation rate of the third internode decreased almost
8-fold, although the absolute length increased almost 3-fold (Figure 2.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>