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ABSTRACT
Pectins are a class of acidic, plant cell wall polysaccharides that contain (1,4)-linked a-p-
galactopyranosyluronic acid (p-GalpA) as part of their backbone structure. Pectin is involved in
the regulation of plant growth and development, the elucidation of plant defense responses, and
the maintenance of plant cell adhesion. While a significant amount of published information is
available on the structure and function of pectin in the plant cell wall, relatively little is known
about pectin biosynthesis. This study centers around the characterization and identification of an
a-1,4-galacturonosyltransferase (GalAT) involved in the biosynthesis of the backbone structures
of pectin. The subcellular localization of a GalAT was determined by sucrose density gradient
centrifugation of pea epicotyl membranes. GalAT activity was found to co-fractionate with
Golgi-resident latent UDPase activity. Treatment of Golgi vesicles with Proteinase K in the
absence of detergent showed that intact Golgi membranes from pea protected GalAT activity
from proteolytic degradation. These results show that pectin biosynthesis occurs in the Golgi
apparatus and that the pea GalAT has its catalytic site facing the Golgi lumen. A radioactive
assay was developed to assay GalAT activity. The assay uses cetylpyridinium chloride-treated
filters to separate unincorporated UDP-p-["*C]GalpA from radioactive products formed during

the GalAT reaction. The versatility of this assay was demonstrated by its ability to rapidly and



accurately measure GalAT activity in multiple chromatography fractions during the partial
purification of a GalAT from tobacco (Nicotiana tabacum L. cv. Samsun) and Arabidopsis
thaliana (cv. Columbia). Using a new detergent solubilization technique and a combination of
SP-Sepharose, Reactive Yellow 3, and UDP-agarose chromatography, GalAT activity was
purified 17-fold from solubilized Arabidopsis membranes. The partially purified fraction was
digested with sequencing-grade trypsin and the released peptides were analyzed by liquid
chromatography-tandem mass spectrometry. Peptide analysis revealed the presence of two
proteins (JS33 and JS36) with sequence similarity to other glycosyltransferases. Truncated
versions of these genes lacking their N-terminal transmembrane domain were cloned into a
vector containing an N-terminal signal sequence designed for secretion of the recombinant
proteins. Both gene constructs were transiently and stably expressed in human embryonic
kidney (HEK) 293 cells. Preliminary transient transfection experiments indicated that GalAT
activity was detectable in media from HEK293 cells transiently expressing the JS36 gene
construct providing evidence that JS36 encoded a putative GalAT. Inactive, recombinant
proteins were detected in cell lysates from stable HEK293 lines expressing either JS33 or JS36.
Database analysis indicates that JS33 and JS36 are part of a 25 member gene family in
Arabidopsis. Mutation of two members of this putative GalAT gene family gives phenotypes
that are similar to previously characterized pectin mutants. Further research needs to be

conducted to determine what role(s) these genes play in pectin biosynthesis.
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INTRODUCTION

All plant cells are surrounded by a complex extracellular matrix known as the plant cell
wall. The plant cell wall defines overall cell shape and provides each cell with mechanical
strength and a protective barrier against environmental hazards. The cell wall is the first line of
defense against pathogen attack and is a repository for a variety of biologically active molecules
involved in plant cell signaling. The plant cell wall also has nutritive value and is the main
source of dietary fiber found in plant-based foods.

Structural analysis of plant cell walls indicates that they can be subdivided into two types:
primary and secondary cell walls. The secondary cell wall surrounds cells that differentiate to
perform specialized structural support functions within the plant and generally contain lignin. In
contrast, the primary cell wall surrounds cells in elongating, meristematic and succulent regions
of the plant, and is the first type of wall laid down by all plant cells.

The primary cell wall is mainly composed of polysaccharides (~90%) and these
polysaccharides have been divided into three main types: cellulose, hemicelluloses, and pectin.
An in-depth review on what is currently known about pectin structure, function and biosynthesis
is presented in Chapter 1. In brief, pectins are a diverse group of acidic polysaccharides found
almost exclusively in plant primary walls. They comprise between 10-30% of the primary walls
of plants, and are involved in the regulation of plant cell growth and development, the elicitation
of plant defense responses, and the maintenance of cell-cell adhesion. Furthermore, pectins are
used extensively in the food and cosmetic industries as a gelling and stabilizing agent, and as a
dietary supplement to aid in the prevention of high cholesterol and cancer. While much is

known about pectin structure and function within the plant, relatively little is known about how



plant cells make pectin, including the site(s) of synthesis and the plant genes that encode pectin
biosynthetic enzymes.

Research presented in this dissertation is aimed at increasing our understanding of how
pectin is synthesized. The research centers around a pectin glycosyltransferase known as a-1,4-
galacturonosyltransferase (GalAT). GalATs are involved in the synthesis of approximately 70%
of the backbone structures of pectin. They catalyze the addition of p-GalpA from UDP-p-GalpA
onto the non-reducing ends of oligomeric or polymeric pectin acceptors. The first study was
aimed at determining the site of pectin biosynthesis within the plant cell. The subcellular
location of a homogalacturonan GalAT from pea epicotyl membranes was determined by sucrose
density gradient centrifugation (Chapter 2).

The results from this study indicate that the pea GalAT is a Golgi-localized enzyme that
has its catalytic site facing the Golgi lumen. These results extend previous in vivo labeling and
immunocytochemical studies (using antibodies against pectin epitopes) by demonstrating that a
pectin biosynthetic glycosyltransferase functions in the Golgi lumen. The study also implicates
the Golgi as the initial site of pectin biosynthesis and allows us to design a model for pectin
biosynthesis in vivo.

The second study was aimed at identifying putative GalAT genes from thale cress
(Arabidopsis thaliana). GalAT activity was partially purified from solubilized Arabidopsis
membranes with the aid of a newly developed GalAT activity assay presented in Chapter 3. This
assay uses filters coated with cetylpyridinium chloride to separate unincorporated UDP-p-
[14C]Ga1pA from radioactive products generated during the GalAT reaction. The assay also
greatly simplifies the process of identifying GalAT activity in multiple chromatography

fractions.



Detergent-solubilized GalAT activity was purified 17-fold using a combination of SP-
Sepharose, Reactive Yellow 3, and UDP-agarose chromatography (Chapter 4). Trypsin
digestion of the most purified GalAT-containing fraction yielded peptides that were analyzed by
liquid chromatography-tandem mass spectrometry. Two proteins (JS33 and JS36) were
identified that had conserved domains found in other glycosyltransferases. Truncated versions of
these genes lacking their N-terminal transmembrane domain were cloned into a vector containing
an N-terminal signal sequence (for secretion of the recombinant proteins) and heterologously
expressed in human embryonic kidney (HEK) 293 cells. JS36 was shown to possess GalAT
activity in media from HEK293 cells in a preliminary transient transfection experiment,
providing further evidence for the identification of a putative GalAT gene from Arabidopsis.

In addition, BLAST analysis of the Arabidopsis genome reveal that JS33 and JS36 are
part of a 25 member gene family in Arabidopsis. Mutants in two members of the gene family
(qual and parvus) display phenotypes consistent with those observed in other pectin structure
mutant plants. Future experiments aimed at determining the function of JS33 and JS36, and their

role in pectin biosynthesis, are also discussed.



CHAPTER 1

LITERATURE REVIEW: PECTIN STRUCTURE, FUNCTION, AND BIOSYNTHESIS



INTRODUCTION

All plant cells are surrounded by an extracellular matrix known as the plant cell wall
(Bacic et al., 1988; Brett and Waldron, 1990). Cell walls are divided into two types based on
their structure and the developmental state of the cell. The primary cell wall is the first type of
wall that is laid down by all plant cells. It surrounds meristematic, undifferentiated cells and
cells of succulent tissues of the plant (McNeil et al., 1984; Albersheim et al., 1996). Plant cells
that undergo further differentiation may also produce a secondary wall (Bacic et al., 1988).
Secondary cell wall formation is most commonly associated with lignin deposition during xylem
differentiation (Fukuda, 1996; Mellerowicz et al., 2001), but certain cell types, for example
cotton fibers, may also lay down a specialized unlignified secondary cell wall (Delmer, 1999).

The primary cell wall is composed almost entirely of polysaccharides (90%; McNeil et
al., 1984). These polysaccharides have been classified into three major categories: cellulose,
hemicelluloses, and pectins (Bacic et al., 1988). Pectins are a class of plant cell wall
polysaccharides that contain (1,4)-linked o-p-galactopyranosyluronic acid (p-GalpA) as part of
their backbone structure (O'Neill et al., 1990). They are a major component (~30%) of the
primary walls of dicots, non-graminaceous monocots and gymnosperms (type I primary walls)
and are present in lesser amounts (~10%) in the primary walls of plants of the grass or Poaceae
family (type II primary walls; Carpita and Gibeaut, 1993; Mohnen, 1999).  Pectic
polysaccharides have also been detected in lycophyte, pteridophyte, and (to a lesser extent)
bryophyte cell walls (Matsunaga et al., 2004), suggesting that they have persisted throughout
plant evolution (O'Neill et al., 2004). Studies conducted on pectin structure, function and

biosynthesis have focused on pectins found in primary cell walls due to their natural abundance



and ease of extraction (McNeil et al., 1984; O'Neill et al., 1990; McCann and Roberts, 1991;
Carpita and Gibeaut, 1993; Albersheim et al., 1996).

Pectins are the most structurally complex of all the plant cell wall polysaccharides
(Mohnen, 2002; O'Neill et al., 2004). The fine structure of pectins has proven to be important to
plant homeostasis as slight alterations in pectin structure have been shown to cause severe
phenotypes in wildtype and mutant plants (O'Neill et al., 2001; Iwai et al., 2002; Jones et al.,
2003). It has been hypothesized that pectin biosynthesis will require the coordinated action of
over 100 proteins (Mohnen, 2002). Now, after over 70 years of pectin research, genes thought to
be involved in pectin biosynthesis are finally being discovered.

There have been several new developments in pectin research since the last major
reviews on pectin were published (Ridley et al., 2001; Mohnen, 2002). This review expands on
what is currently known about pectin structure, function, and biosynthesis including progress
made on the localization of pectin epitopes within the wall, the characterization of pectin
mutants, and the identification of several genes involved in pectin biosynthesis.

STRUCTURE

The structure of pectic polysaccharides has been exhaustively studied (reviewed in
O’Neill et al., 1990; Ridley et al., 2001; O’Neill et al., 2004). Pectic polysaccharides can be
released from primary cell walls by sequential aqueous buffer extractions (Zablackis et al., 1995;
Schols et al., 1995a; Nakamura et al., 2001), acid hydrolysis (Nothnagel et al., 1983; Cardoso et
al., 2002), or by treating cell walls with pectinolytic enzymes (McNeil et al., 1980; McNeil et al.,
1984; York et al., 1986; Stevenson et al., 1988; O'Neill et al., 1990; Ishii and Matsunaga, 1996).
Analysis of pectic polysaccharides released from plant primary cell walls has demonstrated that

pectin is composed of three main types of polysaccharides: homogalacturonan (HGA),



rhamnogalacturonan I (RG-I) and substituted galacturonans (SGA) such as rhamnogalacturonan
IT (RG-II; York et al., 1986; O’Neill et al., 1990). While the elucidation of the composition and
linkages of the glycosyl residues that make up pectin has been difficult, techniques involving 2D
NMR (Vidal et al., 2000; Rodriguez-Carvajal et al., 2003), mass spectrometry (Ishii et al., 1999;
Vidal et al., 2000), molecular modeling (Rodriguez-Carvajal et al., 2003), and the use of well
characterized endo- and exoglycanases (McNeil et al., 1980; Lerouge et al., 1993; An et al.,
1994a; Vidal et al., 2000; Ishii et al., 2001a; Nakamura et al., 2002a) have greatly enhanced our
understanding of the fine structures of pectin in the wall.
Homogalacturonan

Homogalacturonan (HGA) is a linear polymer of (1,4)-linked a-p-GalpA (Figure 1.1).
Cell wall analysis of sycamore (Acer pseudoplatanus) suspension-cultured cells (O'Neill et al.,
1990; Mohnen et al., 1996) and leaves of Arabidopsis thaliana (Zablackis et al., 1995) shows
that HGA comprises roughly 24% of the primary wall. The exact size of HGA in the wall is not
known, although polymers consisting of 30-200 GalpA residues have been reported (Nothnagel
et al., 1983; Carpita and Gibeaut, 1993; Willats et al., 2001). HGA may be methylated at O-6
(Mort et al., 1993) and may contain acetyl esters at O-2 or O-3 (Ishii, 1997; Pauly and Scheller,
2000; Willats et al., 2001a). The degree and pattern of methylation and/or acetylation of HGA
chains has not been completely elucidated, possibly due to the heterogeneity of HGA polymers
or to changes in methylation/acetylation during the extraction of HGA from the wall (O'Neill et
al., 1990; Pauly and Scheller, 2000; Willats et al., 2001a). Studies on HGA fragments released
from cell wall residues by Driselase (a commercial mixture of fungal endo- and

exopolysaccharidases; (Brown and Fry, 1993; Ishii, 1997; Needs et al., 1998) and on the



Figure 1.1. Structure of HGA. HGA is a linear polymer of (1,4)-linked a-p-GalpA that may be

methylated at O-6 or acetylated at O-2 or O-3. Taken from Ridley et al., (2001).
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changes in apparent molecular weight of pectins treated with pectinesterases (Lee et al., 2003),
suggest that HGA may contain other as yet unidentified esters. Techniques are currently being
developed which may enable the determination of methylation and acetylation patterns of HGA
(Willats and Knox, 1999a; Clausen et al., 2003; Goubet et al., 2003).

HGA chains can form ionic crosslinks in the presence of Ca®*

Unesterified HGA chains can form ionic crosslinks in the presence of Ca®" (Kohn, 1975;
Jarvis, 1984). The properties of Ca”" crosslinked HGA has been extensively studied in vitro, as
Ca’-HGA gels are used extensively in the food industry as thickening and stabilizing agents
(Thakur et al., 1997). Ca*" crosslinked HGA is also thought to play an important role in plant
cell adhesion, as treatment of plant tissues with Ca®" chelating agents solubilizes some of the
pectic polysaccharides from the wall and releases individual plant cells (McCann and Roberts,
1991; McCartney and Knox, 2002; Jarvis et al., 2003).

The binding of two Ca®" crosslinked HGA molecules is thought to require HGA chains
that have a degree of polymerization of at least 7 GalpA residues (Thakur et al., 1997), with
optimal binding occurring between HGA chains that are at least 14 residues in length (Jarvis,
1984). The two chains are thought to form an “egg-box” structure, such as those described for
the Ca”"-induced gelation of alginates (Kohn, 1975). Molecular modeling studies suggest that
Ca®" crosslinked HGA chains have a 2-fold helical conformation and are likely oriented in an
anti-parallel orientation (Braccini et al., 1999; Braccini and Perez, 2001). The specific
orientations of Ca*" crosslinked HGA chains within the cell wall are unknown. Studies in this
area are further complicated by the fact that highly methylesterified HGA chains can form gels in
vitro in the presence of high solute concentrations at low pH (Jarvis, 1984; Tibbits et al., 1998).

While these conditions may not be suitable for gel formation within the primary wall, the



10

formation of intermediate gels composed of both highly methylesterified and unesterified HGA
chains is possible in vitro (Jarvis, 1984). The elucidation of the specific structures of crosslinked
HGA chains in the wall will be integral to our understanding of their involvement in plant cell
adhesion.
Rhamnogalacturonan |

Rhamnogalacturonan 1 (RG-I) is a branched polysaccharide that has a repeating
disaccharide backbone of [—4)-a-D-GalpA-(1—2)-a-L-rhamnopyranose-(1—] (Figure 1.2;
McNeil et al., 1980). The exact length of the backbone of RG-I is not known, but lengths of up
to 100 disaccharide repeats have been reported (An et al., 1994; Albersheim et al., 1996). b-
GalpA residues in RG-I may be acetylated at either O-2 or O-3 (McNeil et al., 1980; Lerouge et
al., 1993; Ishii, 1997; Pauly and Scheller, 2000); however, the extent and pattern of acetylation is
unknown. RG-I comprises between 7-14% of the primary walls of suspension cultured sycamore
cells (Mohnen et al., 1996) and 11% of the walls of Arabidopsis leaves (Zablackis et al., 1995).

Rhamnopyranosyl (L-Rhap) residues on RG-I may be substituted at O-4 with mono- or
oligosaccharide chains (McNeil et al., 1984; O'Neill et al., 1990; Mohnen, 1999). The side
chains of RG-I have been characterized from Douglas fir (Pseudotsuga menziesii; O’Neill et al.,
1990), soybean (Glycine max; Nakamura et al., 2001), suspension-cultured sycamore (McNeil et
al., 1980; Lerouge et al., 1993; An et al., 1994), apple (Malus x domestica; Schols et al., 1995),
lemon (Citrus limon; Ros et al., 1998), olive (Olea europaea; Cardoso et al., 2002), maize (Zea
mays; O’Neill et al., 1990), sugar beet (Beta vulgaris; Renard et al., 1999), and Arabidopsis
leaves (Zablackis et al., 1995). Results from these studies have shown that there is a substantial

amount of heterogeneity concerning the size and abundance of side branching on RG-I isolated
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Figure 1.2. Representative structure of RG-I and its side branches. The backbone of RG-I is
composed of the disaccharide repeat [—4)-a-pD-GalpA-(1—2)-a-L-Rhap-(1—]. Representative
structures of the most commonly found side branches of RG-I are shown, including A) (1,5)-
linked a-L-arabinans, B) branched a-L-arabinans, C) (1,4)-linked B-p-galactans, and D) type I and
E) type II arabinogalactans. The location and density of the side chains on RG-I molecules is not
known. F) B-p-GlcpA is found (1,3)-linked to 2% of the backbone p-GalpA residues from sugar
beet walls (Renard et al., 1999). The figure was generously provided by M.A. O’Neill (CCRC)

and adapted for this chapter.
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from different tissue sources (Thomas et al., 1989; O'Neill et al., 1990; Lerouge et al., 1993;
Schols et al., 1995a; Mohnen, 1999). It has also been suggested that the appearance of specific
side branches of RG-I may be temporally, spatially and developmentally regulated (Willats and
Knox, 1999a; Willats et al., 2001a; McCartney et al., 2003; Majewska-Sawka et al., 2004;
Willats et al., 2004).

Roughly 20-80% of the L-Rhap residues in the backbone of RG-I are substituted with
arabinan, galactan, or arabinogalactan side chains (Figure 1.2) that may range from 1 to over 50
residues in length (Lerouge et al., 1993; Zablackis et al., 1995; Schols et al., 1995a). Arabinans
are composed of linear chains of (1,5)-linked a-L-arabinofuranose (Araf; Figure 1.2, A) that may
be branched at O-2 or O-3 with additional r-Araf residues (Figure 1.2, B; Lau et al., 1987).
Linear galactans of (1,4)-linked B-p-galactopyranosyl (p-Galp; Figure 1.2, C) residues are also
found on RG-I (Aspinall et al., 1967; Aspinall, 1980; Lau et al., 1987; Nakamura et al., 2001)

Arabinogalactans have been subdivided in two categories based on the structure of the
galactan chain (Carpita and Gibeaut, 1993). Type I arabinogalactans (Figure 1.2, D) are
composed of a (1,4)-linked B-p-galactan backbone that may be further substituted with (1,3)-
linked a-L-Araf and (1,3)-linked B-p-Galp residues or chains (O’Neill et al., 1990). Type II
arabinogalactans (Figure 1.2, E) have a backbone composed of (1,3)-linked B-p-galactan that
may be substituted with short (1,3)-, (1,6)-, or mixed (1,3;1,6)-linked B-p-galactan chains
(O'Neill et al., 1990; An et al., 1994a; Mohnen, 1999). The exact composition of type I and type
IT arabinogalactan is not known, although terminal (1,2)-linked a-L-fucopyranosyl (L-Fucp),
(1,4)- or (1,6)-linked B-p-glucopyranosyluronic acid (p-GlcpA), (1,6)-linked 4-O-methyl B-p-
GlcpA, and (1,3)- or (1,6)-linked a-L-Araf may also be found in the side chains of RG-I (O’Neill

et al., 1990; Carpita and Gibeaut, 1993; An et al., 1994; Albersheim et al., 1996; Mohnen, 1999).
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Type II arabinogalactans are also associated with arabinogalactan proteins (AGPs); however, it is
commonly accepted that these polysaccharides are indeed present as side chains of RG-I
(McNeil et al., 1984; Bacic et al., 1988; Mohnen, 1999).

Other substitutions on RG-I side chains are known to occur. For example, L-Araf and p-
Galp residues may also contain ferulic or coumaric acid (Ishii, 1997a), and in the walls of sugar
beet 2% of the p-GalpA backbone residues are substituted with p-GlcpA (Figure 1.2, F; Renard
et al., 1999). The exact roles these different side chains play in RG-I function has not yet been
elucidated, although certain tissues have been found to be enriched in RG-I molecules that have
specific side chains (Schols et al., 1995a; Ros et al., 1998; Cardoso et al., 2002; Nakamura et al.,
2002a).
Substituted galacturonans

Some polymers of HGA are substituted with mono- or oligosaccharide side branches.
These branched HGA polysaccharides are collectively known as substituted galacturonans
(SGAs). To date, there are only three types of SGA polysaccharides known to exist in primary
cell walls: xylogalacturonan (XGA), apiogalacturonan (AGA) and rhamnogalacturonan II (RG-
10).
Xylogalacturonan

XGA has been isolated from pine (Pinus mugo) pollen (Bouveng, 1965), carrot (Daucus
carota) callus (Kikuchi et al., 1996), soybean cotyledons (Nakamura et al., 2002a), cocoa
(Theobroma cacao) beans (Redgwell and Hansen, 2000), pea (Pisum sativum) hulls (Le Goff et
al., 2001), and the fruits of watermelon (Citrullus lanatus; Yu and Mort, 1996), lemon (Ros et
al., 1998), and apple (Schols et al., 1995a). XGA has a backbone of (1,4)-linked a-p-GalpA that

is substituted at O-3 with B-p-xylopyranosyl residues (p-Xylp; Figure 1.3, A; O’Neill et al.,
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Figure 1.3. The structures of xylogalacturonan (XGA) and apiogalacturonan (AGA). Both
XGA and AGA have backbones composed of HGA [(1,4)-linked a-p-GalpA]. A) p-GalpA
residues in XGA are substituted at the O-3 with B-p-Xylp residues. B) p-GalpA is substituted at
either O-2 or O-3 with B-p-Apif or [B-p-Apif-(1—3")--p-Apif-(1—] in AGA. p-Apif side chains
are shown linked only to the O-2 of p-GalpA residues for simplicity. Figure was generously

provided by M.A. O’Neill (CCRC).
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1990; Schols et al., 1995; Kikuchi et al., 1996; Yu and Mort, 1996). The degree of p-Xylp
branching on XGA is not known.

Nakamura et al. (2002) found that polygalacturonase treatment of hot-water soluble,
soybean cotyledon polysaccharides that had previously had their arabinan and galactan chains
removed by treatment with an a-(1,3)-L-arabinosidase and a B-(1,4)-p-galactosidase, respectively
(Nakamura et al., 2001), yielded two oligosaccharides rich in p-Xylp and p-GalpA. Linkage
analysis revealed the presence of terminal, 4-, and 3,4-linked GalpA and terminal, 4-, and 2,4-
linked p-Xylp. Although treatment of these oligosaccharides with an B-(1,4)-p-xylosidase
released some p-Xylp residues from the oligosaccharides, the authors were unable to prove that
4- or 2,4-linked p-Xylp were indeed attached to p-GalpA (Nakamura et al., 2002a).
Apiogalacturonan

Apiogalacturonan (AGA; Figure 1.3, B) has been isolated from the cell walls of only a
limited number of plants species, for example duckweed (Lemna minor L; Golovchenko et al.,
2002). It has a linear backbone of HGA that can be substituted at the O-2 or O-3 with B-p-
apiofuranose (p-Apif) or [B-p-Apif-(1—3")-B-p-Apif-(1—] (Cheng and Kindel, 1997; Ridley et
al., 2001; Golovchenko et al., 2002). Whether AGA is a component of the cell walls of different
plant species, or has special functions in aquatic monocots like duckweed, has yet to be
addressed.

Rhamnogalacturonan 1l

The structure of RG-II is by far the most complicated of any of the primary cell wall
polysaccharides (Figure 1.4). It is composed of 13 different monosaccharides in over 20
different linkages (O'Neill et al., 1997). Many of the sugars that make up RG-II are unusual,

such as 2-keto-3-deoxy-p-manno-octulopyranosyluronic acid (p-Kdop) and 3-deoxy-p-lyxo-2-
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Figure 1.4. Currently accepted structure of rhamnogalacturonan II. The backbone of RG-II is
composed of at least 7 (1,4)-linked a-p-GalpA residues and contains four highly conserved side
chains named A-D. Species specific variations in the terminal glycosyl residues of side chain B
are shown (Whitcombe et al., 1995; Pellerin et al., 1996; Matsunaga et al., 2004) as well as
changes in RG-II structure that occur in the Arabidopsis mutant murl (Zablackis et al., 1996)
and the mutant of Nicotiana plumbaginifolia, nolac-H18 (Iwai et al., 2002). Taken from O’Neill

et al. (2004).
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heptulopyranosylaric acid (p-Dhap). Some sugars, such as r-aceric acid (3-C-carboxy-5-deoxy-
L-xylofuranose; 1-AcefA) are specific for RG-II and are not found anywhere else in nature.
There is some evidence that the HGA backbone of RG-II contain methylesters (Pellerin et al.,
1996) and that acetylesters may be present on the 2-O-methyl L-Fucp and r-AcefA residues of
side chain B (Whitcombe et al., 1995; Glushka et al., 2003); however, the exact pattern of
methyl- and/or acetylation has not yet been determined and may be dependent on the original
source of RG-II (Whitcombe et al., 1995; Glushka et al., 2003). RG-II accounts for 1-4% of the
walls of dicots, non-graminaceous monocots and gymnosperms (O'Neill et al., 1990; Mohnen et
al., 1996), 0.2-2% of the walls of lycophytes and pteridophytes (Matsunaga et al., 2004; O'Neill
et al., 2004), less that 0.1% of the walls of grasses (Thomas et al., 1989; O'Neill et al., 1990), and
can barely be detected in the walls of bryophytes (Matsunaga et al., 2004).

RG-II has a backbone of at least 7 (1,4)-linked a-p-GalpA residues (O'Neill et al., 1996)
and is surprisingly resistant to microbial and fungal glycosidases and glycanases, such as those
found in commercial preparations (i.e. Pectinol AC and Driselase; Stevenson et al., 1988; Ishii
and Matsunaga, 1996). RG-II can be released from primary walls by endopolygalacturonase
(EPGase) treatment (York et al., 1986) or by buffer extraction followed by EPGase treatment
(Thomas et al., 1989; Ishii et al., 2001a). Structural characterization of the side chains of RG-II
was done mainly by partial acid hydrolysis of purified RG-II, followed by analysis of the
released oligosaccharides using a combination of mass spectrometry (MS) and nuclear magnetic
resonance (NMR) techniques (Spellman et al., 1983a; Thomas et al., 1989; Puvanesarajah et al.,
1991; Whitcombe et al., 1995; Pellerin et al., 1996).

It is currently believed that RG-II consists of 4 distinct side branches named A-D.

Evidence for the attachment sites of these side branches to the backbone of RG-II has been
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obtained by periodate oxidation (Puvanesarajah et al., 1991) and by selectively cleaving NaBHs-
reduced RG-II with a cell free extract from Penicillium daleae that is known to contain RG-II-
degrading glycanases (Vidal et al., 2000). Recent studies using 2D NMR have confirmed some
of these results (Rodriguez-Carvajal et al., 2003) and have allowed for the further refinement of
RG-II structure (Reuhs et al., 2004). These studies have led to a consensus structure of RG-II
(Figure 1.4; O’Neill et al., 2004). However, the inability to unequivocally assign all of the peaks
from 2D NMR experiments that correspond to backbone p-GalpA residues and to residues that
are directly attached to p-GalpA (Vidal et al., 2000; Ridley et al., 2001; Rodriguez-Carvajal et
al., 2003) may require that this currently accepted RG-II structure be further refined in the future.
For example, it is currently believed that L-Araf may be linked to backbone p-GalpA residues on
RG-II (Thomas et al., 1989; Pellerin et al., 1996; Matsunaga et al., 2004) and may even
constitute a new side chain (Rodriguez-Carvajal et al., 2003).

RG-II has been isolated from a number of different tissue sources, including sycamore
(Darvill et al., 1978; Whitcombe et al., 1995), sugar beet (Ishii and Matsunaga, 1996), potato
(Solanum tuberosum; Ishii, 1997), pea (O'Neill et al., 1996), rice (Oryza sativa; Thomas et al.,
1989), radish (Raphanus sativus; Kobayashi et al., 1996), Arabidopsis (Zablackis et al., 1995),
and red wine (Vidal et al., 2000). Glycosyl composition and linkage analysis have shown that
the structure of RG-II is highly conserved amongst plant species. The discovery of conserved
RG-II structures in the cell walls of lesser plants (e.g. lycophytes and pteridophytes; Matsunaga
et al., 2004) has led to the proposal that RG-II may have been required for the evolution of land
plants (Matsunaga et al., 2004; O'Neill et al., 2004).

Structural differences in glycosyl composition of RG-II isolated from different plant

species are found only on the residues attached to the O-2 and/or O-3 of the r-Arap residue of
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side chain B (Figure 1.4; Thomas et al., 1989; Whitcombe et al., 1995; Pellerin et al., 1996;
Vidal et al., 2000; Matsunaga et al., 2004). The L-Arap is not substituted in species such as sugar
beet (Ishii and Matsunaga, 1996) and contains (1,2)-linked a-L-Rhap in Arabidopsis (Glushka et
al., 2003) and rice (Thomas et al., 1989). RG-II from red wine has a-L-Rhap and [B-L-Araf-(1—
2)-a-L-Rhap-(1—] linked to the O-3 and O-2 of the L-Arap residue, respectively (Pellerin et al.,
1996). Only the disaccharide is found attached to the O-2 of the L-Arap residue in RG-II from
sycamore (Whitcombe et al., 1995), while RG-II isolated from some lycophytes and
pteridophytes may contain 3-O-methyl B-p-Rhap linked to the O-3 and/or O-2 of the r-Arap
residue (Matsunaga et al., 2004). The functions of the different substitutions on the r-Arap
residue of side chain B are unknown, as they do not seem to have any effect on the function of
RG-II in vivo (O'Neill et al., 2004).
RG-I1 molecules can dimerize in the presence of boron

RG-II isolated from the primary walls of a number of different tissue sources is
predominantly (~95%) in the form of a dimer crosslinked by a 1:2 borate-diol ester (Figure 1.5;
Ishii and Matsunaga, 1996; Kobayashi et al., 1996; O'Neill et al., 1996; Pellerin et al., 1996).
The presence of dimeric RG-II (dRG-II) complexed by borate di-esters has been confirmed in all
plant species in which RG-II has been isolated, including the cell walls of lycophytes and
pteridophytes (Matsunaga et al., 2004; O’Neill et al., 2004). The approximate molecular weight
of monomeric RG-II (mRG-II) and dRG-II are 5 and 10 kDa, respectively (O'Neill et al., 1996;
Pellerin et al., 1996; Matsunaga et al., 2004). The relative proportion of dRG-II:mRG-II isolated
from walls depends on the plant source (O'Neill et al., 1996; Matsunaga et al., 2004), but the

characteristics of RG-II dimerization are the same across plant species. This suggests that the
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Figure 1.5. Rhamnogalacturonan molecules dimerize in the presence of boron. A) Two
rhamnogalacturonan II (RG-II) molecules can form a dimer crosslinked by a 1:2 borate-diol ester
in the presence of boron. Linkage occurs only on L-Apif residues found on side chain A of RG-
II. B) Boron involved in the crosslink is chiral and so two stereoisomers of dRG-II are possible.

Adapted from O’Neill et al. (2004).
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chemical properties of RG-II are the same irrespective of the tissue source and the differences in
side chain B structure (O'Neill et al., 1996; Ishii et al., 1999; Matsunaga et al., 2004).

The formation of dRG-II from mRG-II in the presence of boron occurs spontaneously in
vitro at an optimum pH of 3-4 without the addition of any exogenous proteins (O'Neill et al.,
1996; Ishii et al., 1999). The addition of di- and trivalent cations with an ionic radii >1.0, such
as Pb>", Sr’", Ba®", La’", and Ce’, greatly increases the rate of dimer formation (O'Neill et al.,
1996; Ishii et al., 1999). Ca’" also increases this rate, but to a much lesser extent than that of the
larger cations (Ridley et al., 2001). Conversely, incubation of dRG-II at pH 1-3 in the absence of
boron causes its conversion into mRG-II (Ishii and Matsunaga, 1996; Kobayashi et al., 1996;
O'Neill et al., 1996). Glycosyl composition and linkage analysis of in vitro synthesized mRG-11
or dRG-II are identical, except for the presence of 2,3,3’-linked r-Apif found in dRG-II
molecules (O'Neill et al., 1996), providing evidence that the site of borate di-ester cross-linking
of RG-II is on L-Apif residues (Ishii et al., 1999). Selective labeling of derivatives from dRG-II
demonstrates that only the L-Apif residues on side chain A (Figure 1.5, A) participate in RG-1I
dimerization (Ishii et al., 1999). Two diastereoisomers of dRG-II are possible due to the fact that
the boron molecule involved in the crosslink is chiral (Figure 1.5, B; O’Neill et al., 2004).
Further research needs to be conducted to determine which of these stereoisomers is commonly
found in nature.

PECTIN IN THE PRIMARY WALL
HGA, RG-1, and RG-Il may be covalently linked in the primary cell wall

There is compelling evidence that HGA, RG-I and RG-II may be covalently linked in the

primary walls of plant cells (Thomas et al., 1989). HGA, RG-I and RG-II can be isolated as a

high molecular complex (>100 kDa) by extracting primary walls with aqueous buffers (O'Neill et
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al., 1990; Ishii et al., 2001a; Reuhs et al., 2004). Saponification of this complex followed by
enzymic digestion with purified EPGases causes the release of HGA oligosaccharides
(oligogalacturonides or OGAs) and RG-II from the remaining high molecular weight material,
which consists mainly of RG-I (McNeil et al., 1980; York et al., 1986; O'Neill et al., 1990;
Lerouge et al., 1993; O'Neill et al., 1997). Ishii et al. (2001a) found that treatment of the original
high molecular weight complex for one hour with 1 N HCI (a treatment that is known to strip
boron from dRG-II in vitro) changed its elution profile following size exclusion chromatography.
Incubation of the acid-treated material for 16 h in a buffer containing boric acid and lead acetate
at pH 7.3 (conditions known to cause the formation of dRG-II from mRG-II in vitro), caused the
acid-treated pectin to elute at the same retention time as the original high molecular weight
complex. These results suggest that RG-II dimerization can change the molecular weight
distribution of the high molecular weight pectin complex and provides further evidence that
pectic polysaccharides may be covalently linked in the wall.

Evidence that RG-II may be covalently linked to HGA stems from the observation that
the lengths of the HGA backbones on EPGase-released RG-II molecules are heterogeneous
(Whitcombe et al., 1995; Pellerin et al., 1996; Vidal et al., 2000). Partial acid hydrolysis of RG-
II from sycamore (Whitcombe et al., 1995) and from red wine (Pellerin et al., 1996) releases RG-
IT side chains and OGAs of degrees of polymerization of 7-15 (Ishii et al., 1999) with the
average length being between 7 and 9 p-GalpA residues for sycamore and red wine RG-II,
respectively (O'Neill et al., 1996). This variation in the length of the RG-II backbones is most
likely the result of the incomplete hydrolysis of RG-II from the high molecular weight complex
by EPGase (Whitcombe et al., 1995; Ishii et al., 1999) or the incomplete digestion of cell wall

polysaccharides during the fermentation of red wine (Pellerin et al., 1996). Furthermore,
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treatment of sycamore RG-II with a purified exopolygalacturonase (exoPGase) releases p-GalpA
residues from RG-II (Whitcombe et al., 1995), suggesting that RG-II molecules have (1,4)-linked
a-D-GalpA residues attached to their backbones that are accessible to exoPGase.

The high molecular weight material that remains following treatment of buffer-soluble
pectic polysaccharides with EPGase is composed mainly of RG-1 (McNeil et al., 1980; York et
al., 1986). Lerouge et al. (1993) conducted glycosyl composition analysis of this fraction from
sycamore suspension-cultured cells and found that the molar ratios of p-GalpA and r-Rhap
varied in several RG-I preparations. Treatment of these RG-I preparations with exoPGase
released p-GalpA as the only monosaccharide and resulted in RG-I fractions that had equimolar
ratios of p-GalpA:L-Rhap. These results suggested that (1,4)-linked a-p-GalpA residues were
covalently attached to RG-I molecules.

Further evidence of a covalent attachment between HGA and RG-I was demonstrated
using a hot-water soluble polysaccharide fraction from defatted soybean cotyledons (Nakamura
et al., 2002a). Treatment of this fraction with a mixture of purified pectinolytic enzymes [(1,3)-
a-L-arabinosidase,  (1,5)-o-L-endoarabinanase,  (1,4)-B-n-galactosidase  and  (1,4)-B-p-
endogalactanase, EPGase, and a rhamnogalacturonan a-p-galactopyranosyluronohydolase]
released oligosaccharides that, upon separation by anion exchange chromatography, had varying
ratios of r-Rhap:p-GalpA (ranging from 2.7 to 10.4). Fast atom bombardment (FAB) MS
analysis of these oligosaccharides suggested the presence of r-Rhap residues within short
stretches of (1,4)-linked a-p-GalpA chains; however, the relative placement of these r-Rhap
residues could not be determined due to the low abundance of fragmentation ions during analysis.

Structural analysis of fragments released by enzymic digestion of RG-I from the high

molecular weight complex from soybean walls revealed the presence of segments of XGA
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(Nakamura et al., 2002, 2002a). XGA fragments associated with RG-I molecules have also been
detected in extracts from apple (Schols et al., 1995a), lemon (Ros et al., 1998), pea (Le Goff et
al., 2001) and sugar beet (Ishii and Matsunaga, 2001). It is unknown at this time whether or not
the association between RG-I and XGA is due to a covalent interaction, or is simply caused by
the natural propensity of pectic polysaccharides to aggregate in solution (Mort et al., 1991).
Evidence for the presence of other covalent linkages between pectic polysaccharides

HGA, RG-I and RG-II may also be held in the wall by other types of covalent linkages.
Approximately 50% of the pectic polysaccharides found in primary walls are solubilized by
treatment with aqueous buffers or purified EPGase (O'Neill et al., 1990; Zablackis et al., 1995;
Ishii and Matsunaga, 2001; Reuhs et al., 2004). The remaining pectic material can be solubilized
from walls by treating them with mild alkali, a procedure known to break ester linkages and to
solubilize neutral hemicelluloses, such as xyloglucan (York et al., 1986; Zablackis et al., 1995).

Cold alkali treatment of a commercially available fractionated pectin powder (FPP) from
citrus peels caused the high molecular weight component of this fraction to migrate as uniformly
sized OGAs on polyacrylamide gels (Jackson et al., 2004). OGA formation was not due to -
elimination as an increase in A3, was not observed following base treatment. These OGAs were
not produced by treating FPP with a purified EPGase alone or in combination with a pectin
methylesterase; however, cold alkali followed by EPGase treatment of FPP caused its complete
degradation. These results suggested that the OGAs present in FPP were resistant to EPGase
treatment and that this resistance was not due to O-6 methylation. Driselase treatment of cell
wall material from spinach (Spinacia oleracea), carrot, rose (Rosa sp. 'Paul's Scarlet'), and tall
fescue (Festuca arundinacea) suspension cultured cells (Brown and Fry, 1993) and from carrot

root (Needs et al., 1998) also released OGAs that possessed unidentified esters that were resistant
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to pectinolytic degradation. The structures of these esters, and of those found in FPP, have yet to
be described.

Pectin methylesterases (PEs) are enzymes that remove methyl groups from pectin
molecules (Micheli, 2001). It has been suggested that another function of pectinesterases may be
to covalently link pectic polysaccharides in the wall (Lee et al., 2003). Treatment of citrus pectin
with a purified pectinesterase (PE) in vitro caused it to migrate as a higher molecular weight
complex on size exclusion columns (Lee et al., 2003), suggesting that PEs may be able to
catalyze reactions that increase the molecular weight of pectin molecules in the wall.

Ferulic and coumaric esters have been found attached to L-Araf and p-Galp residues from
Driselase-treated walls of spinach suspension-cultured cells and sugar beet pulp (Fry, 1982; Ishii,
1994). These esters could allow pectic molecules to crosslink to other cell wall components by
oxidative coupling (Ishii, 1997a); however, evidence for such crosslinked components has yet to
be demonstrated.

Mild alkali treatment of suspension-cultured rose cells released a polysaccharide complex
containing both pectin and xyloglucan molecules (Thompson and Fry, 2000). These molecules
co-eluted on anion exchange columns, even though xyloglucan itself contains no acidic residues.
Furthermore, it has been demonstrated that a membrane-enriched fraction from pea synthesized a
galactan that could be solubilized by treating the radioactive products with pectin- or xyloglucan-
degrading enzymes (Abdel-Massih et al., 2003). Both of these studies suggest that pectin and
xyloglucan are associated in the wall, although data describing the nature of this attachment has

yet to be presented.
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Simplified model of pectin in the wall

Several models describing the association of pectic polysaccharides within the primary
wall have been presented (Keegstra et al., 1973; McCann and Roberts, 1991; Carpita and
Gibeaut, 1993). The first models depicted pectic polysaccharides crosslinked to each other and
to other cell wall components through covalent linkages (Keegstra et al., 1973). The basis for
this model was derived from the fact that 1) pectins isolated from the wall by chemical or
enzymic methods co-chromatographed on ion exchange and size exclusion columns with
xyloglucan polymers (Keegstra et al., 1973; Thompson and Fry, 2000), 2) that EPGase treatment
of wall material allowed the release of higher amounts of cell wall proteins following protease
digestion than untreated walls (Keegstra et al., 1973), and 3) that associations between RG-I and
AGPs are possible as both molecules contain type II arabinogalactans (McNeil et al., 1984; Bacic
et al., 1988; Carpita et al., 2001). The validity of this model was questioned when glycosyl
composition and linkage analysis of cell wall material failed to demonstrate the presence of
covalent crosslinks between pectin and other wall components (McCann and Roberts, 1991;
Carpita et al., 2001). Furthermore, electron microscopy of CDTA or Na,COs extracted walls
revealed an independent, crosslinked network of cellulose and hemicellulose polysaccharides
(McCann and Roberts, 1991), suggesting that pectins in the wall formed an independent, gel-like
matrix that could be extracted from the other cell wall components.

Recent structural analysis of the wall has revealed the presence of covalent crosslinks
between specific classes of pectic polysaccharides (Spellman et al., 1983; Whitcombe et al.,
1995; Pellerin et al., 1996; Ishii and Matsunaga, 2001; Nakamura et al., 2002, 2002a). Based on
these observations, newer models for the association of pectic polysaccharides within the wall

have been presented (Carpita and Gibeaut, 1993; Willats et al., 2001; Nakamura et al., 2002a;
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Vincken et al., 2003). Most models of pectin in the wall depict it as stretches of RG-I covalently
attached to polymers of HGA in an alternating pattern (Carpita and Gibeaut, 1993; Nakamura et
al., 2002). However, one model suggests that pectic polysaccharides are composed of large RG-I
polymers that have side branches of HGA, RG-II, XGA, arabinans, galactans and
arabinogalactans (Vincken et al., 2003). These authors go on to suggest that associations
between RG-I polymers occur in areas of overlapping regions of HGA and RG-II side branches,
and that these overlapping regions are the primary sites of Ca*" and boron crosslinking of pectic
polysaccharides, respectively.

Glycosyl composition and linkage analysis of RG-I polymers from sycamore (McNeil et
al., 1980; York et al., 1986; O'Neill et al., 1990; Lerouge et al., 1993; An et al., 1994; An et al.,
1994a), soybean (Nakamura et al., 2001; Nakamura et al., 2002a), cocoa (Redgwell and Hansen,
2000), rice (Thomas et al., 1989), lemon (Ros et al., 1998), Douglas fir (O'Neill et al., 1990),
sugar beet (Renard et al., 1999; Ishii and Matsunaga, 2001), apple (Schols et al., 1995a), pea (Le
Goff et al., 2001), and Arabidopsis (Zablackis et al., 1995) failed to provide any evidence for the
existence of p-GalpA residues attached as side chains to the backbone of RG-I. Therefore, a new
model of the association of pectic polysaccharides in the wall based on current structural data is
presented (Figure 1.6).

The covalent attachment of HGA to either RG-I or RG-II polymers has been
demonstrated (Figure 1.6, A; Lerouge et al., 1993; Ishii and Matsunaga, 2001; Nakamura et al.,
2002a; Reuhs et al.,, 2004). The high molecular weight of pectins extracted from the wall
suggests that HGA stretches link several RG-I and RG-II molecules either as independent

polymers (Figure 1.6, A) or to each other (Figure 1.6, B). The possibility also exists that
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Figure 1.6. Model of the association of pectic polysaccharides in the primary cell wall. A)
Recent structural analyses of primary cell wall polysaccharides provide evidence for the covalent
attachment of HGA to independent polymers of RG-I and RG-II. Pectin isolated from the cell
wall is composed of a high molecular weight complex of all three pectic polysaccharides. B) It
is not known whether this complex is composed of HGA, RG-I and RG-II polymers covalently
attached to each other in a random or ordered fashion, or C) if the RG-I:HGA and RG-II:HGA

molecules are separate pectic species that associate in the wall due to intermolecular attractions.
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independent RG-I:HGA and RG-II:HGA polymers form the high molecular weight complex due
to ionic or other intermolecular interactions, such as Ca®" crosslinking or hydrogen bonding
(Figure 1.6, C; Mort et al., 1991; Tibbits et al., 1998; Braccini et al., 1999; Braccini and Perez,
2001). Further research into the structure of pectic polysaccharides in muro is required before
accurate models describing pectin function and biosynthesis can be designed.
Location of pectin epitopes in the primary wall

One of the reasons that it has been difficult to design accurate models of pectin structure
in the wall is that pectic polysaccharides are heterogeneous and specific pectin populations can
be isolated from the walls of different tissues (Thomas et al., 1989; O'Neill et al., 1990; Oxenboll
Sorensen et al., 2000; Nakamura et al., 2001). Furthermore, it has been shown that the presence
of pectic polysaccharides in the wall may be developmentally (McCartney et al., 2003), spatially
(Willats et al., 2001a), and temporally (McCartney and Knox, 2002) regulated. Differences in
pectic polysaccharide expression may also occur within the walls of individual plant cells (Orfila
and Knox, 2000).

Immunocytochemistry using antibodies generated against purified pectin fragments
(Knox et al., 1990; Willats et al., 1999b; Willats et al., 2004) or isolated by screening phage
display libraries (Williams et al., 1996; Willats et al., 1999) has increased our understanding of
the distribution of pectic polysaccharides in the primary wall. Antibodies such as LMS5 (Jones et
al., 1997) and LM6 (Willats et al., 1998) have been well characterized and bind to specific side
chains of RG-I (Table 1.1). JIMS, JIM7, LM7, and PAM1 all bind to HGA chains with differing
degrees of O-6 methylesterification (Knox et al., 1990; Willats et al., 2000), while LM8 and
CCRC-R1 are thought to bind to XGA and RG-II, respectively. The exact pectic epitope(s)

recognized by these latter antibodies is still largely unknown. Synthesis and/or



Table 1.1. Monoclonal antibodies that bind to specific regions on pectic polysaccharides.

31

) a . . Pectic
Antibody Recognized Epitope polysaccharide References
PAMI (Fab) >30 non-esterified GalA residues HGA (Willats et al., 1999)
JIMS5 (mAb) Low methylesterified pectinb HGA (Knox et al., 1990; Willats et al.,
2000
PAVAVAVAVAV\NID,9:ViViViV. :
JIM7 (mAb) High methylesterified pectin” HGA (Knox et al., 1990; Willats et al.,
YAVAVAVAVAVANI A AV AMaVaVANIAVAVAVVA YN 2000)
LM7 (mAb) Base or fungal PE treated pectinb HGA (Willats et al., 2001a)
aAVAVAVAVAV,N
LM5 (mAb) four (1,4)-linked B-D-Galp residues RG-I (Jones et al., 1997)
LM6 (mAb) five (1—5)-linked a-L-Araf residues RG-I/AGP® (Willats et al., 1998)
LMS8 (mAb) Xylp:GalpA = 0.60-0.95° XGA (Willats et al., 2004)
CCRC-R1 (Fab) Unknown* RG-II (Williams et al., 1996)

*Antibodies are either phage display (Fab) or hybridoma monoclonal antibodies (mAb).
The synthetic methyl hexagalacturonates listed have been shown to compete for binding of the designated antibody to pectic

polysaccharides (Clausen et al., 2003).

, (1,4)-linked a-p-GalpA; ¥, O-6 methyl group.

‘LMS binding to pea testae XGA is inhibited by XGA molecules that have a p-Xylp:D-GalpA ratio greater than 0.60.
9CCRC-R1 binding to RG-II is strongly inhibited by RG-II molecules.

‘Recent,

unpublished

evidence

(http://www.bmb.leeds.ac.uk/staff/jpk/antibodies.htm).

suggests that LM6 may also

bind arabinogalactan proteins
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purification of well-defined pectic structures coupled with immunodot binding and competitive
enzyme-linked immunoabsorbant assays (ELISAs) will aid in the determination of the specific
epitope(s) that these antibodies recognize (Willats and Knox, 1999a; Clausen et al., 2003). The
antibodies listed in Table 1.1 have been extensively used to analyze the cell- and tissue-
dependent distribution of specific pectin epitopes during different developmental stages of the
plant life cycle and have given new insight into the potential roles that pectin may play in the
wall and in the plant (McCann and Roberts, 1991; Willats et al., 2001).

The degree and pattern of methylesterified HGA seems to be spatially and
developmentally regulated (Willats et al., 2001). Analysis of the cell walls of tissues from plants
such as pea (Willats et al., 2001a), sugar beet (Majewska-Sawka et al., 2002; Majewska-Sawka
et al., 2004), carrot (Willats et al., 1999b), clover (Trifolium pratense L.; Lynch and Stachelin,
1992), Arabidopsis (Dolan et al., 1997; Willats et al., 1999), potato (Bush et al., 2001), and
tomato (Lycopersicon esculentum; Orfila and Knox, 2000) have shown that HGA chains with
different patterns of methyl esterification are differentially distributed across the primary cell
wall. Unesterified HGA chains (recognized by PAM1) or those with relatively low degrees of
methylation (DM; recognized by JIMS) are localized to the middle lamella, the cell corners, and
at the interface between the cell wall and the plasma membrane. This distribution is even more
restricted in walls stained with LM7, since the epitope it recognizes is found only at the
expanded middle lamella of cell corners and/or the outer edges of the wall that line the
intercellular space (Willats et al., 2001a). LM?7 is thought to recognize HGA with a non block-
wise pattern of methylesterification based on its ability to bind only to pectins that have been
generated by base de-esterification or by treatment with fungal pectin methylesterases (Willats et

al., 2001a). However, recent studies using synthetic methyl hexagalacturonates with varying
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patterns of methylesterification suggest that the LM7 epitope may recognize HGA chains with a
more sparsely distributed pattern of methylesterification than that recognized by JIM5 (Clausen
et al., 2003).

Conversely, more highly methylated HGA chains recognized by JIM7 are distributed
evenly throughout the cell walls of all tissues that have been studied (Carpita and Gibeaut, 1993;
Willats et al., 2001). JIM7 also uniformly labels the walls of pea testae at different days post
anthesis (McCartney and Knox, 2002), and the walls of sugar beet during different stages of
anther development (Majewska-Sawka et al., 2004). JIM5 and PAMI1 epitopes are restricted to
specific cell layers in pea testae (McCartney and Knox, 2002) and JIMS labeling in anthers from
sugar beet shows that the epitope appears only in meiocyte walls after cells have entered meiotic
prophase (McCartney and Knox, 2000). These results indicate that different regions of the cell
wall may have discrete domains of HGA polymers that differ in their degree and pattern of
methylesterification.

Great diversity in pectic epitope distribution is also visualized in cells stained with
antibodies against side chains of RG-I (e.g. LM5 and LM6). LMS5 and LM6 recognize (1,4)-
linked B-p-galactans and [1,5]-linked a-L-arabinans, respectively; however, recent, unpublished
results suggest that LM6 may also bind to arabinogalactan proteins (AGPs;
http://www.bmb.leeds.ac.uk/staff/jpk/antibodies.htm). In pea cotyledons, LMS5 epitopes appears
late in seed development, occurring at 25-34 days after anthesis (McCartney et al., 2000). This
epitope is also found adjacent to the plasma membrane of parenchyma cells, and is absent from
the outer epidermal cell wall. LM6 epitopes are seen throughout the wall in all cell layers, and
its appearance is not as highly regulated as that of LMS5. Distal root cap, vascular cylinder and

vascular cortex cells from carrot exhibit strong LM5 labeling, while cells of the meristem and of
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the cortical cells emerging from it stain with LM6 (Willats et al., 1999b). The appearance of the
galactan epitope also correlates with root cell elongation as strong LMS5 staining is seen in cells
of the stele, and the endodermal and cortical cell layers in transition zone of the root (McCartney
et al., 2003). The LMS5 epitope is absent in the endodermal and cortical cell layers in more
mature regions of the root, suggesting that the appearance of the LMS5 epitope in these cell layers
is a transient event (McCartney et al., 2003). The appearance of the LMS5 epitope also seems to
occur transiently in pea testae, as LMS5 labeling of the macrosclereid layer attenuates with
increasing days after anthesis. In contrast, strong LM6 labeling appears only in the crushed
parenchyma layer late (30 days after anthesis) in testae development (McCartney and Knox,
2002). LMS5 and LM6 epitopes are present in different cell types and at different stages of sugar
beet anther development. (Majewska-Sawka et al., 2004). Weak LMS5 labeling is detected in
walls of the epidermis and endothecium in premeiotic anthers while strong labeling of meiocyte
walls appears during meiotic prophase and persists as microspores mature. LM6 labels anther
walls during all stages of anther development whereas meiocytes lose LM6 labeling as they
mature into microspores. The walls of pit fields from mature green tomato pericarp tissue also
show differential staining of LM5 and LM6 (Orfila and Knox, 2000). The LM6 epitope is
present throughout the cell wall while the LMS5 epitope is absent from walls of pit fields. Results
from these studies indicate that subsets of RG-I molecules, and possibly AGPs, possessing
distinct side chains exist in specific tissues, at different times, and at different developmental
stages within the wall.

LMS is an antibody that recognizes XGA from pea testae (Le Goff et al., 2001; Willats et
al., 2004). The LMS epitope is detected in only two areas of the pea plant: the crushed

parenchyma layer of pea testae that is recognized by LM6, and cells of the root cap. LMS
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staining of the crushed parenchyma layer is developmentally regulated. Its appearance in this
cell layer mimics that of the LM6 epitope, with greater staining appearing late in pea testae
development (~25 days after anthesis). A gradient of LMS staining occurs in the root cap, with
greater staining occurring in cells that are in the process of separating from the root. The
localization of the LMS8 epitope to these specific tissues seems to be common to angiosperms, as
LMS labeling was detected in the same tissues from lupin (Lupinus arboreus), carrot, maize and
Arabidopsis (Willats et al., 2004).

The epitope that is recognized by the RG-II-specific antibody CCRC-R1, has not been
defined (Williams et al., 1996). Competitive ELISA and immunolabeling studies show that
binding to RG-II is only inhibited by excess RG-II, and not by individual RG-II
monosaccharides or OGAs. Labeling of sycamore suspension-cultured cells with CCRC-R1
occurs in all areas of the cell wall except the middle lamella. Further characterization of the
epitope recognized by CCRC-R1 will be required before definitive conclusions can be made
concerning the localization of RG-II in the wall.

The differential staining of pectic epitopes spatially within cell walls and tissues, and
during different developmental processes, suggests that specific subsets of pectin molecules may
play specific roles in the wall. One of the problems that is associated with the interpretation of
immunocytochemistry studies such as the ones listed above is that it is difficult to determine
whether the appearance of these epitopes is due to de novo biosynthesis of the pectic epitopes or
to the unmasking of existing epitopes within the wall (Mohnen, 1999).

Furthermore, the appearance of specific epitopes does not automatically prove a
particular function within the wall. For example, transgenic potato plants expressing a cell wall-

targeted fungal (1,4)-p-p-endogalactanase (Oxenboll Sorensen et al., 2000) or a Golgi-targeted
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(1,5)-a-r-endoarabinanase (Skjot et al., 2002) were decreased by roughly 70% in tuber cell walls
in galactan and arabinan content, respectively. The transgenic plants grew normally and had no
apparent phenotypes, suggesting that the loss of these polysaccharides in the tuber had no effect
on plant viability.

The effects of transgenic expression of glycanases in these studies may be dependent on
the location of enzyme expression and on the type of enzyme that is expressed. For example,
cell wall-targeted expression of the fungal (1,5)-a-L-endoarabinanase produced transgenic plants
with severe phenotypes, such as the production of plants lacking side shoots, flowers, stolons and
tubers (Skjot et al., 2002). Furthermore, potato plants expressing a fungal rhamnogalacturonan
lyase had a variety of adverse phenotypes including the production of smaller tubers, changes in
pectic polysaccharide glycosyl composition and extractability, and altered localization of LM5
and LM6 epitopes in the wall (Oomen et al., 2002). Results such as these suggest that more
research into the effects of changes in pectin structure on plant growth and development will be
required before accurate models describing pectin function can be designed.

PECTIN FUNCTION

The elucidation of the functions of pectin in the wall has been challenging due to the
paucity of published studies where specific well-characterized changes in pectin structure caused
changes in pectin function. Based on correlations between the location of pectic epitopes,
changes in the expression of pectinolytic enzymes during different developmental stages, and the
mechanical properties of pectins in vitro, pectic polysaccharides have been implicated in fruit
ripening (Rose et al., 1998; Orfila et al., 2001), flower and leaf abscission (Roberts et al., 2002),
pollen differentiation (Rhee and Somerville, 1998), root cap cell differentiation (Stephenson and

Hawes, 1994; Willats et al., 2004), and the control of cell wall porosity (McCann and Roberts,
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1991). Pectin has also been implicated in the elicitation of plant defense responses based on the
ability of purified oligogalacturonides (OGAs) from plant cell walls or purified pectins (Spiro et
al., 1993) to cause the accumulation of phytoalexins (Nothnagel et al., 1983), and reactive
oxygen species (Ridley et al., 2001). Additionally, these OGAs are involved in the regulation of
plant growth and development as it has been shown that discretely sized OGAs can change the
morphogenetic fate of tobacco (Nicotiana tabacum L. cv. Samsun) thin cell-layer explants
(Eberhard et al., 1989). Recently, a pectic fraction purified from lily (Lilium longiflorum Thumb
cv. Nelly White) styles has been shown to be required for pollen tube binding in an in vitro
adhesion assay, suggesting that pectin is also involved in pollen tube adhesion (Mollet et al.,
2000).

Several excellent reviews on the possible involvement of pectic polysaccharides in these
processes have been written (Darvill et al., 1992; Carpita and Gibeaut, 1993; Mohnen and Hahn,
1993; Hadfield and Bennett, 1998; Brummell and Harpster, 2001; Ridley et al., 2001; Willats et
al., 2001; Roberts et al., 2002). The functions of pectins described in this section represent cases
where changes in pectin function occurred due to well-defined changes in cell wall pectin
structure.

Boron-induced RG-I1 dimerization is important for plant growth

Boron is an essential micronutrient in plants and is absolutely required for plant growth
(Blevins and Lukaszewski, 1998). The basis for this requirement went largely unknown for
almost a century, until the recent discovery that RG-II forms dimers in the presence of boron
(Ishii and Matsunaga, 1996; Kobayashi et al., 1996; O'Neill et al., 1996). This discovery has led
to the proposal that one of the functions of boron in plants is to cross-link RG-II polymers

(O'Neill et al., 2004). Evidence for the importance of boron-induced RG-II dimer (dRG-II)
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formation in plants is seen when plants are grown in the absence of boron (Fleischer et al., 1999;
Ishii et al., 2001a). Pumpkin (Cucurbia moschata Duchesne, cv. Tokyou-Kabocha) seedlings
grown in the absence of boron for one week had approximately a 10-fold reduction in the amount
of boron in the second, third and fourth leaves compared to normally grown seedlings (Ishii et
al., 2001a). This reduction resulted in a corresponding increase in the amount of RG-II monomer
(mRG-II) that could be extracted from the cell walls. Boron deficient cell walls were
significantly swollen compared to wild type walls, a phenotype that could be reversed by treating
boron-deficient plants for 5 h with boric acid. Similarly, suspension-cultured Chenopodium
album cells grown in the absence of boron have significantly greater wall pore size (Fleischer et
al., 1999). The difference in wall pore size between boron-deficient and wild type cells could be
corrected within 50 minutes by the addition of boric acid to the culture medium. Glycosyl
composition and linkage analysis showed no difference in the structure of RG-II isolated from
wild type and boron-deficient tissues (Fleischer et al., 1999; Ishii et al., 2001a) and incubation of
mRG-II from deficient or wild type pumpkin seedlings in the presence of lead acetate and boric
acid showed that RG-II molecules were equally capable of forming dRG-II (Ishii et al., 2001a).

Further evidence for the requirement of dRG-II formation for plant growth is seen in
murl plants of Arabidopsis (O'Neill et al., 2001). MURI1 encodes a GDP-D-mannose-4,6-
dehydratase that is required for the synthesis of GDP-L-Fucp (Bonin et al., 1997). Mutant plants
exhibiting the murl mutation have 5% of the wild type levels of fucose in their cell walls (Reiter
et al., 1993). These plants are dwarfed, have brittle leaves, and have significantly reduced wall
mechanical strength (Reiter et al., 1997; Ryden et al., 2003).

Cell wall analysis of murl plants demonstrated that L-Fucp was replaced by L-Galp on the

side chains of RG-II (Figure 1.4), causing a concurrent reduction (50%) in the level of 2-O-
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methyl p-Xylp in side chain A (O'Neill et al., 2001; Reuhs et al., 2004). Further analysis
demonstrated that dRG-II accounted for only 50% of the total RG-II in murl plants, while the
dimer accounted for 95% of the total RG-II in wild-type plants, suggesting that the exchange of
L-Fucp for L-Galp and/or the reduction in 2-O-methyl D-Xylp inhibited the ability of RG-II to
dimerize in the presence of boron. This hypothesis was confirmed by the fact that murl dRG-II
forms less rapidly and is less stable than wild-type dRG-II in vitro (O'Neill et al., 2001).

The murl phenotype can be corrected by spraying plants with L-Fucp (Reiter et al., 1993)
or with boric acid (O'Neill et al., 2001). Spraying murl plants with L-Fucp restores the wild-type
glycosyl composition of RG-II, wild-type levels of fucose in the wall, and wild-type levels of
dRG-II that can be extracted from the walls of murl plants (O'Neill et al., 2001). Murl plants
sprayed with boric acid are not altered in the glycosyl composition of RG-II; however, these
plants grow normally, have wild-type levels of dRG-II that can be isolated from their walls, and
have walls with comparable mechanical strength as those of wild type walls (O'Neill et al., 2001;
Ryden et al., 2003). These results suggest that a plant’s ability to form dRG-II in the presence of
boron has a direct effect on plant growth and on the mechanical properties of the cell wall.
Pectins are involved in cell adhesion

The Ca”" cross-linked matrix formed by HGA chains at the middle lamella is thought to
be one of the main forces involved in plant cell adhesion (McCann and Roberts, 1991; Willats et
al.,, 2001a). This is based in part by the fact that pectins and individual plant cells can be
released from plant material by treatment by with Ca®" chelating agents such as trans-(1,2)-
diaminocyclohexane-N, N, N’, N’-tetraacetic acid (CDTA; Thomas et al., 1989; McCann and
Roberts, 1991; McCartney and Knox, 2002). However, a substantial amount of pectin remains in

the primary wall, even after treatment with strong base (O'Neill et al., 1990; Zablackis et al.,
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1995). Furthermore, treatment of pea testae with CDTA results in the separation of some, but
not all, cells found within this tissue (McCartney and Knox, 2002), suggesting that there may be
other linkages involved in maintaining pectin structures within the wall (Ridley et al., 2001;
Jarvis et al., 2003).

A series of mutants with cell adhesion and shoot development defects were generated by
T-DNA transformation of in vitro cultures of haploid leaf discs of Nicotiana plumbaginifolia
(Iwai et al, 2001). One of the mutants, nolac-H18, was defective in a proposed
glycosyltransferase gene, NpGUTI1, with high amino acid identity to mammalian
glucuronosyltransferases (Iwai et al., 2002). nolac-H18 mutants had several differences in cell
wall glycosyl composition compared to wild-type walls. RG-II isolated from mutant walls
lacked the disaccharide [a-L-Galp-(1—2)-B-p-GlcpA-(1—] from side chain A (Figure 1.4),
suggesting that the mutated gene encoded a B-(1,4)-glucuronosyltransferase. dRG-II accounted
for only 50% of the total RG-II that could be isolated from nolac-H18 walls, compared to 95% in
wild-type cells, and nolac-H18 mRG-II had a severe reduction in its ability to form RG-II dimers
in the presence of boron. The changes in wall composition of nolac-H18 mutants, as well as the
cell adhesion and RG-II dimerization defects, could be complemented by transforming mutant
cells with wild-type NpGUT1 DNA. These results suggest that the removal of the B-p-GlcpA-
containing disaccharide from side chain A of RG-II severely reduces the ability of RG-II to
dimerize in the presence of boron, and causes defects in cell adhesion.

The arabinan side chains of RG-I are essential for proper stomatal function

Stomata are pores on the surface of plant leaves that allow for the exchange of gases

required for photosynthesis. The control of stomatal opening is a tightly regulated process due to

the excessive loss of water vapor, or transpiration, which can occur when stomata are open.
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Elongated, kidney-shaped cells that lie adjacent to the stomatal pore, called guard cells, regulate
the opening and/or closing of stomatal pores (Salisbury and Ross, 1992). Stomatal guard cells
regulate the size of the stomatal pore by expanding or contracting in response to changes in
internal hydrostatic (or turgor) pressure (Franks et al., 2001), and hence, the cell walls of guard
cells must be extremely elastic.

An investigation into the cell wall polysaccharides that may be involved in regulating
guard cell function was conducted using epidermal strips from Commelina communis (Jones et
al., 2003). Epidermal strips were treated with a number of purified endoglycanases. Normal
guard cell function was then tested using fusicoccin and either abscisic acid (ABA) or external
osmoticant (i.e. mannitol) which induced stomatal opening and stomatal closure, respectively.

Treatment of guard cells with a purified (1,5)-o-L-endoarabinanase disrupted their ability
to open in the presence of fusicoccin. This effect could be blocked by pre-incubating epidermal
strips with the arabinan/AGP-binding antibody LM6. A similar effect on stomatal opening was
seen (to a lesser extent) when guard cells were treated with a feruloyl esterase. In contrast,
treatment of guard cells with both the endopolygalacturonase (EPGase) and the pectin
methylesterase (PME) caused greater stomatal opening compared to untreated cells, while
treatment of the guard cells with either the EPGase or the PME alone had very little effect on
stomatal opening.

Guard cells incubated with (1,5)-a-L-endoarabinanase or with feruloyl esterase also failed
to close in the presence of ABA or mannitol. No effect on stomatal closure was observed in cells
treated with both EPGase and PME. However, (1,5)-a-L-endoarabinanase or feruloyl esterase-
treated guard cells closed normally after they were treated with both EPGase and PME. These

results suggest that the disruption of arabinan chains from RG-I disrupt normal guard cell
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function and that this effect may be due to the increased association of HGA chains following
arabinan digestion.

The exact roles of pectic polysaccharides in the wall are still poorly understood. The
study of pectin structure mutants or the directed alteration of pectin structures during
physiological events will greatly aid in our understanding of pectin function. These studies,
coupled with the discovery of pectin biosynthetic genes, should allow us to acquire a more
complete picture of the role of pectin in the wall and its physiological function in the plant.
BIOSYNTHESIS
Pectic polysaccharides are synthesized in the Golgi apparatus

Pectin was hypothesized to be synthesized in the Golgi as early as the 1960’s (Northcote
and Pickett-Heaps, 1966).  Autoradiographical analysis of plant tissues incubated with
radiolabeled glucose demonstrated the appearance of radiolabeled p-Galp, L-Araf, and p-GalpA
associated with the Golgi fraction from pea (Ray, 1967; Harris and Northcote, 1971), oat (Arena
sativa) (Ray, 1967) and wheat (Triticum aestivum) (Northcote and Pickett-Heaps, 1966).
Immunocytochemistry studies using antibodies such as JIMS5 (Knox et al., 1990) and JIM7
(Zhang and Staehelin, 1992) confirmed these results and suggested that HGA was synthesized in
the cis and medial Golgi stacks, with methyl-esterification and pectin branching occurring in the
medial to trans Golgi (Zhang and Staehelin, 1992; Vicre et al., 1998). Pectins are believed to be
packaged into vesicles and secreted into the cell wall in a highly esterified form (Zhang and
Staehelin, 1992; Carpita and Gibeaut, 1993; Dolan et al., 1997), although this observation may
be dependent on the cell and/or tissues that are examined (Lynch and Staehelin, 1992; Dolan et

al., 1997).
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Recent enzymatic evidence demonstrating the subcellular localization of pectin
biosynthetic enzymes (Sterling et al., 2001; Geshi et al., 2004) supports the Golgi apparatus as
the proposed site for pectin biosynthesis (Mohnen, 2002). The first enzymatic evidence for the
subcellular localization and topology of a pectin biosynthetic glycosyltransferase was conducted
using pea epicotyl membranes (Chapter 3). An a-(1,4)-p-galacturonosyltransferase (GalAT)
involved in HGA biosynthesis was shown to co-localize with Golgi membrane markers in both
linear and discontinuous sucrose gradients. Proteinase K protection experiments confirmed that
the catalytic site of the enzyme faced the lumen of the Golgi apparatus. Similar results were
obtained for a B-(1,4)-p-galactosyltransferase (GalT) from potato involved in RG-I B-p-galactan
biosynthesis (Geshi et al., 2004), and a HGA methyltransferase from tobacco (Goubet and
Mohnen, 1999a). Subcellular fractionations of French (Phaseolus vulgaris; (Bolwell and
Northcote, 1983) and mung (Vigna radiata var. radiata) (Nunan and Scheller, 2003) bean
membranes using discontinuous sucrose density gradient centrifugation indicated the presence of
Golgi-resident arabinosyltransferase activity in these systems. The presence of Golgi-localized
galactosyltransferase activity thought to be involved in the biosynthesis of RG-I side chains has
also been identified in pea (Baydoun et al., 2001) and radish (Kato et al., 2003) seedlings and in
flax (Linum usitatissimum) suspension cultured cells (Goubet and Morvan 1993). These results
demonstrate that pectin biosynthetic transferases are Golgi-localized and that the primary site for
pectin biosynthesis is in the Golgi apparatus.

Nucleotide sugars appear to be the activated sugar donors for pectin biosynthetic
glycosyltransferase activity (Hassid et al., 1959; Hassid, 1967; Brett and Waldron, 1990;
Mohnen, 2002). The biosynthesis of nucleotide sugars is thought to occur mainly in the cytosol

via the action of nucleotide-sugar interconverting enzymes (Seifert et al., 2004a), although recent
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studies have suggested that nucleotide biosynthesis may also occur in the Golgi (Hayashi et al.,
1988; Harper and Bar-Peled, 2002; Burget et al., 2003). Nucleotide sugars made in the cytosol
gain access into the lumen of the Golgi via the action of Golgi-localized nucleotide sugar
transporters (Munoz et al., 1996; Baldwin et al., 2001; Norambuena et al., 2002; Seifert et al.,
2002).

The biosynthesis of pectin is likely to involve the coordinated action of close to 100
proteins, including nucleotide-sugar interconverting enzymes (NIEs), nucleotide sugar
transporters (NSTs), and a variety of methyl-, acetyl- and glycosyltransferases (Figure 1.7). Due
to the intricate relationship between pectin structure and function, increased efforts have been
made to identify pectin biosynthetic genes. This section will detail what is currently known
about pectin biosynthesis, with an emphasis on the identification of genes that are known, or
hypothesized, to be involved in this process.

Nucleotide-sugar substrates are required for pectin biosynthesis

Early experiments testing the substrate specificities of pectin glycosyltransferases have
shown that nucleotide-sugars are the activated sugar substrates for these enzymes (Hassid et al.,
1959; Hassid, 1967). At least 12 different nucleotide-sugar substrates are required to produce all
of the known pectic structures (O'Neill et al., 2004). The activated sugar forms of most of these
nucleotide-sugars are known; however, those of p-Dhap and r-AcefA have yet to be discovered
(Mohnen, 2002).

The synthesis of nucleotide-sugars in plants occurs via the interconversion of existing
nucleotide-sugars by NIEs (Figure 1.8; Reiter and Vanzin, 2001; Seifert, 2004) or via the
activation of monosaccharides by sugar kinases and pyrophosphorylases (the salvage pathway;

Feingold and Avigad, 1980). NIEs are thought to be responsible for the production of
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Figure 1.7. Proposed model of pectin biosynthesis. A representative picture of a plant cell is
drawn, showing several Golgi stacks and a close-up of an individual Golgi cisterna. A) Pectin
biosynthesis occurs in the Golgi apparatus. B) Nucleotide-sugars are synthesized in the cytosol
by nucleotide-sugar interconverting enzymes (NIE). Membrane-associated activity has also been
detected for several NIEs (Feingold and Barber, 1990) and several genes encoding NIEs have
putative transmembrane domains (Harper and Bar-Peled, 2002; Burget et al., 2003). The
subcellular localization and topology of these membrane-bound NIEs is largely unknown (the
catalytic site can be cytosolically or lumenally oriented); however, MUR4 has been shown to
associate with the Golgi (Burget et al., 2003) and a UDP-p-GlcA decarboxylase has been shown
to co-localize with Golgi membranes and to have its catalytic site facing the Golgi lumen
(Hayashi et al., 1988). C) Nucleotide-sugars made in the cytosol are transported into the Golgi
apparatus by nucleotide-sugar transporters (NSTs). These proteins catalyze the specific import
of nucleotide-sugars in an equimolar exchange for NMP (Hirschberg et al., 1998). D) Golgi
lumenal pectin glycosyl- (GlyT), acetyl-, and methyltransferases (M/AT), with a predicted type
II membrane topology (Gleeson, 1998), catalyze the formation of pectic polysaccharides
(Sterling et al., 2001; Geshi et al., 2004). E) UDP released from nucleotide-sugars by the action
of glycosyltransferases is hydrolyzed by a Golgi lumenal nucleoside diphosphatase (NDPase)
into the corresponding nucleoside monophosphate (Orellana et al., 1997; Neckelmann and
Orellana, 1998). F) Synthesized pectic polysaccharides are packaged into Golgi-derived
vesicles, sent to the plasma membrane and ultimately fuse with it, releasing their contents into

the cell wall.
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Figure 1.8. Simplified nucleotide-sugar interconversion pathways in plants. Most of the
nucleotide-sugars involved in pectin biosynthesis can be made through the interconversion of
UDP-p-Glep or GDP-p-Manp. The genes involved in the interconversion of nucleotide sugars are
shown adjacent to the reactions they catalyze. The function of the RHM gene has not been
demonstrated, although it is thought to be involved in the biosynthesis of UDP-L-Rhap. A)
Nucleotide-sugars that arise from the conversion of UDP-p-Glcp. B) Nucleotide-sugars that
arise from the conversion of GDP-p-Manp. UGE, UDP-p-Glcp 4-epimerase; RHM, NDP-i-
Rhap biosynthetic gene; NRS/ER, UDP-4-keto-6-deoxy-p-Glc 3’°,5’-epimerase-4-reductase
(NDP-L-Rhap synthase/epimerase-reductase); UGD, UDP-p-Glcp dehydrogenase; GAE, UDP-p-
GlcpA 4-epimerase; UXS, UDP-p-GlcpA decarboxylase (UDP-p-Xylp synthase); AXS, UDP-p-
Apif/UDP-p-Xylp synthase; MUR4, UDP-p-Xylp 4-epimerase; GMD, GDP-D-mannose 4,6-
dehydratase; GER, GDP-4-keto-6-deoxy-p-Man 3’,5’-epimerase-4-reductase; GME, GDP-p-

Manp 3°,5’-epimerase.
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the majority of the nucleotide-sugars required for pectin biosynthesis (Mohnen, 1999; Reiter and
Vanzin, 2001; Seifert, 2004). Nucleotide-sugar interconversion starts with either UDP-p-Glcp or
GDP-p-Manp produced by the activation of either a-p-Manp-1-phosphate or a-p-Glep-1-
phosphate into the corresponding NDP-sugar (Figure 1.8). Through the actions of several
enzymes, UDP-p- Galp, UDP-L-Rhap, UDP-p-GlcpA, UDP-p-GalpA, UDP-p-Xylp, UDP-L-
Arap, UDP-p-Apif, GDP-L-Fucp, and GDP-L-Galp can be synthesized (Hassid et al., 1959;
Feingold and Avigad, 1980; Feingold and Barber, 1990).

Plant extracts have been shown to salvage free p-Galp, p-GlcpA, p-GalpA, p-Xylp, and L-
Araf and -Fucp released as a result of metabolic processes into the corresponding sugar-1-
phosphate by C-1 kinases (Hassid et al., 1959; Feingold and Avigad, 1980).
Pyrophosphorylases then convert the sugar-1-phosphates into NDP-sugars in the presence of the
appropriate NTP. It is commonly believed that the salvage pathway is used mainly in the
recycling of monosaccharides from the cell wall (Feingold and Avigad, 1980; Mohnen, 2002).
However, recent studies on the conversion of myo-inositol into UDP-p-GlcpA (Seitz et al., 2000)
suggest that the salvage pathway may play a role in the tissue-specific biosynthesis of some
nucleotide-sugars (Figure 1.9, B). In light of these results, certain aspects of the salvage pathway
will be considered in this section. For a more detailed summary of the salvage pathways in
plants, the reader is directed to several excellent reviews (Hassid et al., 1959; Hassid, 1967,
Feingold and Avigad, 1980; Feingold and Barber, 1990).

The synthesis of CMP-p-Kdop (Figure 1.9, A) is unique in that it does not involve the
interconversion of existing nucleotide-sugars and instead starts with the condensation of p-Arap-

5-phosphate and phosphenolpyruvate (PEP) to form p-Kdop-8-phosphate (Doong et al., 1991).
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Figure 1.9. Biosynthesis of CMP-p-Kdop and an alternative method for the biosynthesis of
UDP-p-GlcpA in plants. A) CMP-p-Kdop is synthesized from bp-Arap-5-phosphate and
phosphoenolpyruvate by the action of Kdo-8-phosphate synthase (KDSA). The enzyme
encoding Kdo-8-phosphate phosphorylase has not been identified in plants. The gene encoding
CMP-Kdo synthetase (CKS) has been isolated from maize and its ability to catalyze the
conversion of p-Kdop and CTP into CMP-p-Kdop has been confirmed (Royo et al., 2000). B)
myo-inositol can be converted into p-GIcpA by myo-inositol oxygenase (MIOX). p-GlcpA can
then be converted into UDP-p-GlcpA by the sequential action of (1) p-glucuronokinase and (2)
UDP-GIcA pyrophosphorylase. The activities of these two enzymes have been detected in plant

extracts; however, no genes encoding these enzymes have been identified.
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p-Kdop-8-phosphate is then dephosphorylated (Wu and Woodard, 2003) and converted into
CMP-p-Kdop in the presence of CTP (Royo et al., 2000).

The recent identification and characterization of a number of NIEs has greatly enhanced
our understanding of the synthesis of these substrates. Proof of their activity has been
demonstrated in most cases by heterologous expression. Our current understanding of the
biosynthesis of each activated sugar substrate will be considered in this section.

UDP-p-Galp: UDP-Glc 4-epimerase (EC 5.1.3.2) catalyzes the reversible conversion of
UDP-p-Glcp to UDP-p-Galp. The reaction involves the transfer of a hydride ion from the C-4 of
the sugar moiety to an enzyme-bound NAD', creating a 4-keto intermediate. The non-
stereospecific return of the hydride ion to the 4-keto intermediate causes the formation of either
UDP-p-Glcp or UDP-p-Galp.

E-NAD" + UDP-D-Glcp +=s E-NADH + UDP-4-keto-Glcp *+= E-NAD* + UDP-p-Galp
X ENAD' UDP-p-Glep

(D)

Soluble and membrane-bound UDP-Glc 4-epimerase activity could be detected in several
plant species (Feingold and Avigad, 1980) and was purified 1000-fold from wheat germ (Fan
and Feingold, 1969). The first gene encoding an active UDP-Glc 4-epimerase (UGE1) was
isolated from an Arabidopsis cDNA library by searching for genes that had sequence similarity
to cloned UDP-Glc 4-epimerases from rat and bacteria (Table 1.2; Dormann and Benning, 1996).
The c¢cDNA encoded a 39 kDa protein that could partially complement a Saccharomyces
cerevisiae mutant (gall0) deficient in its ability to grow on galactose as a sole carbon source.
The recombinantly expressed protein purified from Escherichia coli was active in the absence of

exogenous NAD", had a K., for UDP-p-Glep of 0.11 mM, and a Vax of 3.96 mmol min™! mg'1
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Table 1.2. Putative and identified UDP-Glc 4-epimerase genes in plants
Gene Plant Protein Protein Function Apparent Ko Vinax pH
name source accession s1ze confirmed® for UDP-p-Glep '(rqmol 1, optimum References
(kDa)" (mM) min~ mg )
. . Complementation/ (Dormann and
UGEl  Arabidopsis CAA90941 39 Activity 0.11 3.96 7.0-9.5 Benning, 1996)
. . ) c (Reiter and
UGE2  Arabidopsis CAB43892 38 Unpublished ND ND ND Vanzin, 2001)
. . . (Reiter and
UGE3  Arabidopsis AAG51599 39 Unpublished ND ND ND Vanzin, 2001)
(Reiter and
. . .. Vanzin, 2001)
UGE4  Arabidopsis AAGS51709 38 Activity ND ND ND (Seifert et al..
2002)
. . (Reiter and
UGES  Arabidopsis CAB40064 39 No ND ND ND Vanzin, 2001)
GALEl  Pea  AAA86532 39 No ND ND ND (Lafggegt)al"
GEPI42  Guarseeds CAA06338 39 Complementation ND ND ND (Joerls;) ;) 9§t al,
GEPI48  Guarsceds CAA06339 38  Complementation ND ND xo Y Oerf;’;’g;t al,

*Molecular weight deduced by the amino acid sequence.

The function of certain genes has been confirmed by activity assays of recombinantly expressed protein (activity) or by

complementation of UDP-Glc 4-epimerase mutants (complementation).

“ND: not determined.
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(Dormann and Benning, 1996). Antisense suppression of UGE1 expression in Arabidopsis
caused a 90% reduction in UDP-Glc 4-epimerase activity in stems, yet these plants had no
discernable phenotype when compared to wildtype plants (Dormann and Benning, 1998).
Transgenic plants overexpressing UGE1 had 3-fold higher levels of UDP-Glc 4-epimerase
activity in leaves and grew normally in the presence of toxic levels of galactose (Dormann and
Benning, 1998). Putative UDP-Glc 4-epimerases have also been isolated from pea (Lake et al.,
1998) and from developing guar (Cyamopsis tetragonoloba) seeds (Joersbo et al., 1999). The
function of the gene from pea has not been confirmed; however, the two cDNA’s from guar
seeds were identified by functional complementation of a UDP-Glc 4-epimerase mutant of E.
coli, suggesting that they encode functional UDP-Glc 4-epimerases (Table 1.2).

Analysis of the Arabidopsis genome revealed the presence of 4 open reading frames
(UGE2-5) with 65-89% amino acid sequence identity to UGE1 (Reiter and Vanzin, 2001). UGE
isoforms have been shown by B-glucuronidase (GUS) fusions to be differentially expressed in
Arabidopsis roots (Seifert et al., 2004a). The gene encoding UGE4 is allelic to the Arabidopsis
mutants root-epidermal-bulger 1 (Reiter and Vanzin, 2001; Seifert et al., 2002) and root hair
development 1 (Schiefelbein and Somerville, 1990) that are characterized by bulging root
epidermal cells. The bulging of these cells is most likely due to altered levels of galactose in
epidermal cell wall polymers; evidenced by the differential visualization of wildtype and root
hair development 1 (rdhl) plants using antibodies that recognize galactose-containing epitopes
(Seifert et al., 2002). The rdhl phenotype can be corrected by growing plants on galactose
(Seifert et al., 2002) or in the presence of ethylene (Seifert et al., 2004a). Ethylene treatment
reduces the expression of UGE1 and UGE3 in roots and causes wildtype staining of specific

galactose-containing epitopes found on arabinogalactans and xyloglucans. The staining of other
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galactose-containing epitopes, such as those recognized by LMS, is even more reduced in
ethylene-treated rdhl plants, suggesting that the limited UDP-p-Galp pool is preferentially used
for the synthesis of arabinogalactans and xyloglucan, instead of the synthesis of the (1,4)-linked
B-p-galactan chains found on RG-1. These results led the authors to speculate that specific UGE
isoforms are involved in the channeling of the UDP-p-Galp pool into specific polysaccharide
synthase complexes that synthesize cell wall polymers (Seifert et al., 2002; Seifert et al., 2004a).
Evidence supporting the existence of glycosyltransferase-glycosyltransferase and
glycosyltransferase-NST enzyme complexes involved in glycoconjugate production has been
obtained using mammalian cell lines (Opat et al., 2000; Bieberich et al., 2002; Sprong et al.,
2003); however, substrate channeling may not be the sole explanation for the effect of ethylene
treatment on the Arabidopsis rdhl mutant.

Differences in cell surface glycosyl residue composition have also been well documented
in NST mutants of yeast and mammalian cell lines (Deutscher and Hirschberg, 1986; Hirschberg
et al., 1998; Kawakita et al., 1998). Mutation of the NST in these cell lines resulted in the
reduction of the nucleotide-sugars accessible to the Golgi-localized glycosyltransferases. This
has led some researchers to speculate that the differences in glycosyl residue content and
composition at the cell surface of NST mutant lines were due to differences in the affinities of
the Golgi-localized glycosyltransferases (Ky,) for their nucleotide-sugar substrates (Kawakita et
al., 1998). Glycosyltransferases with the lowest K, for a particular nucleotide-sugar substrate
would sequester the available nucleotide-sugar pool for the production of specific carbohydrate
epitopes (Kawakita et al., 1998) and cause these epitopes to be detected at the cell surface.

Such a scenario could also be occurring in rdhl mutants of Arabidopsis. Mutations in

rdhl reduce the amount of UDP-p-Galp synthesized in the root, causing cell wall
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glycosyltransferases to compete for the available pool of UDP-p-Galp. This competition causes
changes to occur in the carbohydrate epitopes detected on the root cell surface (Seifert et al.,
2002). The down-regulation of UGE1 and UGE3 by ethylene treatment most likely causes a
further reduction in the UDP-p-Galp pool in the root, thereby allowing only glycosyltransferases
involved in the synthesis of arabinogalactan or xyloglucan polymers to utilize this pool for the
production of galactose-containing cell wall polysaccharides (Seifert et al., 2004a). The cloning,
characterization, and mutation of specific cell wall polysaccharide glycosyltransferases, NIEs
and NSTs may be required before the question of UDP-p-Galp substrate channeling can be
solved.

UDP-b-GlcpA: The synthesis of UDP-p-GlcpA is an integral part of pectin biosynthesis
as nucleotide sugars derived from it comprise as much as 40% of the primary wall of plants
(Zablackis et al., 1995). The main pathway for the production of UDP-p-GIcpA is thought to be
through the dehydrogenation of UDP-p-Glep catalyzed by UDP-Glc dehydrogenase (EC
1.1.1.22). The reaction is irreversible, proceeds via a UDP-a-p-gluco-hexodialdose intermediate,
and produces 2 moles of NADH per mole of UDP-p-GlcpA in the process (Nelsestuen and

Kirkwood, 1971).

2NAD*  2NADH
UDP-D-Glep —S——Z —, UDP-D-GlcpA  (2)

Soluble UDP-Glc dehydrogenase activity was purified from germinating lily pollen
(Davies and Dickinson, 1972), soybean nodules (Stewart and Copeland, 1998), sugarcane
(Turner and Botha, 2002), and pea seedlings (Strominger and Mapson, 1957). A protein with
UDP-Glc dehydrogenase activity was also purified from elicitor-treated French bean cell cultures

(Robertson et al., 1996). This protein had characteristics that differed from the other UDP-Glc
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dehydrogenases (Table 1.3). Furthermore, the UDP-Glc dehydrogenase activity from French
bean co-purified with alcohol dehydrogenase activity, which led some researchers to speculate
that the 40 kDa protein purified from French bean was an alcohol dehydrogenase and not a UDP-
Glc dehydrogenase (Tenhaken and Thulke, 1996).

A cDNA with high sequence identity to bovine UDP-Glc dehydrogenase (61%) was
identified in soybean (Tenhaken and Thulke, 1996). The cDNA encoded a 52.9 kDa protein that
was inactive when expressed recombinantly in E. coli.  Antibodies raised against the
recombinant protein could immunoprecipitate UDP-glucose dehydrogenase activity from
soybean extracts in a concentration-dependent manner, suggesting that the gene (UDP-GlcDH;
Table 1.4) encoded an active UDP-Glc dehydrogenase. Northern analysis showed that UDP-
GlcDH was highly expressed in root tips and lateral roots, with moderate expression in epicotyls
and expanding leaves.

Genes with high sequence identity to soybean UDP-GIcDH were also identified in
Arabidopsis (Seitz et al., 2000; Reiter and Vanzin, 2001) and poplar (Populus tremula;
Johannson et al., 2002). The function of these putative UDP-Glc dehydrogenase genes has not
been confirmed (Table 1.4); however, the expression pattern of UGDI1 from Arabidopsis is
similar to that of soybean UDP-GIcDH (Seitz et al., 2000).

UDP-p-GlcpA is a competitive inhibitor of UDP-Glc dehydrogenase (Strominger and
Mapson, 1957; Davies and Dickinson, 1972; Stewart and Copeland, 1999; Turner and Botha,
2002). All eukaryotic UDP-Glc dehydrogenases are also cooperatively inhibited by UDP-p-Xylp
(Feingold and Avigad, 1980). This latter feature of UDP-Glc dehydrogenase may be part of a
feedback inhibition mechanism involved in the control of UDP-b-GlcpA synthesis and

nucleotide sugars that can be derived from it (Feingold and Avigad, 1980).
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Plant Fold Protein size Apparent Ky, Vinax .
source  purification (kDa)* for UDP-p- (umol min" mg™) pH optimum References
Glcp (mM)

Lily pollen 12 ND” 0.3 ND 8.7 (Davies and Dickinson, 1972)
Soybean 62 47 0.051 ND 8.4 (Stewart and Copeland, 1998)
Sugarcane 197 52 0.019 2.17 8.4 (Turner and Botha, 2002)
Pea 1000 ND 0.07 ND 9 (Strominger and Mapson, 1957)
french 341 40 5.5 ND ND (Robertson et al., 1996)

*Molecular weight estimated by SDS-PAGE.

"ND: not determined.
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Table 1.4. Putative and identified plant UDP-Glc dehydrogenase genes.

Gene Plant Protein Protein  Function confirmed® References
name source accession size
(kDa)*
UDP- L (Tenhaken and
GleDH soybean Q96558 53 Immunoprecipitation Thulke, 1996)

(Seitz et al., 2000;

UGD1 Arabidopsis NP_198748 53 ND¢ Reiter and Vanzin,
2001)

UGD2  Arabidopsis NP 189582 53 ND (2%81;? and Vanzin,

UGD3  Arabidopsis NP 197053 53 ND (2%81;? and Vanzin,

UGD4  Arabidopsis NP_173979 53 ND (2%8‘{? and Vanzin,

UGDH poplar AAF04455 53 ND (2J(;)(§1;)nsson etal.,

*Molecular weight deduced by the amino acid sequence.
°The function of UDP-GlcDH from soybean has been confirmed by immunoprecipitation of
UDP-Glc dehydrogenase activity from soybean extracts.

“ND: not determined.
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UDP-p-GlcpA can also be synthesized through the conversion of myo-inositol into p-
GlcpA (Figure 1.9, B). Whole plants or extracts from parsley (Petroselinum crispum) leaves and
strawberry (Fragaria ananassa) fruits can convert radioactive myo-inositol into radioactive
pectin (Loewus and Kelly, 1963). Roughly 40% of the radioactivity from parsley leaves and
strawberry fruits is found in p-GalpA, p-Xylp, L-Araf, and p-GlcpA, and this conversion is
performed without rearrangement or cleavage of the carbon chain of myo-inositol (Loewus and
Kelly, 1963).

Myo-inositol is produced in plants via the conversion of pb-Glc-6-P or phytic acid by myo-
inositol-1-P synthetase or phytase, respectively (Loewus and Loewus, 1983). Both enzymes
produce myo-inositol-1-P which is then converted into myo-inositol by inositol monophosphatase
(IMP; EC 3.1.3.25). Three genes encoding IMPs have been cloned from tomato and shown to be
active by recombinant expression in E. coli (Gillaspy et al., 1995).

Myo-inositol oxygenase (MIOX; EC 1.13.99.1) converts myo-inositol into bp-GlcpA
(Figure 1.9, B). A gene encoding a myo-inositol oxygenase (MIOX4) was recently cloned from
Arabidopsis (Lorence et al., 2004). Recombinant MIOX4 expressed in E. coli could convert
myo-inositol into p-GlepA with a specific activity of 2.2 pmol min”' mg’'. MIOX4 is highly
expressed in leaf and flower tissue and is part of a 4 member gene family in Arabidopsis (Table
L.5).

p-GlcpA applied to plant extracts or produced by MIOX can be converted into UDP-p-
GlcpA by sequential action of b-glucuronokinase (EC 2.7.1.43) and UDP-GIcA
pyrophosphorylase (EC 2.7.7.44). The activity of both enzymes have been detected in mung
bean seedlings (Feingold et al., 1958; Neufeld et al.,, 1961). UDP-GIcA pyrophosphorylase

activity has been purified 80-fold from barley (Hordeum vulgare) seedlings (Roberts, 1971).
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Table 1.5. Putative and cloned MIOX genes from Arabidopsis.

Gene Protein Protein size

) a Function confirmed® References
name accession (kDa)
MIOX1 NP 172904 37 Activity (Lorence et al., 2004)
MIOX2 NP 565459 37 ND* (Lorence et al., 2004)
MIOX4 NP_194356 37 ND (Lorence et al., 2004)
MIOXS NP 200475 37 ND (Lorence et al., 2004)

*Molecular weight deduced by amino acid sequence.
®The function of MIOX4 has been confirmed by activity assays of the recombinantly expressed
protein (activity) in E. coli.

“ND: not determined.
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The protein had an estimated molecular weight of 35 kDa by size exclusion chromatography, had
a K, for UDP-p-GlcpA of 0.5 mM, and pH optimum of 8-9. No genes encoding either p-
glucuronokinase or UDP-GIcA pyrophosphorylase have been cloned from any plant source.

It has been hypothesized that the conversion of myo-inositol into UDP-p-GlcpA may be a
major pathway involved in the synthesis of this nucleotide-sugar (Roberts, 1971; Loewus and
Loewus, 1983). Firstly, UDP-Glc dehydrogenase activity can not be detected in some plant
species (Feingold and Avigad, 1980). Secondly, it has been shown that the incubation of
Arabidopsis seedlings with [*’H]myo-inositol causes the incorporation of radioactivity into areas
of the plant where UGD1 expression is absent, such as the hypocotyl and the cotyledons (Seitz et
al., 2000). The incubation of Arabidopsis seedlings with myo-inositol does not change the level
of UGDI expression, suggesting that the synthesis of UDP-p-GlcpA may occur through different
biochemical pathways in different parts of the plant or during specific developmental stages.
Alternatively, the differential locations of these two biochemical pathways may reflect their
involvement in different plant processes. For example, UGD1 and UDP-GIcDH are highly
expressed in the root, which is the major site of p-GIcpA uptake by the plant (Hassid, 1967,
Feingold and Avigad, 1980). Myo-inositol, on the other hand, is a precursor for the biosynthesis
of L-ascorbic acid in leaves, flowers and other above-ground organs (Smirnoff et al., 2001; Agius
et al., 2002; Lorence et al., 2004). Plants fed [*H]myo-inositol may be converting the surplus
myo-inositol into UDP-p-GlcpA (and ultimately pectin) as a means of controlling the production
of r-ascorbic acid in above-ground tissues. Although it is commonly believed that the
dehydrogenation of UDP-p-Glcp is the main pathway involved in the production of UDP-p-
GlcpA, further research into the role of the myo-inositol pathway needs to be conducted in order

to determine its role in pectin biosynthesis.
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UDP-p-GalpA: UDP-p-GalpA is the source of the most abundant glycosyl residue found
in pectic polysaccharides (Mohnen, 2002). It is synthesized by the reversible 4-epimeration of
UDP-p-GlcpA catalyzed by UDP-GIcA 4-epimerase (EC 5.1.3.6; Neufeld et al., 1958). The
catalytic mechanism of UDP-GIcA 4-epimerase is similar to that of UDP-Glc 4 epimerase and
proceeds via the oxidation of the C-4 of UDP-p-GlcpA by an enzyme bound NAD(P)" resulting
in a 4-keto intermediate (Feingold and Avigad, 1980). Subsequent non-stereospecific reduction
of the 4-keto group causes the production of equimolar concentrations of UDP-p-GlcpA and

UDP-p-GalpA.

E-NAD" + UDP-p-GlcpA+= E-NADH + UDP-4-keto-GlcpA == E-NAD" + UDP-D-GalpA (3)

UDP-GIcA 4-epimerase activity was first identified in particulate fractions from mung
bean, and later detected in membrane fractions from asparagus (Asparagus officinalis), radish
and spinach (Neufeld et al., 1958; Feingold et al., 1960). Enzyme activity was later found to also
be associated with soluble fractions from mung bean (Feingold et al., 1960). Membrane-bound
activities were also found in radish roots (Liljebjelke et al., 1995) and Arabidopsis leaves
(Molhoj et al., 2004). Soluble UDP-p-GlcpA 4-epimerase was partially purified from the blue-
green algae Anabaena flos-aquae (Gaunt et al., 1974). The partially purified enzyme had a pH
optimum of 8.5, a K, for UDP-p-GIcpA of 37 uM, and an approximate molecular weight of 54
kDa. The enzyme was also allosterically inhibited by UDP-p-Xylp (Gaunt et al., 1974).

A gene encoding an active UDP-GIcA 4-epimerase (GAEL) was recently cloned from
Arabidopsis and expressed recombinantly in Pichia pastoris (Molhoj et al., 2004). GAE1 was
identified by screening the Arabidopsis genome for sequences that were similar to a UDP-GIcA

4-epimerase (CaplJ) from Streptococcus pneumoniae (Munoz et al., 1999). Recombinant GAE1
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reacted with UDP-p-GlcpA producing roughly equimolar concentrations of UDP-p-GalpA and
UDP-p-GlcpA. The enzyme had a pH optimum of 7.6, a K, for UDP-p-GlcpA of 0.19 mM and
was inactive on UDP-p-Glep and UDP-p-Xylp. GAEL1 activity was significantly inhibited by
UDP-p-Xylp, a property that was associated with the partially purified enzyme from A. flos-
aquae. GAE]1 activity was not dependent on the presence of divalent cations, nor on the
exogenous addition of NAD(P)", suggesting that the recombinant enzyme contained a tightly
bound nicotinamide derivative. GAEI:B-glucuronidase fusions suggested that GAEl was
expressed in all major tissues of Arabidopsis (Molhoj et al., 2004).

GAE] is part of a 6 member gene family in Arabidopsis (Table 1.6; Reiter and Vanzin,
2001). All GAE genes are predicted type II membrane proteins and have an N-terminal
extension that encodes a putative transmembrane domain (Reiter and Vanzin, 2001; Molhoj et
al., 2004). While the absolute topology of any GAE gene has not been determined, recombinant
GAEI1 activity associates only with the membrane fraction from P. pastoris. Soluble UDP-GIcA
4-epimerase activity was not detected in Arabidopsis leaves, contrary to results obtained from
mung bean seedlings. At this point, it is not known whether the soluble UDP-GIcA 4-epimerase
activity represents a different subset of proteins in these tissues, or whether the soluble enzymes
are produced by proteolytic events that occur during tissue preparation. The isolation of UDP-
GIcA 4-epimerase genes from different plant species will allow us to determine whether soluble
isoforms of these enzymes exist in other plants.

UDP-p-Xylp: UDP-p-Xylp is produced by the irreversible decarboxylation of UDP-p-
GlcpA that is catalyzed by UDP-GIcA decarboxylase (EC 4.1.1.35). The reaction mechanism
for plant UDP-GIcA decarboxylases was investigated (Schutzbach and Feingold, 1970) using the

purified enzyme from wheat germ (Ankel and Feingold, 1965). The reaction commences with
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Table 1.6. Putative and cloned UDP-GIcA 4-epimerases from Arabidopsis.

Gene Protein Protein size

) a Function confirmed® References
name accession (kDa)

.. (Reiter and Vanzin, 2001;

GAEI NP _ 194773 47 Activity Molhoj et al., 2004)
GAE2 NP_171702 48 ND¢ (Reiter and Vanzin, 2001)
GAE3 NP 191922 48 ND (Reiter and Vanzin, 2001)
GAE4 NP 182056 49 ND (Reiter and Vanzin, 2001)
GAES NP 192962 48 ND (Reiter and Vanzin, 2001)
GAE®6 NP 189024 51 ND (Reiter and Vanzin, 2001)

*Molecular weight deduced by amino acid sequence.
®The function of MIOX4 has been confirmed by activity assays of the recombinantly expressed
protein (activity) in P. pastoris.

“ND: not determined.
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the oxidation of C-4 by an enzyme-bound NAD" producing a 4-keto intermediate. The
irreversible decarboxylation of C-5 on the intermediate occurs with the release of CO,. The
stereospecific reduction of the C-5 and the 4-keto group by a proton from water and by an

enzyme-bound NADH, respectively, produces UDP-p-Xylp as the final product.

o,
E-NAD* + UDP-D-GlepA®=s E-NADH + UDP-4-keto-G1cpA<-74_. E-NAD* + UDP-p-Xylp (4)
H+

All plant UDP-GIcA decarboxylases are allosterically inhibited by UDP-p-Xylp and do
not require the addition of exogenous NAD" for activity (John et al., 1977; Hayashi et al., 1988;
Harper and Bar-Peled, 2002). UDP-GIcA decarboxylase activity from wheat germ is also
allosterically activated by low concentrations of UDP-p-GlcpA (John et al., 1977). The
inhibition of NIEs by UDP-p-Xylp has also been demonstrated for UDP-Glc dehydrogenase, and
suggests that the synthesis of UDP-p-Xylp may be one of the main regulatory factors controlling
the production of many of the nucleotide-sugars involved in pectin biosynthesis (John et al.,
1977; Harper and Bar-Peled, 2002).

UDP-GIcA decarboxylase exists in many plant species as both soluble and membrane-
bound isoforms (Table 1.7). Activity was first detected in particulate fractions from mung bean,
and later detected in membrane fractions from radish, asparagus and spinach (Neufeld et al.,
1958; Feingold et al., 1960). Soluble UDP-GIcA decarboxylase was first purified from wheat
germ by Ankel and Feingold (1965). The enzyme was later found to exist in wheat germ as two
different 210 kDa isoforms that differed in their binding to DEAE-cellulose, kinetic properties,

and response to allosteric effectors (John et al., 1977).
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Table 1.7. Properties of purified plant UDP-GIcA decarboxylases.

Fold Protein size ~ Apparent K, for UDP- .
Plant source purification (kDa) b-GlepA (mM) pH optimum References

Wheat germ a .

(soluble) 350 ND 0.3 6.8-7.0 (Ankel and Feingold, 1965)
Wheat germ (soluble 1056 210P 0.18 -7 (John et al., 1977)

isoform 1)
Wheat germ (soluble 117 210P 0.53 -7 (John et al., 1977)

isoform 2)
Pea (soluble) 780 2’53')213 ND 5-6 (Kobayashi et al., 2002)

*ND: not determined.
®Molecular weight estimated by size exclusion chromatography.

‘Molecular weight determined by SDS-PAGE.
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Hayashi et al. (1988) demonstrated that membrane-bound UDP-GIcA decarboxylase
activity co-localized with the Golgi apparatus following linear and discontinuous sucrose
gradient centrifugation. They further demonstrated that decarboxylation of UDP-p-GlcpA only
occurred within intact Golgi vesicles. These results provided the first evidence that some
nucleotide-sugar interconversions occurred within the lumen of the Golgi apparatus.

The first plant gene encoding a UDP-GIcA decarboxylase was identified following the
purification of a soluble decarboxylase from pea seedlings (Kobayashi et al., 2002). The purified
pea enzyme was comprised of two identical polypeptides that differed slightly in their migration
by SDS-PAGE. The pea UDP-GIcA decarboxylase gene (PsUXS1) was cloned from a pea
cDNA library using degenerate primers made against internal peptide sequences (Table 1.8).
The N-terminus of the deduced amino acid sequence of PsUXS1 was found to be 26 amino acids
longer than that of the purified protein, suggesting that UDP-GIcA decarboxylase from pea
underwent some form of post-translational modification. PsUXS1 expressed in E. coli was able
to convert UDP-p-GlcpA into UDP-p-Xylp without the addition of exogenous NAD". The
native, recombinant protein (320 kDa) was significantly larger than the purified pea protein (250
kDa), but suggested that both enzyme forms existed as high molecular weight, oligomeric
complexes. Northern analysis showed that PsUXS1 was expressed in pea roots, stems, and
leaves.

Five putative UXS genes (UXS1-5) were identified in Arabidopsis by searching for gene
homologs to a cloned UDP-GIcA decarboxylase from Crytococcus neoformans (Table 1.8;
Harper and Bar-Peled, 2002). Sequence analysis suggested that UXS1, 2 and 4 had putative N-
terminal transmembrane domains and encoded putative type II membrane proteins.

Recombinant expression of N-terminally truncated UXS1 and 2 (lacking the transmembrane
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Table 1.8. Putative and cloned plant UDP-GIcA decarboxylases.
. Protein .
Gene Plant Protein . Function
. size b References
name source accession a confirmed
(kDa)
PSUXSI pea  BAB40967 39 Activity %gg)ayasm ctal,
UXSI  Arabidopsis NP 190920 48 Activity glg(a)u;;er and Bar-Peled,
UXS2  Arabidopsis NP 191842 50 Activity gggg;er and Bar-Peled,
UXS3  Arabidopsis NP 200737 39 Activity gggg;er and Bar-Peled,
UXS4  Arabidopsis NP 182287 50 ND® gggg;er and Bar-Peled,
UXS5  Arabidopsis NP 190228 38 ND glggger and Bar-Peled,
SUD3  Arabidopsis NP 180443 39 ND (Reiter and Vanzin,

2001)

*Molecular weight deduced by amino acid sequence.

°The function of UXS genes have been confirmed by activity assays of the recombinantly

expressed protein (activity) in E. coli.

“ND: not determined.
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domain) and full length UXS3 demonstrated that all three genes encoded active UDP-GIcA
decarboxylases. Recombinant UXS3 was inactive on UDP-p-Glcp, UDP-p-Galp, and UDP-p-
GalpA, was inhibited by UDP-p-Xylp, and did not require the addition of exogenous NAD" for
activity. Reverse transcriptase-PCR analysis demonstrated that UXS1, 2 and 3 were expressed in
stem, root, flower, and leaf tissues of Arabidopsis.

The UXS genes were also identified in Arabidopsis by searching for sequences that had
high similarity to a 4,6-dehydratase from E. coli (rmlB; Reiter and Vanzin, 2001). This search
identified one additional gene named SUD3 (soluble UDP-GIcA decarboxylase 3) that had high
sequence identity to the UXS genes (Seifert, 2004). The function of SUD3, UXS4 and UXS5
has not yet been elucidated.

UDP-L-Arap: UDP-L-Arap is synthesized by the reversible 4-epimerization of UDP-p-
Xylp catalyzed by UDP-Xyl 4-epimerase (EC 5.1.3.5) in a reaction mechanism that is thought to
be identical to that of UDP-Glc and UDP-GIcA 4-epimerases (Feingold and Avigad, 1980).

E-NAD' + UDP-D-Xylp += E-NADH + UDP-4-keto-Xylp *= E-NAD' + UDP-L-Arap

UDP-Xyl 4-epimerase activity was first detected in membrane fractions from mung bean,
radish, asparagus, and spinach (Neufeld et al., 1958; Feingold et al., 1960). The partially
purified enzyme from wheat germ and could catalyze the conversion of UDP-p-Xylp to UDP-L-
Arap without the addition of exogenous NAD", had a K, for UDP-p-Xylp of 1.5 mM, and a pH
optimum of 8.0 (Fan and Feingold, 1970).

A mutant in Arabidopsis, mur4, was discovered that had a 50% reduction in r-Araf
content in leaves (Burget and Reiter, 1999). Wildtype MUR4 expressed in the mur4 mutant
background could complement the L-Araf deficiency and allowed for the recovery of up to 2.4-

fold higher levels of L-Araf in some transgenic lines (Burget et al., 2003). Expression of MUR4
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in P. pastoris demonstrated that the gene encoded a functional UDP-Xyl 4-epimerase.
Examination of the MUR4 gene indicated that it contained a putative N-terminal transmembrane
domain and encoded a predicted type II membrane protein (Burget et al., 2003). MUR4:green
fluorescent protein fusions showed that the Mur4 protein co-localized with Golgi membranes.
The topology of MUR4 was not investigated. MUR4 is expressed in roots, leaves, stems,
flowers and siliques, and is part of a 4 member gene family in Arabidopsis (Table 1.9; Burget et
al., 2003).

While L-Arap is present as a minor component of rhamnogalacturonan II, the majority of
the L-arabinose found in pectin is in the form of r-Araf (Feingold and Avigad, 1980; Mohnen,
2002). It is currently unclear as to how L-Araf gets incorporated into plant cell walls. A bacterial
enzyme known as UDP-galactopyranose mutase is capable of converting UDP-p-Galp into UDP-
p-Galf (Koplin et al., 1997). This enzyme was also shown to be able to convert chemically-
synthesized UDP-L-Araf into UDP-L-Arap (Zhang and Liu, 2001). However, the existence of
UDP-L-Araf has not been demonstrated in any plant species, making it unlikely that this
mechanism exists in plants.

It has been proposed that arabinosyltransferases may catalyze the conversion of UDP-L-
Arap into UDP-L-Araf immediately before their incorporation into r-Araf-containing polymers
(Mohnen, 2002). It has also been hypothesized that L-Arap ring contraction can occur directly on
the synthesized polymers (Feingold and Avigad, 1980). The recent discovery that an
arabinosyltransferase from mung bean adds L-Arap to arabinan acceptors (Nunan and Scheller,
2003) may be proof that the latter scenario occurs in plant cell walls. The exact mechanism(s)

that accounts for the presence of L-Araf in plant cell walls remains to be proven.
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Table 1.9. Putative and cloned UDP-Xyl 4-epimerases® and UDP-apiose/UDP-xylose synthases”

from Arabidopsis.

Gene name Prote.in Protein size Functiond References
accession (kDa)* confirmed
MUR4/UXE1* NP_174350 46 Activity (Burget et al., 2003)
UXE2* NP 193779 42 ND¢ (Burget et al., 2003)
UXE3* NP_850238 26 ND (Burget et al., 2003)
UXE4* NP 199261 48 ND (Burget et al., 2003)
AXS1° NP 180353 44 Activity (Molhoj et al., 2003)
AXS2° NP_563807 44 ND (Molhoj et al., 2003)

‘Molecular weight deduced by amino acid sequence.

“The function of MUR4/UXE] has been confirmed by activity assays of the recombinantly

expressed protein (activity) in P. pastoris or in E. coli.

°ND: not determined.
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UDP-p-Apif: A soluble, NAD"-dependent enzyme known as UDP-p-Apif/UDP-p-Xylp
synthase (AXS) is capable of catalyzing the decarboxylation and rearrangement of UDP-p-
GlcpA to produce approximately equimolar concentrations of UDP-p-Apif and UDP-p-Xylp
(Sandermann et al., 1968; Wellmann and Grisebach, 1971; Baron et al., 1973; Kindel and
Watson, 1973; Watson and Orenstein, 1975; Matern and Grisebach, 1977). The initial stages of
the reaction are identical to that of UDP-GIcA decarboxylase and proceeds with the formation of
a 4-keto intermediate and decarboxylation of C-5 (Gebb et al., 1975). AXS then either catalyzes
the reduction of C-4 or the further rearrangement of the intermediate producing UDP-p-Xylp or
UDP-p-Apif, respectively (Kindel and Watson, 1973; Watson and Orenstein, 1975). The exact
mechanism(s) involved in the rearrangement of the intermediate to produce UDP-p-Apif is

unknown (Molhoj et al., 2003).

Co,
E-NAD* + UDP-p-GlepAt=== E-NADH + UDP-L-threo-4-pentosulose==s E-NAD" + UDP-p-Xylp

(6)

E-NAD" + UDP-p-Apif

AXS activity has been partially purified from duckweed and parsley (Wellmann and
Grisebach, 1971; Baron et al., 1973; Kindel and Watson, 1973; Matern and Grisebach, 1977).
AXS activity from duckweed was purified 26-fold and had a pH optimum of 8.0. The enzyme
was purified 1,400-fold from parsley cell suspensions, yielding two proteins of 34 and 44 kDa in
size. Both proteins were thought to form homodimers of approximately 65 and 86 kDa,
however, only the 86 kDa protein complex was shown to possess AXS activity. The role of the
65 kDa complex was not elucidated, but it was thought to be involved in maintaining the stability

of AXS.
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AXS genes were cloned from Arabidopsis by searching for genes with sequence
similarity to UDP-GIcA decarboxylases (Molhoj et al., 2003). Two genes were identified with
29% amino acid identity to UXS3 (Table 1.9). Recombinant AXS1 in E. coli existed as a dimer
and was capable of catalyzing the production of UDP-p-Apif and UDP-p-Xylp at a ratio of 0.6:1.
The Ky, and Vi of recombinant AXS1 for UDP-p-GlcpA was 7 uM and 3.1 nmol min’! mg'l,
respectively. The enzyme had a pH optimum of 8.0, was inhibited by UDP-p-GalpA and UDP-
p-Xylp, and did not require an exogenous supply of NAD" for activity. AXS1::GUS fusions and
RT-PCR analysis suggested that AXS1 was expressed in all major tissues of Arabidopsis.

UDP-.-Rhap: The preferred nucleotide-sugar donor for the production of rhamnose-
containing flavonoids and other plant secondary metabolites is UDP-L-Rhap (Barber, 1963; Bar-
Peled et al., 1991; Bar-Peled et al., 1993; Jones et al., 2003). Enzyme activities capable of
converting UDP-p-Glcp into UDP-L-Rhap have been detected in mung bean (Barber, 1962),
tobacco (Barber, 1963), pummelo (Citrus maxima) (Bar-Peled et al., 1991), Chlorella
pyrenoidosa (Barber and Chang, 1967), and Silene dioica (Kamsteeg et al., 1978). Bacteria such
as Streptococcus enterica and E. coli use dTDP-L-Rhap as the nucleotide sugar donor for O-
antigen biosynthesis (Stevenson et al., 1994; Li and Reeves, 2000; Dong et al., 2003). dTDP-t-
Glcp has been found in some plant tissues (Delmer and Albersheim, 1970) and can be converted
into dTDP-L-Rhap by tissue extracts from C. pyrenoidosa at a lower rate than UDP-p-Glcp.
Since both UDP-L-Rhap and dTDP-L-Rhap can be found in plants, it is not known which of these
activated sugar donors are involved in pectin biosynthesis.

The conversion of UDP-p-Glcp into UDP-L-Rhap (or dTDP-p-Glcp into dTDP-L-Rhap)
requires three separate enzyme activities (Mohnen, 1999). UDP-p-Glcp is first converted into

UDP-4-keto-6-deoxy-Glep by (a) an NADH-dependent, UDP-Glc 4,6-dehydratase (EC 4.2.1.76)
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(Barber, 1963). This reaction has been proposed to start with the transfer of a hydride ion from
the C-4 of the sugar moiety to an enzyme-bound NAD", creating a 4-keto intermediate. The
removal of the hydride ion from C-5 by an enzyme bound Glu residue, followed by the
elimination of water and stereospecific return of NADH-bound hydride to C-6, results in the
formation of the intermediate UDP-4-keto-6-deoxy-Glcp (Allard et al., 2001). This intermediate
is then epimerized into UDP-4-keto-L-Rhap and finally reduced to UDP-L-Rhap by (b) UDP-4-
keto-6-deoxy-Glcp 3,5-epimerase and (c) an NADPH-dependent, UDP-4-keto-L-Rhap reductase,
respectively (Watt et al., 2004). The reaction mechanism of the 3,5-epimerase has not been
determined, while that of the 4-reductase involves hydride transfer from NADPH to the 4-keto
group. In bacteria, these reactions are catalyzed by RmIB, RmlC, and RmlID, respectively (Dong
et al., 2003).
H* H,0

(a) E-NAD* + UDP-D-Glcp éé? E-NAD" + UDP-4-keto-6-deoxy-Glcp

(b) UDP-4-keto-6-deoxy-Glcp &= UDP-4-keto-L-Rhap )

NADPH NADP*
(c) UDP-4-keto-L-Rhap g» UDP-L-Rhap
The first gene encoding a UDP-L-Rhap synthase was cloned from Arabidopsis (Watt et
al., 2004) by searching for genes with high sequence similarity to dTDP-4-keto-rhamnose
reductases from S. enterica and E. coli (Graninger et al., 1999; Dong et al., 2003). The
Arabidopsis gene product had 40% sequence identity to RmID from S. enterica and E. coli. The
gene expressed in E. coli was capable of converting the intermediate dTDP-4-keto-6-deoxy-Glcp
into dTDP-i-Rhap, and was named nucleotide-rhamnose synthase/epimerase-reductase

(NRS/ER1) because it possessed both 3,5-epimerase and 4-keto reductase activity (Table 1.10).
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The 35 kDa recombinant protein required NADPH for activity, had a pH optimum between 5.5-
7.5, and a K, for dTDP-4-keto-6-deoxy-Glcp of 17 pM. Recombinant Nrs/Erl protein could
also convert UDP-4-keto-6-deoxy-Glcp into UDP-L-Rhap, but the amount of starting substrate
was too low to allow for the determination of enzyme kinetics. Genes with high sequence
identity to NRS/ER1 have been identified in a number of other plant species, including cotton
(Gossypium arboreum), wheat, loblolly pine (Pinus taeda), soybean, barley, barrel medic
(Medicago truncatula), maize, rice, and sugar beet. NRS/ERI1 is expressed in Arabidopsis
leaves, flowers, roots, and stems, and has significant sequence identity to the C-terminal domains
of three other genes (RHM1-3) in Arabidopsis (Watt et al., 2004).

These three genes from Arabidopsis were also identified in a database search looking for
genes with sequence similarity to a dTDP-Glcp 4,6-dehydratase gene (RmIB) from E. coli
(Reiter and Vanzin, 2001). The genes, named RHM1, RHM2, and RHM3 (Table 1.11) are
>84% 1identical (at the amino acid level) and are thought to consist of two distinct domains. The
N-terminal domain has sequence similarity to dTDP-Glcp 4,6-dehydratase (RmIB) from E. coli,
while the C-terminal domain is identical to the 3,5-epimerase/4-keto-reductase of Nrs/Erl from
Arabidopsis and is similar to a 4-keto reductase (RmID) from E. coli. Based on the sequence
similarity of Rhm1, Rhm2, and Rhm3 to 4,6-dehydratases, 3,5-epimerases and 4-keto reductases,
the authors speculated that the Rhm proteins were capable of catalyzing the direct conversion of
UDP-p-Glcp into UDP-L-Rhap without the need for any additional enzymes (Reiter and Vanzin,
2001; Seifert, 2004).

Recently, mutants in the RHM2 gene were identified by a high-throughput screen of
EMS-mutagenized Arabidopsis seeds (Western et al., 2001) and by screening T-DNA mutant

lines of Arabidopsis (Usadel et al., 2004). Both mutants were found to be deficient in the
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Table 1.10. Putative and cloned UDP-L-Rhap synthases from Arabidopsis.

Protein Protein size Function

Gene name accession (kDa)? confirmed® References
NRS/ER1 NP_564806 34 Activity (Watt et al., 2004)
RHM1 NP_188097 75 ND¢ (Watt et al., 2004)
RHM2 NP 564633 75 ND (Watt et al., 2004)
RHM3 NP 177978 75 ND (Watt et al., 2004)

*Molecular weight deduced by amino acid sequence.
®The function of NRS/ER1 has been confirmed by activity assays of the recombinantly expressed
protein (activity) in E. coli.

“ND: not determined.
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production of seed mucilage, the pectin-rich polysaccharide coat found surrounding the seed
after imbibition (Western et al., 2001; Usadel et al., 2004). Rhm2 mutants synthesized lower
amounts of mucilage than wildtype seeds. Furthermore, composition analysis showed that the
extractable mucilage from rhm2 mutant seeds was significantly reduced in L-Rhap and p-GalpA
content, a phenotype consistent with the involvement of RHM2 in -Rhap biosynthesis (Usadel
et al., 2004; Western et al., 2004). Expression analysis shows that all three RHM genes are
expressed in all major tissues of Arabidopsis (Western et al., 2004). At present, the activity of
any RHM protein has not been confirmed.

GDP-L-Fucp: GDP-L-Fucp is synthesized from GDP-p-Manp in a pathway that is
identical to the one used for the production of UDP-L-Rhap. GDP-p-Manp is converted into
GDP-r-Fucp through the sequential actions of a) GDP-Man 4,6-dehydratase (EC 4.2.1.47), b)
GDP-4-keto-6-deoxy-Manp 3,5-epimerase, and ¢) GDP-4-keto-L-Fucp reductase. GDP-Man
4,6-dehydratase activity was purified 47-fold from soluble extracts of French bean seedlings
(Liao and Barber, 1972). The purified protein had an estimated molecular weight of 120 kDa, a
Ky, for GDP-p-Manp of 28 uM, and a pH optimum between 6.6 and 7.1.

H* 1,0
(a) E-NAD" + GDP-D-Manp éé,‘;. E-NAD" + GDP-4-keto-6-deoxy-Manp
H+

(b) GDP-4-keto-6-deoxy-Manp &= GDP-4-keto-L-Fucp ®

NADPH NADP*
(c) GDP-4-keto-L-Fucp ¥> GDP-L-Fucp

The first plant gene encoding a GDP-Man 4,6-dehydratase was identified following the

isolation of the fucose-deficient mutant of Arabidopsis, murl (Reiter et al., 1993; Zablackis et
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al., 1996). Further analysis of soluble leaf extracts from murl plants revealed that they were
unable to catalyze the first step of the GDP-L-Fucp biosynthesis pathway (Bonin et al., 1997). A
BLAST search of the Arabidopsis EST database revealed two sequences, named GMD1 and
GMD2, with high sequence similarity to bacterial GDP-Man 4,6-dehydratases (Table 1.11). The
murl mutation was found to co-segregate with GMD2 and PCR analysis confirmed that all murl
alleles were a result of point mutations in GMD2 (Bonin et al., 1997). GMD1 (Bonin et al.,
2003) or GMD?2 (Bonin et al., 1997) expressed in E. coli were active and could convert GDP-p-
Manp into the GDP-4-keto-6-deoxy-Manp intermediate.

Expression analysis of GMD1 and GMD2 showed that the two genes were differentially
expressed in Arabidopsis (Reiter and Vanzin, 2001). Promoter:GUS fusions showed that GMD2
was expressed in all major tissues of Arabidopsis, while GMDI1 expression was restricted
primarily to the root meristem, leaf stipules, and pollen grains. These expression patterns are
consistent with the murl phenotype and suggest that GMD1 and GMD2 may play different roles
in the production of GDP-L-Fucp in Arabidopsis (Bonin et al., 2003).

A single gene encoding a bi-functional GDP-4-keto-6-deoxy D-mannose 3,5-epimerase-
4-reductase (GER1, EC 1.1.1.271) was identified by searching the Arabidopsis EST database for
homologs to putative bacterial enzymes (Bonin and Reiter, 2000). Recombinantly expressed
GER1 was active and could convert the GDP-4-keto-6-deoxy-p-Manp intermediate into GDP-L-
Fucp. Incubation of GDP-p-Manp with recombinant GMD2 and GER1 was also found to cause
the production of GDP-L-Fucp (Bonin and Reiter, 2000).

GERI is expressed in all major tissues of Arabidopsis; however, GER1 antisense lines
have wildtype levels of r-fucose in their walls (Bonin and Reiter, 2000). BLAST analysis

indicates the presence of an Arabidopsis gene, named GER2, with significant sequence identity
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Table 1.11. Putative and cloned GDP-L-Fucp® and GDP-L-Galp” synthases from Arabidopsis.

Protein Protein size Function

Gene name accession (kDa)* confirmed® References
GMD1* NP 201429 41 Activity (Bonin et al., 2003)
GMD2/MURI1* NP 190685 42 Activity (Bonin et al., 1997)
GER1* NP 177468 36 Activity (Bonin and Reiter, 2000)
GER2* NP 564040 36 ND°¢ (Bonin and Reiter, 2000)
GMEI" NP_198236 43 Activity (Wolucka et al., 2001)

“Molecular weight deduced by amino acid sequence.
“The function of these proteins has been confirmed by activity assays of the recombinantly
expressed protein (activity) in E. coli.

°ND: not determined.
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to GER1 (Table 1.11). This gene is also highly expressed in Arabidopsis, but its function has not
yet been proven.

GDP-L-Galp: 1-Galp was originally thought to be a minor component of the cell walls of
a limited number of plant species including the hornwort Anthoceros caucasicus (Popper et al.,
2003) and jojoba (Simmodsia chinensis) seeds (Hantus et al., 1997). Recent structural analysis
now indicates that L-Galp is a constituent of RG-II (Reuhs et al., 2004).

GDP-L-Galp is the activated nucleotide-sugar form of L-Galp. It is synthesized by the
3,5-epimerization of GDP-p-Manp by GDP-Man 3,5-epimerase (EC 5.1.3.18). The reaction is
thought to proceed with 4-keto oxidation, ene-diol formation at either C-3 or C-5, followed by
inversion of configuration at each site, and finally stereospecific reduction of the 4-keto group
(Barber, 1979). It is currently not known which of the reduced nicotinamide-adenine
dinucleotides (NAD+ or NADP+) is found at the active site of GDP-Man 3,5-epimerase.
Furthermore, the order of epimerization (3’ followed by 5’ or vice versa) has not been
established. The nucleotide-sugar that results from a single epimerization event at C-5, GDP-L-
gulopyranose (GDP-L-Gulp), has been detected in extracts from Chlorella pyrenoidosa (Barber,
1979) and Arabidopsis (Wolucka and Van Montagu, 2003). These results suggest that the
epimerization occurs first at the C-5 of GDP-p-Manp, followed by epimerization at C-3.

E-NAD(P)* + GDP-pD-Manp == GDP-L-Gulp? == E-NAD(P)" + GDP-L-Galp
)

GDP-Man 3,5-epimerase activity has been detected in several plants including soluble
extracts from Chlorella pyrenoidosa (Barber, 1979; Hebda et al., 1979) and pea (Wheeler et al.,
1998). The enzyme was purified 66-fold from Arabidopsis seedlings (Wolucka et al., 2001).

The purified protein had a K, for GDP-L-Manp of 4.5 uM and a Vpn,x 0f 0.033 pmol/min/mg.
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In-gel digestion of two partially purified protein bands (43 and 46 kDa) resulted in
peptides that matched a putative 43 kDa Arabidopsis protein. Further analysis showed that the
partially purified 43 and 46 kDa proteins were post-translationally modified isoforms of the same
protein (Wolucka et al., 2001). The 43 kDa protein sequence expressed in E. coli was active and
could catalyze the conversion of GDP-p-Manp into GDP-L-Gulp and GDP-L-Galp (Wolucka and
Van Montagu, 2003). BLAST searches indicated that the gene (GMEI; Table 1.11) is conserved
in other plant species including tomato and potato (Wolucka and Van Montagu, 2003).

CMP-p-Kdop: CMP-p-Kdop is synthesized in a series of reactions that starts with the
condensation of phosphoenolpyruvate (PEP) and p-Arap-5-phosphate by (a) Kdo-8-phosphate
synthase (EC 4.1.2.16) to form p-Kdop-8-phosphate (Kdo-8-P). Kdo-8-P is dephosphorylated by
(b) Kdo-8-P phosphatase (EC 3.1.3.45) and the p-Kdop that is released is converted in the
presence of CTP into CMP-p-Kdop by (c) CMP-Kdo synthetase (EC 2.7.7.38). The catalytic

mechanisms of all three enzymes have not been fully elucidated (Royo et al., 2000a).

P;
(a) pD-arabinose-5-phosphate + PEP — Kdo-8-phosphate
P.

1

(b) Kdo-8-phosphate —= Kdo (10)
PP.

1

() Kdo + CTP —=% CMP-Kdo
Kdo-8-P synthase activity has been detected in tissue extracts from potato, carrot,
cucumber (Cucumis sativus), broccoli (Brassica oleracea var. italica), onion (Allium cepa), and
sweet potato (Ipomoea batatas), and spinach (Doong et al., 1991). The first gene encoding a
Kdo-8-P synthase was cloned from a pea cDNA library by functional complementation of the
temperature sensitive kdsA® mutant of S. enterica (Brabetz et al., 2000). The 290 amino acid

recombinant protein catalyzed the formation of Kdo-8-P in in vitro assays, caused a 7-fold
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increase in Kdo-8-P synthase activity in recombinant kdsA® cell extracts, and had a pH optimum
of 6.1. Similar results were obtained by the functional complementation of the kdsA® mutant by
a tomato gene isolated from a young fruit cDNA library (Delmas et al., 2003). Site-directed
mutagenesis of the tomato gene also revealed the presence of essential amino acids known to be
required for bacterial Kdo-8-P synthase activity (Delmas et al., 2003).

BLAST analysis of the Arabidopsis genome database detected two genes, named
AtKDS1 and AtKDS2, with sequence similarity to a Kdo-8-P synthase from E. coli (Matsuura et
al., 2003). Heterologous expression of AtKDS1 in E. coli showed that the recombinant protein
could catalyze the formation of Kdo-8-P. The tomato and Arabidopsis Kdo-8-P synthase genes
are expressed in meristematic cells of roots and shoots suggesting that they are active during cell
wall formation (Table 1.12).

Genes encoding Kdo-8-P phosphatases have not been isolated from any plant species;
however, it has been shown that spinach extracts rapidly convert Kdo-8-P into p-Kdop (Doong et
al., 1991). A gene encoding an active Kdo-8-P phosphatase was recently purified and cloned
from E. coli (Wu and Woodard, 2003). Based on the functional conservation of plant and
bacterial Kdo-8-P synthases (Brabetz et al., 2000; Delmas et al.,, 2003) and CMP-Kdo
synthetases (Royo et al., 2000), it is likely that the Kdo-8-P phosphatase from E. coli can be used
to identify candidate genes from plants.

A gene encoding an active CMP-Kdo synthetase was isolated from a maize endosperm
cDNA library (Table 1.12; Royo et al., 2000). The maize gene, named ZmCKS, expressed in E.
coli catalyzed the formation of CMP-p-Kdop at a pH optimum of 9.5 and a K, for CTP of 70

uM. ZmCKS could also functionally complement the kdsB® mutant of Salmonella typhimurium.



83

Table 1.12. Putative and cloned Kdo-8-P synthases® and CMP-Kdo synthetases® from plants

Plant Protein Protein size Function
Gene name . c d References
source accession (kDa) confirmed
PsKDS* pea CAA74645 32 Complementation/ o/ ot al., 2000)
Activity
LeKDS? tomato  CAC35366 32 Complementation/ 1y 1 ot al., 2003)
Activity
AtKDS1* Arabidopsis NP 974176 32 Activity (Matsuura et al., 2003)
AtKDS2* Arabidopsis NP 173084 32 ND* (Matsuura et al., 2003)
ZmCKS® maize  CAB89846 33 Complementation/ 0o 41 2000)
Activity

“Molecular weight deduced by amino acid sequence.
“The function of these proteins have been confirmed by functional complementation of temperature-sensitive mutants of S. enterica
(complementation) and activity assays of the recombinantly expressed protein (activity).

°ND: not determined.
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ZmCKS is expressed in all major tissues of maize (Royo et al., 2000). Furthermore,
genes with high sequence similarity to ZmCKS have been detected in Arabidopsis, loblolly pine
tomato, rice, wheat, and barley (Royo et al., 2000; Royo et al., 2000a). All putative plant CMP-
Kdo synthetases differ from bacterial enzymes in that they are predicted to have an N-terminal
signal sequence that targets them to the endomembrane system (Royo et al., 2000a). The.
subcellular location of ZmCKS or any other putative CMP-Kdo synthetase has yet to be
determined.

XXP-p-Dhap and XXP-L-AcefA: The enzymes and/or pathways involved in synthesizing
p-Dhap, r-AcefA, or their activated nucleotide-sugar forms have not been determined. It has
been hypothesized that plant 2-keto-3-deoxy-p-arabino-heptulosonic acid-7-P (DAH-7-P)
synthases may be able to catalyze the condensation of p-threose-4-P and PEP to form p-Dhap-7-
P (Doong et al., 1992), a precursor of p-Dhap. At present, the absolute configuration of the
product from this reaction is not known (Doong et al., 1992). Further research on the synthesis
of b-Dhap and r-AcefA will be required before their biosynthetic pathways can be elucidated.
Nucleotide sugar transporters involved in pectin biosynthesis

The results from the previous section suggest that the nucleotide-sugar biosynthesis
occurs mainly in the cytosol. Nucleotide-sugar transporters (NSTs) are multiple-membrane
spanning, antiport proteins that transfer nucleotide-sugars into the lumen of the endoplasmic
reticulum (ER) or the Golgi in exchange for their corresponding nucleotide-monophosphates
(Hirschberg et al., 1998). Many NSTs are specific for only one type of nucleotide-sugar, while
others, such as the GDP-p-Manp transporter from Leishmania (Hong et al., 2000) and the UDP-
p-Galp transporter from humans and Drosophila (Segawa et al., 2002) are able to transport more

than one type of nucleotide-sugar. The study of NSTs has recently gained prominence with the
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discovery that NST mutants are defective in protein glycosylation (Dean et al., 1997; Ma et al.,
1997), have altered cell surface decorations (Deutscher and Hirschberg, 1986; Kawakita et al.,
1998; Hoeflich et al., 2004), and can result in developmental defects (Berninsone et al., 2001).

Genes encoding NSTs have been identified in yeast (Dean et al., 1997), Leishmania
donovani (Ma et al., 1997), mammals (Deutscher and Hirschberg, 1986; Hirschberg et al., 1998;
Aoki et al., 2003), Drosophila melanogaster (Segawa et al., 2002), Caenorhabditis elegans
(Berninsone et al., 2001; Hoeflich et al., 2004), and Arabidopsis thaliana (Baldwin et al., 2001;
Norambuena et al., 2002; Bakker et al., 2004; Handford et al., 2004). The transport of GDP-L-
Fucp (Wulff et al., 2000), UDP-b-Glcp (Munoz et al., 1996), UDP-p-Galp (Norambuena et al.,
2002), UDP-p-GlcpA, and UDP-p-Xylp (Hayashi et al., 1988) has been shown to occur in pea
Golgi vesicles, and plant genes encoding NSTs have recently been identified and cloned. This
section will describe what is currently known about NST genes from plants that are involved in
pectin biosynthesis.

UDP-p-Glcp/UDP-p-Galp transporter: A NST capable of transporting both UDP-p-Glcp
and UDP-p-Galp was cloned from Arabidopsis by searching for genes with high sequence
similarity to UDP-p-Galp transporters from humans and yeast (Norambuena et al., 2002). The
gene (AtUTrl) could functionally complement a canine MDCK mutant cell line deficient in
UDP-p-Galp transport. Expression of AtUTrl in S. cerevisiae yielded an increase in the
transport of UDP-p-Glcp and UDP-p-Galp in intact Golgi vesicles, but not the transport of any
other nucleotide-sugar that was tested. AtUTr1 is thought to be part of a 6 member gene family
in Arabidopsis (Table 1.13).

UDP-p-Galp transporter: Two genes from an Arabidopsis cDNA library were identified

that could functionally complement a Chinese hamster ovary cell line deficient in the transport of
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UDP-p-Galp (Table 1.13). The genes (UDP-GalT1 and 2) expressed in S. cerevisiae, caused a
10-fold increase in UDP-p-Galp transport in intact Golgi vesicles (Bakker et al., 2004).

GONST transporters: A GDP-p-Manp transporter from Arabidopsis was recently cloned
and named GONST1 (Baldwin et al., 2001). While the transport of GDP-p-Manp is not
predicted to be required for pectin biosynthesis, GONSTI1 is part of a 5 member gene family for
which 3 of the members have no known function (Handford et al., 2004). BLAST analysis of
GONSTS shows that it has 91% sequence identity to UDP-GalT1, suggesting that it may also be
a UDP-p-Galp transporter. Further research on these and other putative NSTs should allow us to
determine which of these proteins are involved in pectin biosynthesis.

Pectin glycosyltransferases

Nucleotide-sugars transported into the lumen of the Golgi apparatus become substrates
for Golgi-localized glycosyltransferases. At least some of these glycosyltransferases are type II
membrane proteins that catalyze the transfer of the sugar moiety of the nucleotide-sugar onto the
non-reducing end of oligo- or polysaccharide acceptors (Keegstra and Raikhel, 2001; Perrin et
al., 2001). It has been estimated that at least 62 different glycosyltransferase activities would be
required to synthesize all of the pectic polysaccharides found in the primary wall based on the
current structure of pectin (Table 1.14; Mohnen, 2002). Of these predicted enzyme activities,
only three [a-(1,4)-galacturonosyltransferase, o-(1,2)-galacturonosyltransferase and a-(1,4)-
rhamnosyltransferase] are involved in the synthesis of the backbone structures of pectin (Table
1.14). These backbone glycosyltransferases may be processive enzymes that catalyze the
synthesis of polymeric products (Mohnen, 2002). The other glycosyltransferases are predicted to
catalyze the addition of glycosyl residues producing the side branches found in pectic

polysaccharides.
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Table 1.13. Putative and cloned NST transporter genes from Arabidopsis.

Sugar Protein Prqtem )
Gene name N . size Function confirmed® References
specificity accession (kDa)"
AtUTrl %%I;:i__%?i%/ NP 565290 37 Com%znmsel;r;trattlon/ (Norambuena et al., 2002)
AtUTI2 ND* NP 194032 38 ND (Norambuena et al., 2002)
AtUTr3 ND NP 563949 37 ND (Norambuena et al., 2002)
AtUTr4 ND NP_172720 39 ND (Norambuena et al., 2002)
AtUTrS ND NP_190204 39 ND (Norambuena et al., 2002)
AtUTr6 ND NP 850721 45 ND (Norambuena et al., 2002)
UDP-GalTl  UDP-p-Galp NP 565158 38 Complementation (Bakker et al., 2004)
UDP-GalT2  UDP-p-Galp NP 565138 38 Complementation (Bakker et al., 2004)
GONSTI1 GDP-p-Manp NP 849952 37 Complementation (Baldwin et al., 2001)
GONST2 GDP-p-Manp  CADS83086 42 Complementation (Handford et al., 2004)
GONST3 ND NP_177760 42 ND (Handford et al., 2004)
GONST4 ND NP_197498 37 ND (Handford et al., 2004)
GONSTS5 ND NP 173605 39 ND (Handford et al., 2004)

*ND: not determined.
®Molecular weight deduced by amino acid sequence.
“The function of these proteins has been confirmed by complementation of a UDP-p-Galp or GDP-p-Manp transport mutants

(complementation) or transport assays of the expressed protein (activity) in intact Golgi vesicles from S. cerevisiae.



Table 1.14. Distinct glycosyltransferase activities hypothesized to be required for pectin biosynthesis™”.

Type of Parent Enzyme acceptord Activity detected® References for structure
glycosyltransferase polymer
HGA
glycosyltransferases®
a-(1,4)-GalAT HGA *p-GalpA-(1—4)-a-p-GalpA-(1— Yes (O'Neill et al., 1990)
RG-I

glycosyltransferases
(McNeil et al., 1980; Lau et

a-(1,2)-GalAT RG-I L-Rhap-(1—4)-a-p-GalpA-(1— No al., 1985; Eda et al., 1986;
O'Neill et al., 1990)

a-(1,4)-GalAT RG-I/HGA p-GalpA-(1—2)-a-L-Rhap-(1— No (Nakamura et al., 2002a)
(McNeil et al., 1980; Lau et

a-(1,4)-RhaT RG-I p-GalpA-(1—2)-a-L-Rhap-(1— No al., 1985; Eda et al., 1986;
O'Neill et al., 1990)

a-(1,4)-RhaT HGA/RG-I p-GalpA-(1—4)-a-p-GalpA-(1— No (Nakamura et al., 2002a)
(Lau et al., 1987; O'Neill et

B-(1,4)-GalT RG-I L-Rhap-(1—4)-a-p-GalpA-(1— Yes al., 1990; Schols et al.,
1995a)

B-(1.4)-GalT RG-I b-Galp-(1—4)-B--Rhap-(1— Yes (au st 3)1 1987; ONeill et
(Aspinall et al., 1967;
Aspinall, 1980; Lau et al.,

B-(1,4)-GalT RG-I p-Galp-(1—4)-p-o-Galp-(1— Yes 1987: O'Neill et al., 1990:
Nakamura et al., 2001)
(Lau et al., 1987; O'Neill et

B-(1,6)-GalT RG-I p-Galp-(1—4)-B-p-Galp-(1— No al., 1990; Nakamura et al.,
2001)

B-(1,3)-GalT RG-I b-Galp-(1—4)-B-L-Rhap-(1— No (O'Neill et al., 1990; Carpita

and Gibeaut, 1993)
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B-(1,3)-GalT
B-(1,6)-GalT

B-(1,3)-GalT

a-(1,4)-AraT
a-(1,5)-AraT
a-(1,5)-AraT

a-(1,3)-AraT
a-(1,2)-AraT

a-(1,5)-AraT

a-(1,3)-AraT
a-(1,2)-AraT
a-(1,3)-AraT
a-(1,5)-AraT

a-(1,3)-AraT

a-(1,5)-AraT

a-(1,6)-AraT
a-(1,4)-AraT
a-(1,4)-AraT
a-(1,5)-AraT
a-(1,3)-AraT
a-(1,6)-AraT

a-(1,2)-FucT

B-(1,3)-GIcAT

RG-I/AGP

RG-I/AGP

RG-I/AGP

RG-I
RG-I
RG-I

RG-I

RG-I

RG-I

RG-I
RG-I
RG-I
RG-I

RG-I

RG-I

RG-I
RG-I
RG-I
RG-I
RG-I/AGP
RG-I/AGP

RG-I
RG-I

p-Galp-(1—3)-B-p-Galp-(1—

p-Galp-(1—3)-B-p-Galp-(1—

p-Galp-(1—6)-B-p-Galp-(1—3)-B-p-

Galp-(1—

1-Rhap-(1—4)-0-p-GalpA-(1—

L-Araf-(1—4)-a-L-Rhap-(1—
L-Araf-(1—5)-0-L-Araf-(1—

p-Galp-(1—4)-B-L-Rhap-(1—
1-Araf-(1—3)-B-p-Galp-(1—

L-Araf-(1—-2)-0-L-Araf-(1—

L-Araf-(1—5)-a-L-Araf-(1—
L-Araf-(1—5)-a-L-Araf-(1—
L-Araf-(1—3)-a-L-Araf-(1—
L-Araf-(1—3)-a-L-Araf-(1—

p-Galp-(1—4)-B-p-Galp-(1—

1-Araf-(1—3)-B-p-Galp-(1—

p-Galp-(1—4)-B-p-Galp-(1—
p-Galp-(1—4)-B-p-Galp-(1—
p-Galp-(1—6)-B-p-Galp-(1—
L-Araf-(1—6)-B-p-Galp-(1—
p-Galp-(1—6)-B-p-Galp-(1—
p-Galp-(1—6)-B-p-Galp-(1—

p-Galp-(1—4)-B-p-Galp-(1—

p-GalpA-(1—4)-a-L-Rhap-(1—

No

No

No
No

No

No

No
No

No
No

No

No

No
No
No
No
No

No
No

(O'Neill et al., 1990; Carpita
and Gibeaut, 1993)

(O'Neill et al., 1990; Carpita
and Gibeaut, 1993)

(O'Neill et al., 1990; Carpita
and Gibeaut, 1993)

(Lau et al., 1987)

(Huisman et al., 2001)
(Lerouge et al., 1993)

(Lau et al., 1987; O'Neill et
al., 1990)

(Lau et al., 1987; O'Neill et
al., 1990)

(Lau et al., 1987; O'Neill et
al., 1990)

(Carpita and Gibeaut, 1993)
(Carpita and Gibeaut, 1993)
(Carpita and Gibeaut, 1993)
(Carpita and Gibeaut, 1993)
(Aspinall et al., 1967,
Aspinall, 1980; Carpita et al.,
2001)

(Aspinall et al., 1967;
Aspinall, 1980)

(Nakamura et al., 2001)
(Huisman et al., 2001)
(Nakamura et al., 2001)
(Nakamura et al., 2001)
(Carpita and Gibeaut, 1993)
(Carpita and Gibeaut, 1993)
(Lau et al., 1987; O'Neill et
al., 1990)

(Renard et al., 1999)
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B-(1,4)-GlcAT
B-(1,6)-GIcAT

XGA
glycosyltransferases

B-(1,3)-XyIT
B-(1,4)-XylIT"
B-(1,2)-XylIT"
B-(1,2)-XylIT"

AGA
glycosyltransferases

B-(1,2)-ApiT
B-(1,3)-ApiT
B-(1,3)-ApiT

B-(1,3)-ApiT

RG-1I
glycosyltransferases

a-(1,2)-GalAT

B-(1,3)-GalAT

B-(1,3")-RhaT

RG-I
RG-I

XGA
XGA

XGA
XGA

AGA

AGA

AGA

AGA

RG-II-A

RG-II-A

RG-II-A/B

Gal...
Gal...

p-GalpA-(1—4)-a-p-GalpA-(1—
p-Xylp-(1—3)-a-p-GalpA-(1—

p-Xylp-(1—3)-0-p-GalpA-(1—
p-Xylp-(1—4)-B-p-Xylp-(1—

p-GalpA-(1—4)-a-p-GalpA-(1—
p-GalpA-(1—4)-a-p-GalpA-(1—
b-Apif-(1—2)-B-p-GalpA-(1—

p-Apif-(1—3)-B-p-GalpA-(1—

L-Rhap-(1—3’)-B-o-Apif-(1—

L-Rhap-(1—3°)-B-p-Apif-(1—

p-Apif-(1—2)-B-p-GalpA(1—

No
No

No

No

No

No

No

No

No

No

No

No

(An et al., 1994)
(An et al., 1994)

(Schols et al., 1995a; Kikuchi
et al., 1996; Yu and Mort,
1996; Nakamura et al., 2002)
(Nakamura et al., 2002)
(Nakamura et al., 2002)
(Nakamura et al., 2002)

(Cheng and Kindel, 1997;
Golovchenko et al., 2002)
(Cheng and Kindel, 1997;
Golovchenko et al., 2002)
(Cheng and Kindel, 1997;
Golovchenko et al., 2002)
(Cheng and Kindel, 1997;
Golovchenko et al., 2002)

(Thomas et al., 1989;
Puvanesarajah et al., 1991;
Reubhs et al., 2004)
(Thomas et al., 1989;
Puvanesarajah et al., 1991;
Reubhs et al., 2004)
(Thomas et al., 1989;
Puvanesarajah et al., 1991;
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a-(1,3)-RhaT

a-(1,2)-RhaT
a-(1,5)-RhaT

a-(1,2)-.-GalT

B-(1,2)-GalT

a-(1,4)-ArapT

B-(1,3)-AraT

B-(1,5)-AraT

a-(1,4)-FucT

a-(1,2)-FucT

B-(1,2)-ApiT

a-(1,3)-XyIT

B-(1,4)-GIcAT

RG-II-B

RG-II-B

RG-II-C

RG-II-A

RG-II-B

RG-II-B

RG-II-B

RG-II-D

RG-II-A

RG-II-B

RG-II-A/B

RG-II-A

RG-II-A

L-Arap-(1—4)-B-o-Galp-(1—

L-Arap-(1—4)-B-p-Galp-(1—
p-Kdop-(2—3)-a-p-GalpA-(1—

p-GlcpA-(1—4)-B-L-Fucp-(1—

L-AcefA-(1—3)-a-.-Rhap-(1—

b-Galp-(1—2)-p-L-AcefA

L-Rhap-(1—2)-a-L-Arap-(1—

p-Dhap-(2—3)-B-p-GalpA-(1—

L-Rhap-(1—3")-B-p-Apif-(1—

p-Galp-(1—2)-B-L-AcefA-(1—

p-GalpA-(1—4)-a-p-GalpA-(1—

L-Fucp-(1—4)-a-.-Rhap-(1—

L-Fucp-(1—4)-a-.-Rhap-(1—

No

No

No

No

No

No

No

No

No

No

No

Yes®

Reuhs et al., 2004)

(Thomas et al., 1989; Pellerin
et al., 1996; Glushka et al.,
2003; Reuhs et al., 2004)
(Pellerin et al., 1996; Reuhs
et al., 2004)

(York et al., 1985; Reuhs et
al., 2004)

(York et al., 1985; Thomas et
al., 1989; Reuhs et al., 2004)
(Thomas et al., 1989;
Puvanesarajah et al., 1991;
Reubhs et al., 2004)

(Thomas et al., 1989;
Puvanesarajah et al., 1991;
Reubhs et al., 2004)

(Pellerin et al., 1996; Reuhs
et al., 2004)

(Stevenson et al., 1988;
Puvanesarajah et al., 1991;
Reuhs et al., 2004)

(Thomas et al., 1989; Reuhs
et al., 2004)

(Thomas et al., 1989;
Puvanesarajah et al., 1991;
Reubhs et al., 2004)

(Thomas et al., 1989;
Puvanesarajah et al., 1991;
Reubhs et al., 2004)

(Thomas et al., 1989; Reuhs
et al., 2004)

(Thomas et al., 1989; Iwai et
al., 2002; Reuhs et al., 2004)




92

(York et al., 1985; Reuhs et

a-(2,3)-KdoT RG-II-C p-GalpA-(1—4)-a-p-GalpA-(1— No al.. 2004)
(Stevenson et al., 1988;
B-(2,3)-DhaT RG-II-D p-GalpA-(1—4)-a-p-GalpA-(1— No Puvanesarajah et al., 1991;

Reubhs et al., 2004)
(Thomas et al., 1989;

a-(1,3)-AceT RG-II-B L-Rhap-(1—3’)-B-o-Apif-(1— No Puvanesarajah et al., 1991;
Reubhs et al., 2004)

*Adapted from Mohnen (2002).

®This list of glycosyltransferase activities is based on the currently accepted structures of HGA, RG-I, XGA, AGA, and RG-II as
determined by the listed references.

‘a-(1,4)-GalAT is only listed once in this table even though GalATs involved in synthesizing the backbone structures of substituted
galacturonans (i.e. XGA, AGA and RG-II) may be different from those involved in HGA biosynthesis. All of these enzymes catalyze
the same reaction, and therefore a-(1,4)-GalATs synthesizing the backbones of substituted galacturonans are not distinguished from
the ones synthesizing HGA in this table.

Glycosyltransferases catalyze the transfer of the indicated glycosyl residue to the non-reducing* (left hand side) terminus of the
indicated acceptor substrate.

“The activity of some pectin glycosyltransferases has been detected in certain plant species. These enzymes were shown to catalyze
the transfer of the indicated glycosyl residue onto specific pectic acceptors forming the indicated linkage.

'Analysis of XGA fragments from soybean cotyledons suggest that (1,2)- and (1,4)-linked B-p-Xylp may be attached to the (1,3)-
linked B-p-Xylp of XGA.

fWhile the gene encoding RG-II:B-(1,4)-GIcAT (NpGUT1) has been cloned (Iwai et al., 2002), in vitro enzyme activity has not been

demonstrated.
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The most common assay method for the detection of pectin glycosyltransferase activity
uses radioactive nucleotide-sugars as a substrate and measures the amount of radiolabel that is
transferred to endogenous or exogenous acceptors. Endogenous acceptors are used mainly
during the determination of glycosyltransferase activity in microsomal membranes (Mohnen,
1999). These endogenous acceptors are lost when the microsomal fraction is treated with
detergent, and hence, the addition of exogenous oligo- or polysaccharide pectic acceptors are
required to determine transferase activity in detergent solubilized or permeabilized membranes
(Mohnen, 1999). The unincorporated radiolabeled nucleotide-sugar is separated from the
radiolabeled product by thin layer chromatography (TLC) (Villemez et al., 1966; Takeuchi and
Tsumuraya, 2001) or by organic solvent precipitation (Doong and Mohnen, 1998; Geshi et al.,
2000). The amount of radiolabeled product made during the reaction is determined by
scintillation counting.

Alternative, non-radioactive assay methods using fluorescently-labeled OGA acceptors
have been developed that use high performance liquid chromatography (HPLC) for product
isolation and analysis (Ishii, 2002; Ishii et al., 2004). Unfortunately, the uniformly-sized
acceptors that are required for these non-radioactive assays are difficult to obtain in large
quantities.

The identification of pectin glycosyltransferases is a challenging process as most
nucleotide sugar substrates are commercially unavailable, enzyme acceptors have to be generated
and purified in sufficient quantities for activity assays, and gene homologs of pectin
glycosyltransferases are not present in sequence databases.  The activities of most
glycosyltransferases thought to be involved in pectin biosynthesis have not been detected in any

plant extracts (Table 1.14) and no pectin glycosyltransferase has been purified to homogeneity or
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recombinantly expressed (Mohnen, 1999; Mohnen, 2002). Recent studies analyzing mutant
plants with altered pectin structures have allowed the identification of putative pectin
glycosyltransferase genes (Bouton et al., 2002; Iwai et al., 2002); however, the function of these
genes has not been demonstrated through heterologous expression.

Glycosyltransferase activities (EC 2.4.-) involved in pectin biosynthesis have been
discussed in great detail in previous reviews (Mohnen, 1999; Ridley et al., 2001; Mohnen, 2002).
The following section will summarize published results on the identification and characterization
of glycosyltransferases involved in pectin biosynthesis.

Galacturonosyltransferases (GalATs): GalATs catalyze the transfer of p-GalpA from
UDP-p-GalpA onto the non-reducing end of a pectin acceptor (Scheller et al., 1999). Plants are
expected to contain four distinct GalAT activities based on pectin structure (Table 1.14). Only
the activity of a-(1,4)-GalAT has been detected in plant extracts.

a-(1,4)-GalAT (EC 2.4.1.43) activity has been detected in membrane fractions from
mung bean (Villemez et al., 1965; Villemez et al., 1966), tomato (Lin et al., 1966), tobacco
(Doong et al., 1995; Doong and Mohnen, 1998; Scheller et al., 1999), Arabidopsis (Guillaumie et
al., 2003), sycamore (Bolwell et al., 1985), pumpkin (Ishii, 2002), azuki (Vigna angularis) bean
(Takeuchi and Tsumuraya, 2001), petunia (Petunia axillaris) (Akita et al., 2002), and pea
(Sterling et al., 2001). All o-(1,4)-GalATs have a strict requirement for Mn>" and are strongly
inhibited by divalent cation chelators such as EDTA. While all a-(1,4)-GalATs have similar pH
optima, the published kinetic characteristics of these enzymes are variable, and depend on the
original plant tissue source and on the method used to test for enzyme activity (Table 1.15).

The type of acceptor used in the GalAT activity assay contributes to some of the

observed differences in the kinetic constants of membrane-bound and detergent-solubilized
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GalATs (Table 1.15). For example, GalAT activity from tobacco (Doong et al., 1998), pumpkin
(Ishii, 2002), and petunia (Akita et al., 2002) are more active on exogenous OGA acceptors that
are greater than DP 12. A 20-50% reduction in GalAT activity is observed using DP 10 or 11
acceptors, and little to no activity is observed using OGA acceptors that are DP 9 or smaller.
Furthermore, assays using fluorescently-labeled acceptors demonstrate that the affinity of GalAT
for different OGA acceptors increases with the increasing length of the acceptor (Akita et al.,
2002). These results suggest that OGA acceptors need to be a certain length either to properly
occupy the active site of GalAT, or that OGAs of a certain length form the appropriate secondary
structure to allow the OGA to be properly oriented in the active site for catalysis to occur.

Exogenously added acid-soluble HGA (~10 kDa) acceptors have also been shown to be
better acceptor substrates than the endogenous acceptors found in membrane fractions from
azuki bean (Takeuchi and Tsumuraya, 2001). This difference in acceptor substrates resulted in a
6-fold increase in V. when exogenous, acid-soluble acceptors were used versus endogenous
acceptors. Similar results were obtained during the incubation of solubilized Arabidopsis
membranes with either OGAs or heat-inactivated endogenous acceptors from Arabidopsis
(Chapter 2).

Despite these differences in the observed kinetic constants of a-(1,4)-GalATs from
different plant sources, membrane-bound and solubilized a-(1,4)-GalATs from different plant
sources are consistent in the types of products they produce. Membrane-bound a-(1,4)-GalATs
in the presence of endogenous acceptors produce high molecular weight products (Villemez et
al., 1966; Takeuchi and Tsumuraya, 2001; Doong et al., 1995; Sterling et al., 2001). For
example, the products made from pea Golgi and tobacco were estimated to be >500 kDa and

approximately 105 kDa, respectively (Doong et al., 1995; Chapter 3). These radiolabeled



Table 1.15. Properties of a-(1,4)-GalATs from plants™

Apparent K, for n v
Plant Source UDP-GalA P m . Type of acceptor’ References
optimum (pmol mg min")
(uM)

mung bean 1.7 6.3-7.0 ~4700 endogenous (Villemez et al., 1966)
tomato ND°¢ ND ND endogenous (Lin et al., 1966)
pea Golgi ND ND ND exogenous/oligo  (Sterling et al., 2001)
sycamore 770 ND ND endogenous (Bolwell et al., 1985)
tobacco 8.9 7.8 150 endogenous (Doong et al., 1995)
tobacco (sol)° 37 6.3-7.8 290 exogenous/oligo  (Doong and Mohnen, 1998)
?;;1;11 bean 140 6.8-7.8 2700 exogenous/poly (zgglﬁucm and Tsumuraya,
pumpkin 700 6.25-7.5 7000 exogenous/fluor  (Ishii, 2002)
petunia (sol) 170 7 480 exogenous/fluor  (Akita et al., 2002)

*Adapted from (Mohnen, 2002)

Unless otherwise indicated, all enzymes activities were measured in membrane fractions

‘(sol): detergent-solubilized enzyme
d(per): detergent-permeabilized enzyme

°ND: not determined

96

"The type of acceptor used in each study is divided into endogenous or exogenous acceptors. Exogenous acceptors have been

subdivided into OGA (oligo), HGA (poly), or fluorescently-labeled OGA (fluor) acceptors.
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products could be almost completely degraded (89% and 91% for tobacco and pea Golgi,
respectively) into mono-, di- and triGalA following exhaustive treatment with a purified EPGase
(Doong and Mohnen, 1998; Sterling et al., 2001), indicating that the p-['*C]GalpA residues were
a-(1,4)-linked to the endogenous acceptors. Neither the size of the endogenous acceptors nor the
number of contiguous p-['*C]GalpA residues added onto the non-reducing termini have been
determined.

Solubilized or detergent-permeabilized o-(1,4)-GalAT from tobacco (Doong and
Mohnen, 1998; Scheller et al., 1999), petunia pollen tubes (Akita et al., 2002), and pea Golgi
(Chapter 3) in the presence of exogenous OGA acceptors (DP > 10) add from 1 to 10 p-GalpA
residues onto the non-reducing end of the OGA acceptor in a non-processive manner. These
products can also be completely degraded into mono-, di- and triGalA following their treatment
with a purified EPGase (Doong and Mohnen, 1998; Sterling et al., 2001; Akita et al., 2002)
suggesting that the product was (1,4)-a-linked. Similar products were obtained from pumpkin
microsomal membranes incubated with fluorescently labeled OGAs (Ishii, 2002). These results
indicate that OGAs may not be the correct acceptor for processive a-(1,4)-GalAT activity or that
tissue homogenization may disrupt protein complexes required for processive
glycosyltransferase activity, or that the enzymes may not be processive in vivo. The purification
and eventual cloning of an a-(1,4)-GalAT should enable us to determine the catalytic mechanism
of the enzyme.

A T-DNA insertion mutant of Arabidopsis, named qual, was recently discovered that had
phenotypes expected for a mutation in a a-(1,4)-GalAT gene, including dwarfism, reduced cell
adhesion, and a 25% reduction in p-GalpA content in leaves (Bouton et al., 2002). While the

enzymatic activity of the QUA1 gene has yet to be demonstrated, recent studies described in this
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thesis have shown that QUAT has high sequence similarity to two putative a-(1,4)-GalAT genes
from Arabidopsis (Chapter 4).

Arabinosyltransferases (AraTs): Arabinosyltransferase activity has been detected in
microsomal membranes from mung (Odzuck and Kauss, 1972; Nunan and Scheller, 2003) and
French bean (Bolwell and Northcote, 1983; Rodgers and Bolwell, 1992) using radiolabeled
UDP-L-Arap as a substrate. The products from these reactions have never been unequivocally
shown to be a part of any pectic structure (Mohnen, 1999; Mohnen, 2002). Questions remain as
to whether any of the detected activities are involved in pectin biosynthesis.

The first report of the addition of 1-Ara to a well defined, pectic acceptor was conducted
using solubilized AraT activity from mung bean (Nunan and Scheller, 2003). Solubilized AraT
activity from mung bean catalyzed the transfer of a single r-Ara residue to a (1,5)-linked a-r-
arabinooctaose (Ara8) acceptor. The radiolabeled product synthesized by the enzyme could be
completely converted to arabinose by strong acid hydrolysis; however, the radiolabel was found
to be resistant to treatment with a purified (1,5)-o-r-endoarabinase and (1,2;1,3;1,5)-0-p-
arabinofuranosidase, respectively. Mild acid hydrolysis and methylation analysis of the
radiolabeled product indicated that the added r-Ara residue was in the pyranose ring form, but
linkage analysis of the product could not be determined due to the limited quantities of material
that were available. The presence of terminal L-Arap residues on pectic structures other than
RG-II has been observed in specific plant species, for example arabinans from pigeon pea
(Cajanus cajan) cotyledons (Swamy and Salimath, 1991), and arabinogalactans from Angelica
acutiloba (Kitagawa) roots (Kiyohara et al., 1987), and soybean cotyledons (Huisman et al.,

2001). These results suggest that L.-Arap may be a common component of the arabinans and/or
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arabinogalactans of RG-I, or that other plant enzymes are required to convert the incorporated -
Arap residues into the L-furanose form during pectin arabinan biosynthesis.

(1,5)-linked a-L-arabinosyl oligomers smaller than DP 8 were less efficient acceptors for
solubilized AraT activity, as were large arabinans, galactans and RG-I fragments. AraT activity
was greatest in young (2 d old) tissue and decreased significantly with the age of the plant. The
AraT also had a requirement for Mn®" in the reaction mixture with 3 mM MnCl, giving the
greatest levels of incorporation. The AraT had a pH optimum of 6.5 and K,, for UDP-L-Arap of
0.33 mM.

Recently, a mutant in Nicotiana plumbaginifolia, named nolac-H14, was discovered that
exhibited similar non-organogenic and cell adhesion defects as nolac-H18 (Iwai et al., 2001).
Glycosyl composition and linkage analysis of the pectic and hemicellulosic fractions indicate a
significant reduction in r-Araf in nolac-H14 mutant callus. These results suggest that the gene
encoded by nolac-H14 may be involved in the incorporation of r-Araf in Nicotiana
plumbaginifolia.

Galactosyltransferases (GalTs): An activity capable of transferring p-['*C]Galp from
UDP-p-['*C]Galp to an endogenous acceptor forming a water-soluble, high molecular weight
polymer was first detected in microsomal membranes from mung bean seedlings (McNab et al.,
1968). Strong acid hydrolysis indicated that the radiolabeled polymer was composed solely of p-
['*C]Galp (McNab et al., 1968). The majority of the p-['*C]Galp labeled product (>90%) made
by mung bean membranes was shown in a later study to be composed of (1,4)-linked B-b-
galactan by treatment of the product with a purified (1,4)-B-p-exogalactanase and a (1,4)-p-p-

endogalactanase, respectively (Brickell and Reid, 1996). The B-(1,4)-GalT from mung bean had
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Table 1.16. Properties of GalTs from plants.

Apparent K, for

Plant Source® UDP-p-Galp opt?rilum (pmol \rfn?imin' 1y Linkage of product References
(uM)

mung bean ND? 6.5 ND (1,4)-B (Brickell and Reid, 1996)
pea ND 7-8 ND (1,4)-p (Abdel-Massih et al., 2003)
flax 38 7.5-8.5 75 (1,4)-B (Goubet and Morvan 1993, 1994)
flax (sol)” 460 7.5-8.5 180 (1,4)-p (Peugnet et al., 2001)
potato ND 6-6.5 ND (1,4)-B (Geshi et al., 2000)
potato (sol) ND 7.5 ND (1,4)-B (Geshi et al., 2002)
potato (sol) ND 5.6 ND ? (Geshi et al., 2002)
soybean (per)° 1200 6.5 6000 (1,4)-p (Konishi et al., 2004)
mung bean (per) 32 6.5 240 (1,4)-B (Ishii et al., 2004)
radish (per) 410 5.9-6.3 1000 (1,6)-B° (Kato et al., 2003)

*Unless otherwise indicated, all enzymes activities were measured in membrane fractions

b(sol): detergent-solubilized enzyme

‘(per): detergent-permeabilized enzyme

IND: not determined

‘Linkage analysis of the product made by permeabilized radish membranes was not done and so the absolution configuration of the

transferred p-Galp residue is not known.
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a pH optimum of 6.5 and was stimulated by Mg*" (Table 1.16). A similar enzyme activity was
identified in pea epicotyl membranes (Abdel-Massih et al., 2003).

Two, pH-dependent, GalT activities were detected in microsomes from flax suspension-
cultured cells (Goubet and Morvan 1993). Both activities were capable of synthesizing a
polymeric product in the presence of endogenous acceptors composed entirely of p-Galp, but had
different pH optima. GalT activities with pH optima of 5-6.5 and 7.5-8.5 produced an alkali-
soluble product that was composed mainly of (1,3)- and (1,6)-linked B-p-galactan and a water-
soluble product that was composed mainly of (1,4)-linked B-p-galactan, respectively. The GalT
activities were solubilized from flax membranes and the activity with the higher pH optimum
(pH 8) was shown to catalyze the transfer of p-['*C]Galp onto purified RG-I acceptors (Table
1.16). The radiolabeled products from these reactions were highly resistant to
rhamnogalacturonan depolymerases, (i.e. rhamnogalacturonase A and B); however, a significant
portion (60%) of the p-["*C]Galp could be removed from the products by treatment with a
purified (1,4)-B-p-galactosidase suggesting that the product was (1,4)-p-linked (Peugnet et al.,
2001).

Microsomal membranes from potato suspension cultures incubated with UDP-p-
['*C]Galp in the presence of endogenous acceptors and Mn”" at pH 6 were able to produce a
large molecular weight (>500 kDa) radiolabeled product that released p-['*C]Galp as the sole
glycosyl residue upon complete acid hydrolysis (Geshi et al., 2000). The majority of the
radioactivity from the product made by dark grown cells (73%) could be released by treatment
with a purified (1,4)-B-p-endogalactanase. Furthermore, treatment of the large molecular weight
product with base followed by rhamnogalacturonase A (RGase A), an endohydrolase that cleaves

the [—4)-a-p-GalpA-(1—2)-a-L-Rhap] linkage of RG-I backbone structures (Azadi et al., 1995),
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released approximately 50% of the radioactivity as a series of smaller RG-I oligomers (~14
kDa). The combined treatment of the RG-I oligomers with a purified (1,4)-p-p-galactosidase and
a (1,4)-p-p-endogalactanase released all of the radioactivity from the RG-I oligomers as bp-
['*C]Galp. These results suggest that membranes from potato suspension-cultured cells catalyze
the initiation and elongation of (1,4)-linked B-p-galactan chains found on RG-I (Table 1.14 and
1.16).

Two distinct B-(1,4)-GalT activities could be solubilized from potato suspension cultures
that differed in their pH optima and acceptor substrate specificities (Geshi et al., 2002). Both
enzyme activities catalyze the addition of p-['*C]Galp from UDP-p-['*C]Galp onto RG-I
acceptors that contained short (1,4)-B-p-galactan side chains consisting of a single p-Galp
residue. B-(1,4)-GalT activity at pH 5.6 and 7.5 preferred high molecular weight (~1.2 MDa)
RG-I acceptors and medium-sized (~21 kDa) acceptors, respectively. Shorter RG-I oligomers,
linear galactans, degalactosylated RG-I fragments, or RG-I molecules with high galactose
content did not function as viable acceptors for the solubilized activity. The radiolabeled product
made using the medium-sized acceptor at pH 7.5 was determined to be (1,4)-B-linked by
digestion with a purified (1,4)-p-p-endogalactanase (Table 1.16). Product made using the high
molecular weight acceptor at pH 5.6 was impervious to this treatment, suggesting that either the
B-(1,4)-GalT produced side chains that were resistant to (1,4)-B-p-endogalactanase cleavage
(meaning that they were shorter than 3 contiguous p-['*C]Galp residues) or that the enzyme
catalyzed the formation of a linkage other than (1,4)-linked B-p-Galp.

A B-(1,4)-GalT activity capable of transferring p-['*C]Galp to chemically modified, large
molecular weight (60-70 kDa) galactan acceptors from lupin seeds was identified in microsomal

membranes from soybean (Konishi et al., 2004). The radiolabeled product could be degraded by
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treatment with a purified (1,4)-p-p-endogalactanase, indicating that it was (1,4)-p-linked. This -
(1,4)-GalT from soybean membranes could also catalyze the addition of 1 to 5 p-Galp residues
onto fluorescently-labeled, (1,4)-linked B-p-galactosyl oligomers with a DP greater than 5. A
similar activity (capable of catalyzing the addition of p-Galp residues onto fluorescently-labeled
(1,4)-linked B-p-galactosyl oligomers) was detected in microsomal membranes from mung bean
(Ishii et al., 2004). Both the activity from soybean and mung bean had a pH optimum of 6.5 and
were stimulated by Mn®" (Ishii et al., 2001a; Konishi et al., 2004).

Radish microsomal membranes incubated with a chemically-modified, (1,3)-linked B-p-
galactan acceptor from acacia gum in the presence of UDP-b-['*C]Galp produced a radiolabeled
product (Kato et al., 2003). Treatment of the radiolabeled product with a purified (1,3)-p-p-
exogalactanase released a product that migrated the same distance as (1,6)-linked B-p-
galactobiose upon TLC analysis (Kato et al., 2003). These results suggested that the enzyme
activity that was identified was a B-(1,6)-GalT capable of transferring a single (1,6)-linked B-p-
Galp residue onto (1,3)-linked B-p-galactans. Linkage analysis of the synthesized product was
not conducted and so the absolute configuration of the added B-p-Galp residue remains to be
confirmed.

Apiosyltransferases (ApiT): An activity capable of transferring o-['*C]Apif from UDP-b-
['*C]Apif onto an endogenous acceptor was detected in membrane preparations from duckweed
(Pan and Kindel, 1977). The radiolabeled product could be partially degraded by treatment with
a fungal pectinase and partial acid hydrolysis released 46% of the radioactivity from the product
as D-[MC]Apif and D—[MC]apiobiose. ApiT activity could be increased 2-fold with the addition of
UDP-p-GalpA to reaction mixtures, suggesting that the ApiT was partially dependent on HGA

biosynthesis. The absolute configuration of the radiolabeled product was not determined, nor
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was the composition of the endogenous acceptor. The ApiT had a pH optimum of 5.7 and K,
for UDP-p-Apif of 4.9 uM.

Glucuronosyltransferases (GICATSs): A gene encoding a B-(1,4)-GIcAT involved in RG-
I biosynthesis was cloned by analyzing a T-DNA mutant of Nicotiana plumbaginifolia (Iwai et
al., 2002). The mutant, npgutl, exhibited a number of developmental and cell adhesion defects
that were caused by the absence of the [a-L-Galp-(1—2)-B-p-GlcpA-(1—] disaccharide from side
chain A of RG-II (Figure 1.4). Kinetic data on this enzyme is lacking as NpGUT]1 has not been
heterologously expressed and B-(1,4)-GIcAT activity has not been detected in any plant tissue.
This is the first published report of the cloning of a pectin glycosyltransferase (Table 1.17).
Acetyl- and methyltransferases involved in pectin biosynthesis

The biosynthesis of pectic polysaccharides in the Golgi requires more than the catalytic
activities of pectin glycosyltransferases. Pectic structures made in Golgi are modified by a series
of acetyl- and methyltransferases that act late in pectin biosynthesis (Table 1.17; Zhang and
Staehelin, 1992). The methyl- and acetylation of pectic polymers may be an important process
regulating the secretion and assembly of pectins into the primary wall (Zhang and Staehelin,
1992; Carpita and Gibeaut, 1993; Dolan et al., 1997). Furthermore, pectin methyl- and
acetylation has also been associated with cell separation events (Willats et al., 2001a), with the
resistance of pectic polysaccharides to hydrolytic enzymes (Schols et al., 1990; Schols and
Voragen, 1994; Renard and Jarvis, 1999a) and may also be developmentally regulated (Kauss
and Hassid, 1967a; Vannier et al., 1992; Liners et al., 1994; Pauly and Scheller, 2000). No genes
encoding these enzymes have been cloned, but significant progress has been made in identifying

and characterizing pectin methyl- and acetyltransferases from a variety of plant sources.
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Table 1.17. Distinct methyl- and acetyltransferase activities hypothesized to be required for pectin biosynthesis™”.

Type of transferase plc))?}r:;l;r Enzyme acceptor Activity detected" References
Methyltransferases
d (Kauss and Hassid, 1967a;
p-GalpA-6-O-MT HGA p-GalpA-(1—4)-a-p-GalpA-(1— Yes Mort et al., 1993)
D-GlepA-4-O-MT RG-I b-GlepA-(1—6)-B-b-Galp-(1— No (Kauss and Hassid, 1967; An
et al., 1994)
(Darvill et al., 1978; Pellerin
p-Xylp-2-O-MT RG-II p-Xylp-(1—3)-a-L-Fucp-(1— No et al., 1996)
] . i i i L i (Darvill et al., 1978; Pellerin
L-Fucp-2-O-MT RG-II L-Fucp-(1—2)-a-p-Galp-(1— No et al., 1996)
Acetyltransferases
(Komalavilas and Mort,
p-GalpA-3-O-AT HGA p-GalpA-(1—4)-a-p-GalpA-(1— Yes 1989; Ishii, 1997)
p-GalpA-2-O/3-O-AT RG-I p-GalpA-(1—2)-a-1-Rhap-(1— Yes (llégr;’)“ge etal., 1993; Ishil,
(Whitcombe et al., 1995;
2-O-Me-L-Fucp-AT RG-II 2-O-Me-r-Fucp-(1—2)-a-p-Galp-(1— No Glushka et al., 2003)
(Whitcombe et al., 1995;
L-AcefA-AT RG-II L-AcefA-(1—3)-a-L-Rhap-(1— No Glushka et al., 2003)

*Adapted from Mohnen (2002).

®This list of methyl- and acetyltransferase activities is based on the currently accepted structures of HGA, RG-1I, XGA, AGA, and RG-
IT as determined by the listed references.

“The activity of some pectin methyl- and acetyltransferases has been detected in certain plant species.

YWhile the possibility exists that p-GalpA residues on RG-I and RG-II are also methylated, methylation of p-GalpA has only been

shown to occur on HGA.
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Pectin methyltransferases

HGA methyltransferase (HGA-MT) activity was first discovered in membranes from
mung bean seedlings (Kauss and Hassid, 1967a). Membranes incubated with S-adenosyl-L-
['*C]methionine catalyzed the incorporation of ['*C]methyl groups onto endogenous acceptors to
form radiolabeled products. Approximately 95% of the radioactivity could be removed from the
product as ['*C]methanol by treatment of the radiolabeled material with base or a purified pectin
methylesterase (PME), suggesting that the ['*C]methyl groups were added onto HGA (Table
1.18). Addition of UDP-p-GalpA to the reaction mixture increased the rate of ['*C]methyl
transfer (Kauss and Swanson, 1969). A similar activity was characterized in membranes from
suspension-cultured tobacco cells (Table 1.18) where approximately 59% of the radiolabeled
product made by tobacco membranes was shown to be methylated HGA (Goubet et al., 1998).
The results suggested that HGA-MT activity in membranes may be dependent upon HGA
biosynthesis.

In contrast, a membrane-bound HGA-MT activity from soybean hypocotyls was not
stimulated by the addition of UDP-p-GalpA (Ishikawa et al., 2000). The detergent-
permeabilized soybean enzyme catalyzed the transfer of ['*C]methyl groups onto exogenous
pectin acceptors. Similar to HGA-MTs from mung bean and tobacco, treatment of the
radiolabeled products with a purified PME or EPGase released the incorporated radiolabel,
suggesting that the addition was onto HGA.

HGA-MT from tobacco was solubilized and shown to use endogenous acceptors, HGA or
pectins with a degree of esterification (DE) of 30 as an acceptor (Goubet and Mohnen, 1999).
The radiolabeled products from endogenous and exogenous acceptors were extracted with

boiling water and ammonium oxalate (conditions that solubilize pectins from the cell wall).
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Table 1.18. Properties of pectin methyltransferases from plants™®

Apparent Apparent K,, for Vmax
Plant Source =~ molecular weight SAM' pH (pmol mg” Type th References
(kDa)° (“M) optimum ' min 1) acceptor

(Kauss and Hassid, 1967a;

mung bean - 59 6.8 2.7 HGA Kauss et al., 1967b; Kauss
and Swanson, 1969)

flax - 10-30 6.8 ND* ND (Vannier et al., 1992)
(Bruyant-Vannier et al.,

flax (sol)cl - 0.5 5.5/7.1 ND ND 1996; Bourlard et al., 1997;
Bourlard et al., 1997a)

tobacco - 38 7.8 49 HGA (Goubet et al., 1998)

tobacco (sol) - 18 7.8 7.3 HGA (Goubet and Mohnen, 1999)

soybean (per)® - 230 6.8 1360 HGA (Ishikawa et al., 2000)

flax (PMT5) 40 ND# 5.0 ND ND (Bourlard et al., 2001)

flax (PMT7) 110 ND 6.5 ND ND (Bourlard et al., 2001)

flax (PMT18) 18 ND ND ND ND (Bourlard et al., 2001)

*Adapted from (Mohnen, 2002).

®Unless otherwise indicated, all enzymes activities were measured in membrane fractions.

‘The apparent molecular weights of the identified proteins were determined by SDS-PAGE or size exclusion chromatography.
d(sol): detergent-solubilized enzyme.

“(per): detergent-permeabilized enzyme.

'SAM: S-adenosyl-L-methionine.

END: not determined.

"The type of acceptor used in each study.
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Treatment of the extracted products with a purified PME and EPGase released approximately
64% and 62.5% of the incorporated ["*C]methyl groups, respectively, suggesting that the bulk of
the ['*C]methylated product was HGA.

Membrane-bound PMT activity was also detected and characterized from flax hypocotyls
and suspension-cultured cells (Bruyant-Vannier et al., 1996; Bourlard et al., 1997a). Flax PMT
transferred ['*C]methyl groups from S-adenosyl-L-['*C]methionine onto an endogenous product.
The transferred radiolabel could be released as ['*C]methanol by treatment with base. Although
the endogenous acceptor was not characterized, membrane-bound PMT activity from flax was
stimulated by the addition of exogenous pectins with both high (50%) and low (10%) degrees of
esterification (Bourlard et al., 1997a).

The flax PMT activity was solubilized using detergent and two PMT isoforms were
identified that differed in their pH optima and preference for pectins with low or high DE
(Bruyant-Vannier et al., 1996; Bourlard et al., 1997a). Purification of the two flax PMT isoforms
(PMTS5 and PMT?7) identified an 18 kDa protein (PMT18). It has been proposed that the PMT18
encodes the catalytic domain of both isoforms of flax PMT (Bourlard et al., 2001). At present,
the identity of the gene encoding the 18 kDa protein is unknown.

A solubilized PMT activity from suspension-cultured flax cells was also stimulated 1.6-
and 7-fold by the addition of exogenous RG-I or RG-II acceptors, respectively (Bourlard et al.,
1997). The location of ['*C]methyl transfer onto the RG-I and RG-II acceptors was not
determined. Therefore, it is not known whether the transfer of ['*C]methyl groups occurred onto
backbone p-GalpA residues or onto the methylated, side chain glycosyl residues found on RG-I

and RG-II (Table 1.18).
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Pectin acetyltransferases

Membrane-bound pectin acetyltransferase (PAT) activity was recently characterized from
suspension-cultured potato cells (Pauly and Scheller, 2000). Potato PAT activity catalyzed the
transfer of ['*Clacetyl groups from ['*CJacetyl-CoA onto endogenous potato acceptors.
Approximately 23% of salt/ethanol precipitated, radiolabeled product could be solubilized
following its treatment with both EPGase and PME, suggesting that at least 23% of the
['*Clacetyl groups transferred were onto HGA. Approximately 33% of the ['*CJacetyl groups
were transferred onto RG-I acceptors greater than 500 kDa in size as determined by their
susceptibility to an RG-I-specific acetylesterase. The RG-I acetyltransferase (RGAT) activity
was partially characterized and found to have a pH optimum of 7.0, a Ky, for ["*CJacetyl-CoA of
35 uM and a Ve of 54 pmol min” mg™'. The radiolabeled product generated by potato RGAT
could also be digested into smaller oligomers using rhamnogalacturonan lyase (RGase B)
providing further evidence supporting the existence of a RGAT activity in these membranes.
Acetyltransferases that transfer acetyl groups to the 2-O-Me-L-Fucp or L-AcefA residues on side
chain B of RG-II (Figure 1.4) have yet to be identified.
CONCLUSIONS AND RELEVANCE

It has been demonstrated that mutations in pectin biosynthetic genes create alterations in
pectin structure that can have severe deleterious effects on pectin function in the wall. While a
number of pectin biosynthetic genes, especially those involved in nucleotide-sugar biosynthesis,
have been discovered in plants, almost no genes encoding pectin methyl-, acetyl- and
glycosyltransferases have been identified to date. Furthermore, pectin transferase activities have
not been extensively characterized and information is lacking as to the location and mode of

action of pectin biosynthesis in plants.
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At the commencement of this research, the subcellular localization of pectic
glycosyltransferases was not known. The elucidation of the subcellular location of a pectin
galacturonosyltransferase, a-(1,4)-GalAT, from pea epicotyl membranes confirmed more indirect
evidence suggesting that pectin biosynthesis occurred in the Golgi apparatus. Furthermore, it
presented the first evidence of the topology of a pectin glycosyltransferase and allowed for the
development of the currently accepted model for pectin biosynthesis in plants.

A new radioactive GalAT activity assay was developed that alleviates some of the time
and expense required to assay multiple samples for GalAT activity. Furthermore, this assay was
shown to be useful for the detection of GalAT activity using either endogenous or exogenous
acceptors and may be an effective tool for the detection of other pectin glycosyltransferase
activities.

Using this newly developed assay and a novel solubilization procedure, a-(1,4)-GalAT
activity was purified 17-fold from Arabidopsis membranes, the highest recorded purity of any a-
(1,4)-GalAT characterized to date. This allowed for the identification of two putative a-(1,4)-
GalAT genes (JS36 and JS33) from Arabidopsis. N-terminally truncated versions of these genes
were cloned into a vector designed for recombinant protein secretion, and were heterologously
expressed in human embryonic kidney (HEK) 293 cells. Media from cells transfected with the
JS36 gene construct was able to catalyze the transfer of p-['*C]GalpA from UDP-b-['*C]GalpA
onto exogenous OGA acceptors in one transient experiment. These results suggest that JS36
encodes an a-(1,4)-GalAT. However, subsequent transient and stable expression of JS33 or JS36
in HEK293 cells did not confirm these initial results.

Both JS33 and JS36 are part of a 25 member gene family in Arabidopsis. Mutants in two

members of this gene family, qual and parvus, give phenotypes that are expected for the
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mutation of pectin glycosyltransferases. The characterization of mutant plants in putative
GALAT family members and their expression in heterologous systems may be required to

determine the role of the putative GALAT family in pectin biosynthesis.



CHAPTER 2
THE CATALYTIC SITE OF THE PECTIN BIOSYNTHETIC ENZYME a-(1,4)-
GALACTURONOSYLTRANSFERASE (GALAT) IS LOCATED IN THE LUMEN OF

THE GOLGI*

! Jason Sterling, Heather F. Quigley, Ariel Orellana and Debra Mohnen 2001. Plant Physiol.
127: 360-371. Reprinted here with permission of publisher
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ABSTRACT

a-(1,4)-galacturonosyltransferase (GalAT) is an enzyme required for the biosynthesis of
the plant cell wall pectic polysaccharide homogalacturonan (HGA). GalAT activity in
homogenates from pea (Pisum sativum L. var. Alaska) stem internodes co-localized in linear and
discontinuous sucrose gradients with latent UDPase activity, an enzyme marker specific for
Golgi membranes. GalAT activity was separated from antimycin A-insensitive
NADH:cytochrome ¢ reductase and cytochrome C oxidase activities, enzyme markers for the
endoplasmic reticulum and the mitochondria, respectively. GalAT and latent UDPase activities
were separated from the majority (80%) of callose synthase activity, a marker for the plasma
membrane, suggesting that little or no GalAT is present in the plasma membrane. GalAT
activities in proteinase K-treated and untreated Golgi vesicles were similar, whereas no GalAT
activity was detected after treating Golgi vesicles with proteinase K in the presence of Triton X-
100. These results demonstrate that the catalytic site of GalAT resides within the lumen of the
Golgi. The products generated by Golgi-localized GalAT were converted by
endopolygalacturonase treatment to mono- and digalacturonic acid, thereby showing that GalAT
synthesizes (1,4)-linked a-D-galacturonan. Our data provide the first enzymatic evidence that a
glycosyltransferase involved in HGA synthesis is present in the Golgi apparatus. Together with
prior results of in vivo labeling and immunocytochemical studies, these results show that pectin
biosynthesis occurs in the Golgi. A model for the biosynthesis of the pectic polysaccharide HGA

is proposed.
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INTRODUCTION

Pectins are a family of polysaccharides present in all plant primary walls (O'Neill et al.,
1990). Homogalacturonan (HGA) accounts for approximately 60% of the total pectin in plants
(O'Neill et al., 1990; Mohnen et al., 1996). HGA is a linear polymer composed of (1,4) linked a-
D-galactosyluronic acid residues (p-GalpA) that are often methylesterified at the C-6 carboxyl
group (Mort et al., 1993) and may also be O-acetylated at O-2 and O-3 (Ishii, 1997). The b-
GalpA residues may, in some plants, be substituted at O-3 with a B-linked xylosyl residue
(Schols et al., 1995; Yu and Mort, 1996).

An enzyme that catalyzes the transfer of p-GalpA from UDP-p-GalpA onto endogenous
HGA was first identified in particulate suspensions from Phaseolus aureus and was named
polygalacturonate 4-o-galacturonosyltransferase [EC 2.4.1.43] (Villemez et al., 1965; Villemez
et al., 1966). A similar enzyme was characterized in microsomal membranes from suspension-
cultured tobacco (Nicotiana tabacum L. cv. Samsun) cells (Doong et al., 1995) and solubilized
from tobacco membranes (Doong and Mohnen, 1998). The solubilized enzyme was shown to
catalyze the addition of an p-GalpA residue onto O-4 of the non-reducing end (Scheller et al.,
1999) of exogenous oligomeric HGA acceptors (Doong and Mohnen, 1998) and thus was named
homogalacturonan 4-o-galacturonosyltransferase (HGA-GalAT).

No direct evidence has yet been reported for the subcellular localization of the
glycosyltransferases responsible for pectin biosynthesis. However, the results of in vivo labeling
and immunocytochemical analyses have suggested that pectin is synthesized in the Golgi
apparatus (Northcote and Pickett-Heaps, 1966; Harris and Northcote, 1971; Staehelin and
Moore, 1995). Immunocytochemical studies using antibodies that recognize the pectic

polysaccharides homogalacturonan and rhamnogalacturonan I, suggest that these pectic
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polysaccharides are synthesized within different compartments of the Golgi (Zhang and
Staehelin, 1992) and are transported from the Golgi in vesicles that migrate to, and fuse with, the
plasma membrane. The polysaccharides are then released into the extracellular space and
incorporated into the wall (Northcote and Pickett-Heaps, 1966).

We now provide evidence that an o-(1,4)-galacturonosyltransferase (GalAT) from pea
(Pisum sativum L. var. Alaska) epicotyls, with properties similar to the previously described
HGA-GalAT from tobacco, is located in the Golgi apparatus and that the catalytic site of this
enzyme is in the Golgi lumen. The third internodes of etiolated pea epicotyls were used for this
study since the different subcellular membranes from this tissue can be separated using Suc
density gradients, making such tissue useful for topological and localization studies of enzymes
involved in cell wall polysaccharide biosynthesis (Brummell et al., 1990; Orellana et al., 1997,
Wulff et al., 2000). Our data provide strong evidence that HGA 1is synthesized in the Golgi
apparatus and a model for the biosynthesis of this pectic polysaccharide is proposed.
MATERIALS AND METHODS
Chemicals

Uridine diphosphate—oc—D—[14C]g1ucuronic acid (UDP-p-["*C]GlcpA, 293.6 mCi mmol™)
and uridine diphosphate-o-p-['*C]glucose (UDP-p-['*C]Glcp, 286.2 mCi mmol') were
purchased from DuPont-New England Nuclear (Boston, MA). Uridine diphosphate-a-p-
['*C]galacturonic acid (UDP-p-['*C]GalpA) was prepared by the epimerization of UDP-p-
['*C]GlepA as described previously (Liljebjelke et al., 1995). OGAs with a DP of 14 and a
mixture of OGAs of DP 7 to 23 were prepared according to Doong et al. (1995). Proteinase K
was purchased from Boehringer Mannheim (Indianapolis, IN). Homogeneous EPGase (748

units mI™, 1 unit releases 1 pmole p-GalpA per min) from Fusarium moniliforme was a gift from
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Carl Bergmann (Complex Carbohydrate Research Center, Athens, GA). All other reagents were
purchased from Sigma (St. Louis, MO).
Plant materials

Pea (Pisum sativum L. var. Alaska) seeds were purchased from the Green Seed Company
(Athens, GA). Seedlings were grown in moist vermiculite for 7 to 8 d at 25°C in the dark.
Linear sucrose gradient fractionation of pea homogenates

Third internodes (from the cotyledon, 1 cm in length, 5 g total weight) from 7 to 8 d old
etiolated peas (Pisum sativum L. var Alaska) were excised and homogenized in 50 mM HEPES
[4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid]/KOH, pH 7.0, containing 0.4 M sucrose, 1
mM MgCl,, 10 mM KCI, 1 mM EDTA, and 1 mM dithiothreitol using a razor blade and a mortar
and pestle. The homogenate was filtered through two layers of Miracloth (Calbiochem, San
Diego, CA) and the filtrate centrifuged for 10 min at 1,000g. The 1,000g supernatant (5 mL)
was overlaid onto 24 mL of a 20% to 50% sucrose (Suc; w/w) gradient (Munoz et al., 1996) in
50 mM HEPES/KOH, pH 7.0 containing 0.1 mM MgCl,, | mM EDTA and 1 mM dithiothreitol
and centrifuged for 3.5 h at 100,000g. Fractions (0.5 mL) were collected and analyzed for
enzyme marker activity. All manipulations were done at 4°C. Suc concentrations were
determined using an Abbe refractometer (model 3L, Milton Roy Company, Rochester, NY) and
the densities were calculated using an ambient temperature of 20°C.
Isolation of Golgi membranes

Enriched Golgi membranes were isolated using discontinuous Suc gradients according to
a previously described method (Munoz et al., 1996). All manipulations were done on ice or at
4°C. The third internodes (1 cm, 40-70 g total mass) of 7 to 8 d old etiolated pea stem epicotyls

were excised and homogenized in 1 volume of buffer A (0.1 M KH,PO, pH 6.65 containing 5
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mM MgCl,, 1 mM dithioerythritol, and 16% [w/w] Suc) using a razor blade and a mortar and
pestle. The homogenate was filtered through two layers of Miracloth and centrifuged for 2 min
at 1,0009. The supernatant was layered onto 38% (w/w) Suc in buffer A (8 ml) and centrifuged
for 90 min at 100,000g. The upper phase was removed without disturbing the interface layer and
replaced with 33% (w/w) Suc (15 ml) and 8% (w/w) Suc (5 ml) in buffer A. The gradient was
centrifuged for a further 100 min at 100,000g. The pellet was resuspended in 10 mM Tris, pH
7.5 containing 0.25 M Suc (ST buffer) and stored at —80°C. The membranes that equilibrated at
each of the interfaces were collected, diluted with an equal volume of water, and centrifuged for
50 min at 100,0009. These pellets were resuspended in ST buffer and stored at ‘80°C. In some
experiments (Table 2.2), membranes from the 33% and 38% Suc phases were also collected and
stored as described above. Otherwise, the 33% and 38% Suc phases with no prior membrane
collection were used for enzyme analysis (Table 2.1).
Enzyme assays

Cyt ¢ oxidase activity was measured as described (Briskin et al., 1987) with some
modifications. Cyt ¢ oxidase was assayed spectrophotometrically at 550 nm using a Shimadzu
scanning spectrophotometer (model UV-2101; Columbus, MD). A portion (35 ul) of each
gradient fraction was added to 30 mM K,;HPO,, pH 7.4 (735 pl) containing 1 mM EDTA, 1 mM
NaHCOs3, 0.00045% Triton X-100, and 50 uM Cyt ¢ (reduced with sodium dithionite). The total
activity of Cyt ¢ oxidase was calculated for each fraction using the initial linear rate of Cyt
oxidation (decrease in Asso) and the extinction coefficient of Cyt ¢ (18.5 mM™ cm™).

Antimycin A-resistant NADH:Cyt ¢ reductase was measured according to a previously
described method with some modifications (Vannier et al., 1992). A portion (0.1 ml) of each

gradient fraction was combined with 50 mM KH,PO4, pH 7.5 (0.9 ml) containing 50 uM Cyt c,
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0.3 mM NADH, 5 mM KCN and 1 uM antimycin A. The linear increase in Asso was taken as
the rate of Cyt ¢ reduction and was used to calculate the total activity in each fraction.

Latent UDPase activity was measured as described (Briskin et al., 1987) with some
modifications. A reaction mixture (15 ul) containing 6 mM UDP, 6 mM MgSO,, and 60 mM
Tris/Mes [2-(N-morpholino)-ethanesulfonic acid], pH 6.5, with or without 0.1% (v/v) Triton X-
100, was added to 15 pl of gradient fraction in a microtiter plate (Nunc, Suwanee, GA) and kept
for 15 min at 25°C. The reaction was stopped by the addition of Ames reagent (270 pl) and
processed as described (Ames, 1966). The Agg of the sample was measured using a Tikertek
Multiscan ELISA plate reader (model MCC/340 MKII; Flow Laboratories, McLean, VA) and
was converted to the amount of P; released from UDP (UDPase activity) using a standard curve
of KH,PO,4. Latent UDPase activity was considered to be present in those fractions in which an
increase in Agoo Was observed when fractions were incubated in the presence 0.1% (v/v) Triton
X-100. The latent UDPase activity reported in Tables 2.1 and 2.2 and in Figure 2.1 was
calculated by subtracting the amount of P; released from UDP by enzyme in the absence of
Triton X-100 from the amount of P; released from UDP by enzyme in the presence of Triton X-
100.

Callose synthase activity was measured according to a previously described method by
(Dhugga and Ray, 1994) with some modifications. Gradient fractions (10 pl of one-tenth diluted
sample) were incubated for 5 min in 10 mM MOPS [3-(N-morpholino)-propanesulfonic acid],
pH 7.0 containing 1 mM UDP-p-Glcp, 10 mM cellobiose, 2 mM CaCl,, 0.3 mM spermine,
0.02% (v/v) Triton X-100, and 0.32 uM UDP-p-["*C]Glcp. The reaction was stopped by the
addition of 70% (v/v) ethanol (2 ml) and the insoluble products were collected by filtration

through a GF/A glass-microfiber disc (Whatman, Maidstone, UK). The discs were washed with
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70% ethanol (15 ml), dried, and the amount of radioactivity on the discs measured by
scintillation counting.

GalAT activity was measured as described by Doong et al. (1995) with some
modifications. Samples (10 uL) were incubated for 2 min in 50 mM HEPES, pH 7.8, containing
100 pg of OGAs (DP of 7-23), 1.1 pM UDP-p-["*C]GalpA (specific activity 293.6 mCi mmol™),
0.25 mM MnCl,, 25 mM KCl and 0.1% (v/v) Triton X-100 in a total volume of 30 pl (unless
otherwise stated). The reaction was stopped by the addition of 700 pl chloroform:methanol (3:2,
v/v) and centrifuged to collect the precipitable products. The product was washed twice with
500 pl of 65% (v/v) ethanol and the amount of radioactivity quantified by scintillation counting.

All enzyme assays were conducted at room temperature with the exception of the GalAT
assay which was conducted at 30°C. Protein concentrations were determined by protein assay
(BioRad, Hercules, CA) using bovine serum albumin as a standard. Uronic acids were analyzed
colorimetrically using the meta-hydroxybiphenyl assay (Blumenkrantz and Asboe-Hansen,
1973).

Product characterization

The products generated by GalAT in pea Golgi vesicles were analyzed according to
Doong et al. (1995). The products were formed using either detergent-permeabilized Golgi in
the presence of OGAs of DP 14 as exogenous acceptor or using intact Golgi without exogenous
acceptor.

Four separate GalAT reactions containing 12 pul of Golgi vesicles (approximately 43 ug
of protein) and 5 uM UDP-p-["*C]GalpA in 50 mM HEPES, pH 7.8, 0.25 mM MnCl,, and 25
mM KCl were incubated with or without 0.1% (v/v) Triton X-100 and 15 pg of OGA 14 mer for

35 min at 30°C in a total volume of 60 pl. The products were recovered, washed as described
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above, resuspended in 0.5 ml of 50 mM NaOAc, pH 6.0 containing 5 mM EDTA, and pooled
(total volume 2 ml). Individual pools were analyzed as follows by either HPAEC or SEC. For
example, a 500 ul aliquot was analyzed directly by HPAEC. A second aliquot of 500 ul was
treated for 8 h at 30°C with a homogeneous EPGase (2 units) and the products generated were
analyzed by HPAEC. A third aliquot of the pooled products (1 ml) was adjusted to pH 12 by the
addition of 1 N NaOH and kept at 4°C for 8 h. The solution was adjusted to pH 5.0 with 1 N
HCI and a portion (500 ul) was analyzed by HPAEC. The remaining base-treated product (500
ul) was treated with EPGase for 8 h and analyzed by HPAEC.
Alkaline phosphatase treatment of o-GalpA-1-P

Aqueous extracts from a GalAT reaction were prepared by incubating 12 ul of Golgi
vesicles (approximately 43 pg of protein) for 60 min at 30°C in 50 mM HEPES, pH 7.8,
containing 2.5 uM UDP-p-["*C]GalpA, and 15 ug of OGAs of DP 12, 0.25 mM MnCl,, 25 mM
KCl, 0.1% (v/v) Triton X-100 in a total volume of 60 pl. The reaction was terminated by the
addition of chloroform:methanol (5:1 [v/v], 300 pl) and 240 pl 50 mM NaOAc, pH 6.0
containing 5 mM EDTA was added. The mixture was centrifuged at 13,0009 for 2 min. The
aqueous upper phase was mixed with 300 pl of chloroform:methanol (5:1 [v/v]), centrifuged and
removed. The organic phase from the first centrifugation was mixed with 50 mM NaOAc, pH
6.0 (300 pul) containing 5 mM EDTA, centrifuged, and the aqueous phase was combined with the
previously obtained aqueous phase. An aliquot (80 pl) of the combined aqueous phases was
adjusted to pH 8.5 with Tris (10 mM). Water or 10 units of alkaline phosphatase was added, and
the mixture kept for 60 min at 37°C. The reaction was stopped by heating at 85°C for 10 min.

The resulting mixture was filtered (0.2 um) and chromatographed by HPAEC. Fractions (1 ml)



121

were collected and the amount of radioactivity in each fraction was quantified by liquid
scintillation counting.
Size-exclusion chromatography of the [*C]-labeled product generated using intact and
permeabilized Golgi

The products made by GalAT in intact Golgi without exogenous acceptor, and the
products formed by detergent-permeabilized (0.1% [v/v] Triton X-100) Golgi in the presence of
exogenous OGA 14 mer (15 pg) were separated using a Superosel2 HR10/30 SEC column
(Pharmacia, Uppsala, Sweden). The column was eluted with 50 mM sodium acetate containing
5 mM EDTA at 0.35 ml min". Fractions (0.5 ml) were collected and the radioactivity in a
portion (400 ul) of each fraction was determined by scintillation counting. The SEC elution
profiles of dextran molecular mass standards, p-GalpA, triGalA, and OGAs of a DP of 7, 12, 15
and 16 were detected using a pulsed electrochemical detector (Dionex, Sunnyvale, CA) with
post-column addition of 400 mM NaOH at a flow rate of 0.2 ml min™ (see below).
HPAEC of the [**C]-labeled product made using intact and permeabilized Golgi

p-["*C]GalpA-labeled product generated by GalAT in pea Golgi vesicles, and p-GalpA
and oligogalacturonide standards, were filtered (0.2 um nylon microfilterfuge tubes, Rainin
Instrument Co., Inc., Woburn, MA) and chromatographed on a CarboPac PA100 column (4 X
250 mm) fitted with a CarboPac PA100 guard column (3 X 25 mm) using a Dionex DX 500 LC,
(Dionex, Sunnyvale, CA). Samples were eluted from the column at 1 ml min" with a gradient
formed from ultra-pure deionized water (eluant A) and 1 M sodium acetate containing 5 mM
EDTA (eluant B) as follows: 0% (v/v) B at 0-2 min, 40% (v/v) B at 17 min, 80% (v/v) B at 49
min, 100% (v/v) B at 50-52 min, 0% (v/v) B at 57 min (modified from Doong et al., 1995). The

non-radiolabeled standards were detected by pulsed electrochemical detection after post-column
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addition of 400 mM NaOH at 0.5 ml min"'. The pulse sequence for the electrochemical detector
was 0.05 V at 0s, 0.05 V at 0.2 s (begin integration), 0.05 V at 0.4 s (end integration), 0.75 V at
0.41 to 0.6 s, and —0.15 V at 0.61 to 1.0 s. Fractions (0.75 ml) were collected, an aliquot (500
ul) of each fraction was combined with 10 volumes of scintillation cocktail (Scintiverse, Fisher
Scientific, Norcross, GA), and the amount of radioactivity was measured using a scintillation
counter. Quenching by salt and/or base was found to be negligible.
Proteinase K digestion

Proteinase K treatment of Golgi vesicles was conducted according to Orellana et al.
(1997). In brief, Golgi vesicles (100 pug protein) were incubated for 30 min at 30°C in 10 mM
Tris, pH 7.5 containing 0.25 M Suc and 1 mM MgCl, (100 ul total volume) in the presence and
absence of 0.1% (v/v) Triton X-100 and 4 pg Proteinase K. Proteolysis was stopped by the
addition of 1 mM phenylmethylsulfonylfluoride and 10 pl of each treatment was brought to a
final concentration of 0.1% (v/v) Triton X-100 and assayed for GalAT activity in the presence of
exogenous OGA acceptors.
RESULTS
Subcellular localization of GalAT activity in pea membranes

Subcellular membrane fractions obtained by linear sucrose (Suc) gradient centrifugation
of homogenates from etiolated pea third internodes were analyzed for GalAT activity and for
organelle-specific enzyme activity (Figure 2.1). GalAT activity was detected almost exclusively
in fractions 26 through 30 (1.17-1.14 g ml™'; Figure 2.1, A). The presence of GalAT activity in
such a limited number of fractions suggests that it is associated with an organelle of a distinct

density. Enzyme marker assays for the ER and for the mitochondria (antimycin A-insensitive



123

Figure 2.1. Location of GalAT activity and enzyme markers in pea membranes fractionated by
linear Suc density gradient centrifugation. A) GalAT activity (¥) and sucrose density (V). The
data were obtained from a single analysis of each fraction. Similar results were obtained in three
separate gradients. B) Cytochrome (Cyt) ¢ oxidase () and Antimycin A resistant NADH Cyt ¢
reductase (<), enzyme markers for mitochondria and endoplasmic reticulum (ER), respectively.
Activities are expressed as the percentage of the highest total activity (191.2 nmol Cyt ¢ reduced
min” and 397.6 nmol Cyt ¢ oxidized min™ for Cyt ¢ reductase and Cyt ¢ oxidase, respectively)
obtained in the peak fraction. The data were obtained from a single analysis of each fraction.
Similar results were obtained in two independent gradients. C) Latent UDPase activity, a Golgi
marker, is detected as the increase in Aggp obtained in fractions permeabilized with 0.1% (v/v)
Triton X-100 compared to the absorbance obtained in fractions in the absence of detergent. The
position of greatest latent activity is depicted with a double-headed arrow (Golgi). Data are the
average of duplicate samples from each fraction. Similar results were obtained in three separate

gradients.
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NADH:Cyt ¢ reductase and Cyt ¢ oxidase, respectively) showed that the ER (fractions 30-40,
1.14-1.10 g ml") and mitochondria (fractions 19-22, 1.20-1.18 g ml™") were present in a different
subset of fractions (Figure 2.1, B) than those that contained the greatest amount of GalAT
activity.

Latent UDPase activity is a well-characterized Golgi-specific enzyme marker (Orellana et
al., 1997) that is detected following the permeabilization of membranes with detergent. The
greatest amount of latent UDPase activity was present in fractions 24 through 32 of a density of
1.17 to 1.14 g cm™ (Figure 2.1, C). These fractions coincide with the fractions that contain the
greatest amount of GalAT activity, suggesting that GalAT is a Golgi-localized enzyme.

To confirm that GalAT is present in a Golgi-enriched fraction, pea homogenates were
separated using discontinuous Suc gradient centrifugation. Each fraction (Figure 2.2) was
analyzed for GalAT activity and for membrane marker activities (Table 2.1). Latent UDPase
activity was highest in the membranes that banded at the 8-33% (w/w) Suc interface suggesting
that these membranes were Golgi-enriched (Tanford and Reynolds, 1976). The Golgi-enriched
fraction also contained approximately 90% of the total GalAT activity (Table 2.1). Some (21%
of total) ER-specific enzyme marker activity was also detected in the Golgi-enriched fraction.
However, the ER-enriched fraction (33-38% [w/w] Suc interface) contained no GalAT activity
(Table 2.1). These results, when taken together with the results shown in Figure 2.1, strongly
suggest that the GalAT from pea membranes is a Golgi-localized enzyme.

The biosynthesis of cellulose and callose has been shown to occur at the plasma
membrane (Frederikson and Larsson, 1989; Delmer, 1999), and the possibility could not be
discounted that GalAT may also be localized to the plasma membrane. Thus, experiments were

conducted, using discontinuous Suc gradient centrifugation, to separate Golgi membranes from
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Figure 2.2. Illustration of the gradient fractions collected following discontinuous Suc gradient
centrifugation. The collected gradient fractions were analyzed for enzyme marker activity and
for the presence of GalAT activity (see Table 2.1). The membranes that banded at the 8% to
33% (w/w) Suc interface were defined as the Golgi vesicle-enriched fraction and the membranes

that banded at the 33% to 38% (w/w) Suc interface were defined as the ER-enriched fraction.
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Table 2.1. Distribution of enzyme activities within pea homogenates fractionated by
discontinuous Suc gradient centrifugation. Discontinuous Suc gradients were made and enzyme
assays conducted as described in the “Materials and Methods”. Total enzyme activity in each
gradient fraction is shown. The data are the average of two replicates = SE from one gradient.

Similar results were obtained in two independent gradients.

' Latent UDPase Cyt ¢ oxidase NADH:Cyt ¢ GalAT
Gradient (umol Cyt ¢ reductase (pmol p-GalpA
. (umol PO4 S ] . . -1
fraction released min ) oxidized min™~ * (umol Cyt ¢ incorporated min
SE) reduced min™' + SE) + SE)
GV® 33.9 0 3.3840.12 1.46 +0.08
33% ND¢ 0 0 0
ER‘ 11.3 2.19+0.15 6.21 +0.60 0
38% ND°¢ 4.07+0.20 3.98 £0.26 0
Pellet 5.87 2.17+0.47 2.74+0.16 0.12 £0.08

“Assayed using 1.1 pM UDP-p-['*C]GalpA.
"The interface between the 8% and the 33% (w/w) Suc layers enriched in Golgi membranes.
°ND, not determined due to the presence of phosphate in the buffer.

“The interface between the 33% and the 38% (w/w) Suc layers enriched in ER membranes.



128

plasma membranes. The gradient fractions were assayed for GalAT activity, for latent UDPase
and for callose synthase activity, a known marker for plasma membrane vesicles in plants (Morre
et al., 1987; Dhugga and Ray, 1994). Callose synthase activity was present in all of the
discontinuous sucrose gradient fractions assayed. These results indicate that the Golgi-enriched
membranes obtained using discontinuous Suc gradients also contained some plasma membranes.
Thus, the possibility cannot be ruled out that GalAT is localized to a subset of plasma membrane
vesicles that co-localize with Golgi membranes. Nevertheless, because approximately 80% of
the callose synthase activity is located in fractions that are distinct from those that contain the
majority of the GalAT and latent UDPase activities (Table 2.2), these results most strongly
support the conclusion that GalAT is Golgi localized and is not a component of the plasma
membrane.

Characterization of the products made by GalAT in enriched Golgi membranes from pea.

The subcellular fractionation of GalAT activity with the Golgi-enriched fraction from pea
suggested that a pectin biosynthetic enzyme was localized in the Golgi. To test whether HGA is
formed by the GalAT in pea Golgi, the ['*C]-labeled products generated by incubating UDP-p-
['*C]GalpA with intact pea Golgi were analyzed by size exclusion chromatography (SEC) and by
high performance anion exchange chromatography (HPAEC). The products were analyzed both
before and after treatment with base (to remove methyl and other esters), with
endopolygalacturonase (EPGase; to fragment HGA), and with base plus EPGase. Fractions
were collected, analyzed by scintillation counting, and the elution times of the radioactive
products compared to the elution times of p-GalpA, oligogalacturonides (OGAs), and dextran

molecular mass standards.
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Table 2.2. Distribution of latent UDPase, callose synthase and GalAT activities in membranes
collected by discontinuous density gradient centrifugation. Total enzyme activity in each
gradient fraction is shown. The data are the average of duplicate samples + standard error from

one gradient. Similar results were obtained in two separate gradients.

Callose synthase GalAT®
. . Latent UDPase
Gradient fraction (nmol Gle (pmol p-GalpA
(umol POy, released . . . . 1
min™) incorporated min~ + incorporated min~ +
SE) SE)
GV 145.5 463.9 £70.8 1453.3 £150.9
33% 49.6 585.5+98.2 0
ER 31.6 465.6 +43.3 200.5 £48.2
38% 15.7 768.2 £ 52.0 0
Pellet 11.6 404.0 £70.8 0

“Assayed with 0.92 pM UDP-p-['*C]GalpA and 100 puM UDP-b-GalpA.
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The SEC elution profiles of untreated and the EPGase-treated products from intact pea
Golgi are shown in Figure 2.3. The untreated product gave a peak (20% of the total
radioactivity) with a retention time earlier than the 500 kDa dextran standard, and a peak (42%
of the total radioactivity) that co-eluted with p-GalpA. Some radioactivity eluted between these
two peaks and most likely corresponded to variously sized HGA. EPGase treatment of the intact
product resulted in the conversion of the high-molecular mass material into products that have
the same retention time as mono- and diGalA (Figure 2.3). These results suggest that most of the
p-[*C]GalpA-labeled product made using intact Golgi membranes is a-(1,4)-linked HGA.

The untreated and EPGase-treated products, and the products that were formed upon base
and base plus EPGase treatment, were analyzed by HPEAC (Figure 2.4, A-D). The untreated
product contained a peak (27% of total radioactivity) that had a retention time similar to p-
GalpA, as well as a series of smaller peaks (32% of total radioactivity) that eluted at retention
times comparable with medium-sized OGAs (DPs of 12, and 15-20; Figure 2.4, A). Base
treatment of the untreated product did not alter the retention time of the radioactive peaks,
suggesting that the products formed by intact pea Golgi were not extensively methoxylated or
otherwise esterified (Figure 2.4, C). EPGase treatment of the untreated (Figure 2.4, B) or base-
treated (Figure 2.4, D) products resulted in the appearance of diGalA, an increase in the amount
of p-GalpA and the disappearance of the mid-sized OGAs, thereby confirming that the
oligomeric peaks in the untreated and the base-treated products were HGA.

The amount of radiolabeled mono- and diGalA recovered after EPGase digestion and
HPAEC was not equal to the amount of radioactivity detected as the series of small peaks in the
untreated product (compare Figure 2.4, A with B). Furthermore, the absence of a peak

corresponding to the high molecular mass product (see Figure 2.3) in either Figure 2.4, A or C
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Figure 2.3. SEC of products made by the GalAT in intact pea Golgi membranes. The untreated
(¥) and EPGase-treated ([J) products recovered following incubation of intact Golgi
membranes with 4.7 uM UDP-p-['*C]GalpA in the absence of exogenous acceptor were
separated by SEC. The amount of radioactivity in each fraction was determined by scintillation
counting. The cpm of each fraction minus the background is shown. Base (0.1 N NaOH) was

included in the eluant solutions to enable electrochemical detection of p-GalpA and dextran

molecular mass standards by pulsed electrochemical detection.
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Figure 2.4. HPAEC of the product made by the GalAT in intact pea Golgi membranes. The A)
untreated, B) EPGase-treated, C) base-treated, and D) base plus EPGase-treated products were
analyzed by HPAEC. The amount of radioactivity present in each fraction was determined by
scintillation counting. The cpm of each fraction minus the background is shown. Base (0.1 N
NaOH) was included in the eluant solutions to enable electrochemical detection of the size
standards p-GalpA, diGalA, triGalA, UDP-p-GalpA and OGAs of a degree of polymerization
(DP) of 14 by pulsed electrochemical detection. A smaller amount (20% less) of the base +
EPGase-treated products were injected into the column than the amount injected of the other

products and therefore the cpm in panel D) have been adjusted to correct for this difference.
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suggests either that the high molecular mass material was unable to elute as a defined peak on
the anion exchange column or that the material was unable to pass through the 0.2 um filters
used prior to HPAEC analysis (see “Materials and Methods™). Analysis of the 0.2 um filters
revealed that approximately 47% and 26% (for untreated and base treated products, respectively)
of the total label incorporated into product remained on the filter following filtration.

In a preliminary study, we found that the amount of radiolabeled product formed by
membrane-bound GalAT from pea increased with the addition of exogenous OGA acceptors in
the presence of 0.1% (v/v) Triton X-100 (data not shown). Therefore, the product formed by
Golgi membranes in the presence of 0.1% (v/v) Triton X-100 and an OGA acceptor (DP 14) was
analyzed to confirm that pea GalAT produced HGA under these conditions.

Several differences were observed between the products made by intact and detergent-
permeabilized Golgi membranes. For example, approximately 47% of untreated product made
by intact Golgi bound to the HPLC prefilter, whereas only 12% of the untreated product from
Triton X-100-permeabilized Golgi bound to the filter. Comparable amounts of radioactive
product (83% for intact Golgi and 98% for permeabilized Golgi) passed through the filter after
base and EPGase treatment. These results suggested that the products formed using detergent
permeabilized Golgi and exogenous oligomeric HGA acceptors were smaller and/or had
different characteristics than the products made by intact Golgi vesicles.

The ['*C]-labeled products formed using 0.1% Triton X-100-permeabilized pea Golgi in
the presence of an OGA acceptor (DP 14) were analyzed by SEC and HPAEC (Figures 2.5 and
2.6) before and after, base treatment, EPGase treatment, and base plus EPGase treatment. SEC
of the untreated product (Figure 2.5) gave two peaks that eluted with the same retention time as

an authentic OGA of DP 15 (15 mer, 32% of total) and p-GalpA (22% of total), respectively.
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Figure 2.5. SEC of products produced by the GalAT in detergent-permeabilized Golgi in the

presence of exogenous acceptor. Untreated (VW) and EPGase-treated (LJ) products made by
Triton X-100-permeabilized Golgi vesicles incubated with 5 uM UDP-p-['*C]GalpA and OGA
of DP 14 as acceptor were analyzed by SEC. The collected fractions were analyzed by
scintillation counting. The cpm in each fraction minus background is plotted. p-GalpA, OGAs

of DP 7 (7 mer) and 15 (15 mer), and dextran molecular mass standards were detected by pulsed

electrochemical detection.
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Figure 2.6. HPAEC of products produced by the GalAT in detergent-permeabilized Golgi in the
presence of exogenous acceptor. HPAEC analysis of the A) untreated, B) EPGase-treated, C)
base-treated, and D) base plus EPGase-treated products. The collected fractions were analyzed
by scintillation counting and the cpm in each fraction minus background is plotted. p-GalpA,
diGalA, triGalA, tetraGalA and OGA of DP 14 were detected by pulsed electrochemical
detection. The untreated product was diluted 1:1 with 10 mM EDTA before it was spin-filtered
and separated by HPAEC and therefore the cpm in panel A) have been adjusted to correct for

this dilution.
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The peak that eluted before p-GalpA was shown (see below) to be p-GalpA-1-phosphate (p-
GalpA-1-P; 44% of total; Figure 2.5). The radioactive 15 mer peak was completely converted by
EPGase treatment into peaks that had the same retention time as p-GalpA and diGalA (Figure
2.5). No large molecular mass peak was detected in the untreated product formed by Triton X-
100-treated pea Golgi, suggesting that in the presence of exogenous acceptor the GalAT in
Triton X-permeabilized membranes does not synthesize a large molecular mass product. Similar
results have been obtained with a GalAT solubilized from tobacco membranes (Doong and
Mohnen, 1998).

HPEAC analysis of the products made by Triton X-100-treated pea Golgi in the presence
of an OGA acceptor is consistent with the results obtained by SEC. The untreated product
(Figure 2.6, A) eluted as three predominant peaks of radioactivity that co-eluted with p-GalpA,
p-GalpA-1-P (elutes slightly earlier than tetraGalA, see below) and the OGA 15 mer,
respectively. A small amount of larger-sized material was also present.

Two methods were used to establish that the radiolabeled peak that eluted between
triGalA and tetraGalA was p-GalpA-1-P. Authentic p-GalpA-1-P was chromatographed by
HPAEC, fractions collected, and the wuronic acid content of each fraction determined
colorimetrically. The retention time of the radiolabeled peak and p-GalpA-1-P were the same
(data not shown). To confirm that the identity of the radiolabeled p-GalpA-1-P, radiolabeled
product generated by permeabilized Golgi in the presence of OGA of DP 12 was recovered by
extraction of the product with chloroform:methanol and a portion of the aqueous phase was
treated with alkaline phosphatase. The untreated (Figure 2.7, A) and phosphatase-treated
products (Figure 2.7, B) were separated by HPAEC. As anticipated, the putative p-GalpA-1-P

peak disappeared after treatment with phosphatase and the amount of p-GalpA increased.
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Figure 2.7. Alkaline phosphatase treatment of an aqueous extract of the radiolabeled products
produced in pea Golgi. Permeabilized Golgi vesicles were incubated for 60 min at 30°C with an
exogenous OGA acceptor of DP 12 and 2.5 uM UDP-p-['*C]GalpA. The reaction was stopped
by the addition of chloroform:methanol (5:1 [v/v]) and the aqueous phase was extracted, washed,
and treated for 60 min at 37°C with A) water (), or with B) 10 units of alkaline phosphatase
(). The reaction was terminated by incubation at 85°C for 10 min, filtered and analyzed by
HPAEC. Fractions were collected and analyzed by scintillation counting. The cpm in each

fraction minus background is shown.
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Phosphatase treatment did not change the retention time of OGA (DP 13) or p-GalpA. These
results establish that the radioactive product that elutes by HPEAC between triGalA and
tetraGalA is phosphorylated p-GalpA.

Base treatment of the intact product made by detergent-permeabilized Golgi did not shift
the retention time of the peaks (Figure 2.6, C), suggesting that the products were not
methoxylated or otherwise esterified. Treatment of the untreated or base-treated products with
an EPGase resulted in the disappearance of the OGA 15 mer and larger peaks, the appearance of
diGalA, and an increase in the amount of p-GalpA (Figure 2.6, C and D). These results show
that most of the p-['*C]GalpA-labeled product made in Triton X-100-permeabilized Golgi
membranes in the presence of exogenous OGA 14 mer is OGA of DP 15.

The GalAT in permeabilized Golgi vesicles and the GalAT solubilized from tobacco
synthesize similar products. Therefore, it was possible that 0.1% (v/v) Triton X-100 was
solubilizing the enzyme from Golgi membranes rather than permeabilizing the membranes. To
test this, Golgi vesicles were treated with 0.1% (v/v) Triton X-100, centrifuged at 100,000g for 1
h, and the GalAT activity in the supernatant and in the pellet was determined (data not shown).
All of the activity was present in the pellet, suggesting that 0.1% (v/v) Triton X-100 alone was
not sufficient to solubilize GalAT activity from Golgi membranes and that the changes in
product formation upon Triton X-100 treatment were due either to the permeabilization of the
Golgi membranes or to the effect of the detergent on the GalAT itself. Nevertheless, the
characteristics of the products formed by GalAT from pea (Figures 2.3-2.6) are consistent with
the characteristics of the membrane-bound (Doong et al., 1995) and solubilized forms of GalAT

from tobacco (Doong and Mohnen, 1998).
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Topography of GalAT in pea Golgi.

Pectin biosynthesis is believed to occur in the lumen of the Golgi endomembrane system
(Northcote and Pickett-Heaps, 1966; Zhang and Staehelin, 1992) and it is likely that the
glycosyltransferases, or at least their catalytic sites, face the lumen of the Golgi. To test this
hypothesis, isolated Golgi membranes were treated with proteinase K (a protease that cannot
pass through intact membranes) in the presence and in the absence of 0.1% (v/v) Triton X-100
and then assayed for GalAT activity. GalAT activity was similar in intact Golgi vesicles, Triton
X-100-treated vesicles, and Proteinase K-treated vesicles (Figure 2.8). However, GalAT activity
in Golgi membranes treated with both Triton X-100 and proteinase K was reduced to levels
comparable with that of boiled Golgi vesicles. These results demonstrate that the intact Golgi
membranes protect the catalytic site of GalAT from proteinase K digestion and strongly suggest
that the catalytic domain of GalAT is located within the lumen of the Golgi.

DISCUSSION

The results presented here provide the first direct enzymatic evidence that GalAT is
located in the Golgi apparatus. GalAT activity localizes exclusively to fractions that contain the
majority of the latent UDPase activity, a well characterized Golgi-specific enzyme marker. A
combination of detergent and proteinase K treatments show that pea GalAT is a membrane-
bound protein whose catalytic site faces the lumen of the Golgi apparatus. The catalytic site of
tobacco HGA methyltransferase has also been localized to the lumen of the Golgi apparatus
(Goubet and Mohnen, 1999a). Taken together, our results show that pectin biosynthetic enzymes
are present in the Golgi and confirm that pectin biosynthesis occurs in the Golgi endomembrane
system (Northcote and Pickett-Heaps, 1966; Harris and Northcote, 1971; Zhang and Staehelin,

1992).
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Figure 2.8. Proteinase K treatment of pea Golgi membranes. Golgi vesicles (100 pg protein)
were incubated for 30 min at 30°C in the presence or absence of 0.1% (v/v) Triton X-100 and/or
4 ng Proteinase K under the following conditions: BGV, Golgi vesicles boiled for five minutes
prior to incubation; GV, intact Golgi vesicles; +TX, Golgi vesicles incubated in the presence of
0.1% (v/v) Triton X-100; +PK, intact Golgi vesicles incubated with 4 ug Proteinase K; +TX and
PK, Golgi vesicles incubated with both 0.1% (v/v) Triton X-100 and 4 pg Proteinase K. An
aliquot (10 pl) of the Golgi vesicle mixture from each treatment was brought to a final
concentration of 0.1% (v/v) Triton X-100 and assayed for GalAT activity (see “Materials and
Methods”). The amount of radioactivity recovered in each of the products is shown. Data are

the average of triplicates from one experiment. Similar results were obtained in three separate

experiments.
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A model summarizing our current understanding (Doong et al., 1995; Liljebjelke et al.,
1995; Doong and Mohnen, 1998) of the biosynthesis of HGA is shown in Figure 2.9. UDP-p-
GalpA, the substrate for GalAT, is believed to be formed on the cytosolic side of the Golgi by
the epimerization of UDP-p-GlcpA catalyzed by a UDP-p-glucuronate-4-epimerase (EC 5.1.3.6)
(Feingold et al., 1960; Feingold and Avigad, 1980; Mohnen, 1999) that is associated with Golgi
membranes (K. Adams and D. Mohnen, unpublished results). UDP-p-GalpA is thought to be
transported into the lumen of the Golgi apparatus by a proposed membrane-bound UDP-p-
GalpA:UMP antiport transport protein. Similar NSTs involved in protein glycosylation have
been identified, purified and cloned from several mammalian and yeast sources (Hirschberg et
al., 1998). GalAT, a Golgi-resident protein with its catalytic site in the lumen of the Golgi, binds
UDP-p-GalpA and catalyzes the transfer of p-GalpA onto a growing HGA chain and the
production of UDP. The UDP is hydrolyzed in the lumen into inorganic phosphate and UMP by
a Golgi-resident, membrane-bound nucleoside diphosphatase (NDP/UDPase; Orellana et al.,
1997). UMP is exported out of the Golgi in exchange for UDP-p-GalpA by the proposed UDP-
p-GalpA:UMP antiport transporter.

The products synthesized by the GalAT from pea are comparable with the products
synthesized by the GalAT from tobacco (Doong et al., 1995; Doong and Mohnen, 1998). The
GalAT in detergent-permeabilized pea Golgi membranes produces a product that is
predominantly only one GalA residue longer than the exogenous acceptor. This result is similar
to that obtained with the solubilized GalAT from tobacco, where the product generated is also
only one residue longer than the exogenous acceptor (Doong and Mohnen, 1998). In contrast,
the GalAT in intact pea Golgi and in tobacco membranes both use endogenous acceptors to

generate high molecular mass products, with the product in pea (> 500 kDa) being larger than
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Figure 2.9. A model for HGA biosynthesis in planta. 1) UDP-b-GalpA is formed by the
epimerization of UDP-p-glucuronic acid on the cytosolic side of the Golgi. 2) UDP-p-GalpA is
transported by a proposed UDP-p-GalpA:UMP antiporter into the lumen of the Golgi apparatus.
3) p-GalpA is transferred from UDP-p-GalpA onto a growing HGA chain by a GalAT that has its
catalytic site facing the lumen of the Golgi. The UDP released is hydrolyzed to UMP and
inorganic phosphate by a Golgi-localized UDPase. The UMP is then exported by a UDP-p-

GalpA:UMP antiporter in exchange for UDP-p-GalpA.

Golgi Apparatus

HGA accept
AP NDPase

UDP— UMP + Pi

Ny
GalA-UDP«, UMP WA
N d@%

UDP-GalA:UMP antiport
upP-GlcA ) UDP-GalA—~ ?
UMP

UDP-GIcA 4-epimerase



143

that produced in tobacco (approximately 105 kDa; Doong et al., 1995). The number of GalA
residues added onto the endogenous acceptor(s) in the pea and tobacco membranes in vitro has
not yet been determined.

There are a number of possible reasons why the pea detergent-permeabilized and the
tobacco solubilized GalATs add only a single p-GalpA to the end of the exogenous acceptors.
For example, treating pea Golgi vesicles with detergent and exogenous OGA acceptors may
cause the GalAT to preferentially use the exogenous OGAs as acceptors, whereas the GalAT in
intact Golgi uses an endogenous acceptor. The exogenous OGA (e.g. DP 14) acceptor may not
be the optimal substrate for the GalAT, whereas the endogenous product found in intact Golgi
membranes presumably contains the necessary structural information for the enzyme to
synthesize a polymeric product. Such acceptor-mediated control of enzyme processivity has
been demonstrated for a mammalian a-2,8-polysialic acid synthase (Kojima et al., 1996), where
the placement of an (1,6)-linked a-fucose residue in the acceptor was shown to be necessary for
polysialylation. It is also possible that treating Golgi membranes with Triton X-100 disrupts an
enzyme complex (protein-protein or other interaction) or removes an element that is required for
polymer synthase activity. Protein-protein complexes involved in glycan biosynthesis have been
demonstrated for glycogenin, a self-glucosylating protein that initiates glycogen biosynthesis
(Lin et al., 1999).

The presence of p-GalpA among the products formed by both intact and detergent-
permeabilized pea Golgi membranes, and the presence of p-GalpA-1-P in the products formed by
detergent-permeabilized pea Golgi membranes, are a major difference between the reaction
products formed by pea and tobacco membranes (Doong and Mohnen, 1998). The presence of p-

GalpA and p-GalpAl-P most likely results from the hydrolysis of UDP-p-['*C]GalpA by a
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phosphodiesterase (Feingold et al., 1958) and a phosphatase (Neufeld et al., 1961). Such
hydrolases have been reported to be released during the homogenization and isolation of
membranes from some plant tissues (Villemez et al., 1966; Rodgers and Bolwell, 1992; Brickell
and Reid, 1996) and it is likely that such enzymes were released during the preparation of the pea
Golgi.

Several enzymes including latent UDPase (Orellana et al., 1997) and mammalian
glycosyltransferases (Paulson and Colley, 1989) such as the polysialyltransferases that function
in the polysialylation of neural cell adhesion molecules and other N-linked glycoproteins (Tsuji,
1996) have their catalytic sites located in the lumen of the Golgi. Most Golgi-localized
glycosyltransferases are type II integral membrane proteins with a single N-terminal membrane-
spanning region and a lumenal C-terminal catalytic domain (Paulson and Colley, 1989; Tsuji,
1996). On the other hand, plasma membrane-localized polymer synthases such as hyaluronan
synthase (Weigel et al., 1997) and the putative cellulose synthase (Delmer, 1999) are predicted to
have multiple transmembrane-spanning regions at the amino and carboxy termini and a large
central domain containing the catalytic site. The purification of the GalAT, the determination of
its amino acid sequence, and the identification of its gene will be required to elucidate the
structure of GalAT and will allow the comparison of GalAT structure with that of known

glycosyltransferases and polymer synthases.
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ABSTRACT

a-(1,4)-galacturonosyltransferases (GalATs) are enzymes that catalyze the addition of
(1,4)-linked a-p-galacturonsyl residues onto the non-reducing end of homogalacturonan chains.
The nucleotide-sugar donor for the reaction is uridine diphospho-p-galacturonic acid (UDP-p-
GalpA). Many GalAT activity assays are based on the incorporation of p-['*C]GalpA from
UDP-b-[*C]GalpA onto exogenously added homogalacturonan acceptors. Reactions based on
this method can be time consuming as multiple centrifugations and labor intensive washes with
organic solvents are required to remove the unincorporated UDP-p-['*C]GalpA from the ['*C]-
labeled products. An alternative GalAT filter assay was developed based on the ability of
homogalacturonan to bind to cetylpyridinium chloride (CPC). GalAT assay reaction products
made using radish (Raphanus sativus) microsomal membranes or solubilized proteins from
tobacco (Nicotiana tabacum L. cv. Samsun) and Arabidopsis thaliana (cv. Columbia) were
spotted onto Whatman 3MM paper impregnated with 2.5% (w/v) CPC. Unincorporated UDP-p-
['“C]GalpA could be selectively removed from the filters by washing with 150-250 mM NaCl.
The versatility of this assay is demonstrated by testing multiple chromatographic fractions
obtained during the partial purification of tobacco GalAT on the cation exchange resin SP
Sepharose, and by detecting the GalAT-catalyzed incorporation of b-['*C]GalpA onto

endogenous acceptors from Arabidopsis membranes.
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INTRODUCTION

Pectins are classified as a group of acidic plant cell wall polysaccharides that contain
(1,4)-linked a-p-galacturonic acid (p-GalpA) as part of their backbone structure (O'Neill et al.,
1990; Ridley et al., 2001). Collectively, pectins comprise roughly 30% of the primary cell walls
of eudicots and non-graminaceous monocots and 10% of the walls of Poaceae (O'Neill et al.,
1990; Carpita and Gibeaut, 1993). It has been estimated that as many as 62 different
glycosyltransferases are required to synthesize all of the pectic polysaccharides found in plant
primary cell walls (Chapter 1), but to date, only a few glycosyltransferases believed to be
involved in pectin biosynthesis have been identified (Bouton et al., 2002; Iwai et al., 2002).

Much of the difficulty that researchers have encountered in being able to clone pectin
biosynthetic glycosyltransferases is due to the lack of gene homologs in the database. Once
putative pectin glycosyltransferase genes have been identified, the lack of commercially
available nucleotide-sugar substrates, oligo/polysaccharide acceptors, and/or reproducible
methods for assaying glycosyltransferase activities make it difficult to definitively prove the
functions of the cloned genes.

The glycosyltransferases responsible for the incorporation of p-GalpA into pectin are
known as galacturonosyltransferases (Ridley et al., 2001). Hassid and colleagues first detected
galacturonosyltransferase (GalAT) activity in the 1960’s in mung bean seedlings (Villemez et al.,
1965; Villemez et al., 1966) by incubating microsomes with radioactive uridine diphospho-
[14C]galacturonic acid (UDP-p-["*C]GalpA). The ["*C]-labeled products generated from the
reaction were separated from the unincorporated UDP-p-["*C]GalpA by thin layer
chromatography (TLC; Villemez et al., 1966). Alternatively, the radiolabeled products could be

precipitated using trichloroacetic acid, washed extensively with water and precipitated with
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organic solvents to remove the unincorporated nucleotide-sugar prior to analysis (Villemez et al.,
1965). The amount of p-['*C]GalpA incorporated into TLC-purified or precipitated products was
estimated by scintillation counting (Villemez et al., 1965; Villemez et al., 1966).

A number of researchers have used modifications of these initial methods to detect
GalAT activity in extracts from different plant species, including tobacco (Doong et al., 1995;
Doong and Mohnen, 1998; Scheller et al., 1999) and Arabidopsis (Guillaumie et al., 2003)
suspension cultured cells, sycamore cambial cells (Bolwell et al., 1985), pumpkin (Ishii, 2002),
and azuki bean (Takeuchi and Tsumuraya, 2001) seedlings, petunia pollen tubes (Akita et al.,
2002), and pea Golgi (Sterling et al., 2001). Methods that employ UDP-b-['*C]GalpA as a
substrate (Doong et al., 1995; Doong and Mohnen, 1998; Sterling et al., 2001; Takeuchi and
Tsumuraya, 2001) still require extensive washing of the precipitated products in order to remove
the unincorporated radiolabeled substrate. = Other methods employ fluorescently-labeled
acceptors (Akita et al., 2002; Ishii, 2002), which eliminates the need for radioactively labeled
substrates, but adds the additional time and expense of producing uniformly labeled
oligogalacturonides acceptors. All of these methods are both quantitative and reliable; however,
they are too time consuming and labor intensive to be useful as a simple method to detect
enzyme activity in numerous plant extracts (i.e. mutant screens), in multiple media or cell extract
samples from recombinant tissue cultures, or to assay several column fractions during the
purification of native or recombinant GalAT.

In this paper, we report the development of a facile and rapid filter assay for measuring
GalAT activity in vitro. The assay is based on a method by Brandan and Hirschberg (1988) that
is used to detect N-heparan-sulfate sulfotransferase activity from rat liver. We show that the

filter assay gives results similar to those obtained using the well established GalAT precipitation
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assay (Doong et al., 1995; Doong and Mohnen, 1998), that it can be used to detect GalAT
activity in microsomes and solubilized membrane proteins from different plant sources, and that
it is an effective method for the detection of GalAT activity in column fractions during enzyme
purification.
MATERIALS AND METHODS
Chemicals

Uridine diphospho-p-["*C]glucuronic acid (UDP-b-['*C]GlcpA; 272.54 mCi/mM) was
purchased from DuPont New England Nuclear (Boston, MA). Uridine diphospho-p-
['*C]galacturonic acid (UDP-p-['*C]GalpA) was prepared by the 4-epimerization of UDP-p-
['*C]GlcpA using an extract from radish roots as described (Liljebjelke et al., 1995) or was
synthesized using modifications of previously developed methods (Basu et al., 2000). Briefly,
50 uCi of uridine diphospho-b-['*C]galactose (UDP-b-['*C]Galp) was purified over a CarboPac
PA-1 column (Dionex; Sunnyvale, CA) using a 0.05-1 M linear gradient of ammonium formate,
pH 6.6, at a flow rate of 1 mL/min. Purified UDP-p-['*C]Galp was lyophilized and resuspended
in 0.5 mL of 25 mM NaH,PO4, pH 7.0, containing 250 units of galactose oxidase and 13,000
units of catalase. The reaction was incubated in the dark at room temperature for 24 h, at which
point another 250 units of galactose oxidase and 13,000 units of catalase were added. The
reaction was incubated for another 24 h in the dark and terminated by the addition of 600 pl of
5:1 (v/v), chloroform:methanol. The resultant mixture containing UDP-p-['*C]GalpA was
extracted and purified as described previously (Liljebjelke et al., 1995)..

Oligogalacturonides (OGAs) of degrees of polymerization (DP) from 7-23 were prepared

as described (Spiro et al., 1993). Chloroform, methanol, and glycerol were purchased from J.T.
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Baker (Phillipsburg, NJ). Scintiverse was purchased from Fisher-Scientific (Springfield, NJ).
All other reagents were purchased from Sigma (St. Louis, MO).
Plant material

Radishes (Raphanus sativus) were obtained from a local grocer. The roots were cut in
fourths and stored at —80°C. Tobacco (Nicotiana tabacum L. cv. Samsun) cell suspension
cultures, originally isolated from pith callus tissue, were grown and harvested by filtration as
described (Doong and Mohnen, 1998). Suspension-cultured Arabidopsis thaliana (cv.
Columbia) cells derived from leaf calli were grown in the dark for 10 days in Gamborg’s B-5
basal medium containing 58.4 mM sucrose, 9 mM 2.,4-dichlorophenoxyacetic acid, and 0.23 mM
kinetin. Cells were harvested by filtration, washed extensively with deionized water and stored
at —80°C until use.
Preparation of GalAT

Radish roots (50 g) were homogenized in a blender for 3 x 30s at high speed in 100 mL
extraction buffer (50 mM HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid], pH 7.3,
50% [v/v] gylcerol, 25 mM KCI, 0.25 mM MnCl,, and 0.1% [v/v] 2-mercaptoethanol) at 4°C.
The suspension was filtered through two layers of Miracloth (Calbiochem, La Jolla, CA) and the
filtrate was centrifuged at 4°C for 60 minutes at 40,0009. The supernatant was discarded and the
pellet was homogenized in 1 mL of storage buffer (50 mM HEPES, pH 6.8, 0.25 mM MnCl,, 25
mM KCI, 25% [v/v] glycerol) using a glass, hand-held homogenizer (Kontes Glass Co.,
Vineland, NJ). This suspension was used as a source of membrane-bound GalAT.

Solubilized tobacco GalAT was obtained as described (Doong and Mohnen, 1998) with
some modifications. Briefly, tobacco cells (20 g) were homogenized in 100 mL extraction buffer

for 6 x 30 seconds at 4°C using a polytron (Kinematica, Switzerland). The resulting suspension
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was filtered through two layers of Miracloth and the filtrate was centrifuged for 60 minutes at
40,0009 at 4°C. The supernatant was discarded and the pellet was homogenized in 2.5 mL of
solubilization buffer (100 mM NaOAc, 200 mM NaCl, 2 mM EDTA, and 0.04% [v/v] Triton X-
100) using a glass, hand-held homogenizer. The resulting suspension was centrifuged for 60
minutes at 100,000g at 4°C. The supernatant was used as a source of solubilized tobacco GalAT.

Arabidopsis cells (700 g) were homogenized in 1.2 L of extraction buffer at 4°C using a
Parr bomb. The homogenate was filtered through two layers of nylon mesh and the filtrate was
centrifuged at 28,000g for 5 h at 4°C. The supernatant was decanted and the top layer of the
microsomal pellet was resuspended in 9 mL of storage buffer. The resuspended membranes
could be stored for several months at —80°C before use. Arabidopsis membranes used as a
source of endogenous acceptors were heat-inactivated by incubating an aliquot at 95°C for 10
min.

Solubilized GalAT was isolated from resuspended Arabidopsis membranes by adding
Triton X-100, NaCl, NaOAc, and EDTA to a final concentration of 4% (v/v), 0.2 M, 0.1 M, and
2 mM, respectively. The mixture was centrifuged at 150,000g for 1.5 h at 4°C and the
supernatant containing proteins that were soluble in 4% (v/v) Triton X-100 was removed and
diluted with 4 volumes of 50 mM HEPES, pH 7.3, 0.25 mM MnCl,, 2 mM EDTA, 25% (v/v)
glycerol, and 0.25% (v/v) Triton X-100. The diluted fraction, subsequently called solubilized
enzyme, was filtered through a 0.2 um nylon filter and either used immediately or stored at
—80°C until use.
Precipitation assay

The precipitation assay was performed as described (Doong et al., 1995) with some

modifications. An aliquot (10 pl) of membrane-bound or solubilized GalAT was incubated with
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50 mM HEPES, pH 7.8, 0.2 M sucrose, 0.05% (w/v) bovine serum albumin, 100 uM UDP-p-
GalpA, 70 pg of OGAs, 1.1 uM UDP-p-[*C]GalpA, and with either 0.25 mM (membrane-bound
GalAT) or 1 mM (solubilized GalAT) MnCl, in a total volume of 30 pl at 30°C for 30 min. The
reactions were terminated by the addition of 700 pL chloroform:methanol (3:2, v/v) and
centrifuged at 13,2009 for five minutes. The pellet was resuspended in 65% (v/v) ethanol by
sonication for 15 min, centrifuged at 13,2009 and the supernatant was removed. The 65% (v/v)
ethanol washing step was repeated and the final washed pellet was dissolved in 200 uL 10 mM
EDTA. The amount of p-['*C]GalpA incorporated into precipitated product was estimated by
scintillation counting.
SP Sepharose chromatography

An aliquot of solubilized tobacco GalAT (6 mL) was loaded onto a 5 mL SP sepharose
column (Amersham) equilibrated with binding buffer (50 mM Hepes, pH 7.3, 1% [v/v] TX-100,
25% [v/v] glycerol, 2 mM EDTA and 0.25 mM MnCl,). Unbound proteins (flow through) were
collected in 1 mL aliquots. The column was washed with 5 column volumes of binding buffer
and bound proteins were eluted from the column using a step gradient of NaCl in binding buffer
(5 mL; 100-600 mM, increasing in 100 mM increments). Column fractions (1 mL) were tested
for GalAT activity using the filter assay as described. All procedures were conducted at 4°C.
Original GalAT filter assay

The filter assay was developed based on the method of Brandan and Hirschberg (1988)
that was used to assay N-heparan sulfate sulfotransferase activity. Whatman (Maidstone,
England) 3MM paper was cut into 2x2 cm squares and soaked for 15 min in 2.5% (W/v)
cetylpyridinium chloride (CPC). The filters were dried at 65°C overnight prior to use. Reaction

mixtures prepared as described above were terminated by the addition of 5 uL 1 M NaOH and
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the entire mixture from each individual reaction was spotted onto a CPC-coated filter. The filters
were allowed to air dry for 5 min and washed as described in the “Results”. Washed filters were
dried for 2 h and the amount of radioactivity bound to each filter was estimated by scintillation
counting.
Optimized GalAT filter assay

The filter assay was modified to improve reproducibility and to lower background levels
of unincorporated UDP-p-['*C]GalpA on the filters. Following the incubation of 3MM squares
in 2.5 % CPC, the filters were washed 3 times for 5 min with 1L of deionized H,O to remove
residual CPC prior to drying. Once the reaction mixtures had been spotted on the filters, the
filters were washed twice with 150 mM NaCl at a ratio of 1:100 (filter/ml of NaCl). Washed
filters were dried at room temperature for at least 1 h and the amount of radioactivity bound to
each filter was estimated by scintillation counting.
RESULTS
Comparison of the sensitivity of the GalAT filter assay to the GalAT precipitation assay

The development of an effective filter assay to detect GalAT activity required that the
unreacted UDP-p-['*C]GalpA substrate be separated from the radiolabeled products formed
during the GalAT reaction, and that the assay be as, or more, sensitive than previously
established methods. The anionic nature of OGAs acceptors and of the substrate, UDP-p-
['*C]GalpA, promotes their binding to the positively-charged, CPC-treated filter squares. UDP-
p-GalpA, however, has a lower total negative charge than the OGA acceptors and the products
formed from the GalAT reaction (Doong and Mohnen, 1998). It was thus predicted that washing
the filters with salt solutions would remove the unreacted substrate from the retained polyanionic

OGA products.
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To test this hypothesis, GalAT activity was assayed using microsomal membranes and
solubilized membrane proteins from tobacco and radish. Reactions containing 10 pl of
solubilized or membrane-bound GalAT were incubated for 30 min at 30°C in a buffer containing
100 uM UDP-p-GalpA, 70 pg of OGAs and 1.1 uM UDP-p-["*C]GalpA in the presence of 1| mM
(solubilized GalAT) or 0.25 mM (membrane-bound GalAT) MnCl,. The reaction products were
either spotted onto CPC-treated filters, or precipitated as described previously (Doong et al.,
1995). The CPC filters were washed with 50-250 mM NaCl and the amount of radioactivity
remaining on each filter was quantified (Figure 3.1).

Washing with 50 or 100 mM NaCl was not sufficient to yield reproducible estimations of
radioactivity remaining on each filter using either solubilized (Figure 3.1, A) or membrane-
bound (Figure 3.1, B) GalAT, suggesting that non-specifically bound UDP-p-['“C]GalpA had not
been effectively removed from filters using these salt concentrations. Washing with higher
concentrations of NaCl significantly reduced the amount of radioactivity left on the filters, with
150-250 mM NaCl giving the lowest background (Ty) values and the most reproducible
estimates of radioactive incorporation when compared to the values acquired with the
precipitation assay. These results demonstrate that the GalAT filter assay can be used to
determine GalAT activity in membranes and solubilized proteins from different plant and tissue
sources.

Efficacy of the filter assay for use in the purification of GalAT

In order to be an effective assay for GalAT purification studies, it must be shown that the

filter assay can be reliably used to detect GalAT activity in different column fractions. Previous

results using the precipitation assay showed that GalAT activity elutes from the cation exchange
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Figure 3.1. Comparison of the filter assay and the precipitation assay for measuring GalAT
activity. A) Tobacco solubilized proteins (50 pg) or B) microsomal membranes from radish (250
ug) were incubated in a reaction buffer containing 1.1 pM UDP-b-[*C]GalpA, 100 puM UDP-p-
GalpA and 70 pg of OGAs in the presence of MnCl, for 0 (white bars) or 30 (grey bars) min at
30°C. The reaction products were either spotted onto filters and washed with 50-250 mM NaCl
or precipitated (ppt) as described in the “Materials and Methods”. Duplicate reactions with +

standard error are shown. Similar results were obtained in two independent experiments.
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resin SP Sepharose upon the addition of 300-400 mM NacCl (data not shown). A solubilized
enzyme preparation from tobacco was partially purified by SP Sepharose chromatography and
the GalAT filter assay was used to detect GalAT activity in the collected fractions (Figure 3.2).
As expected, the bulk of the GalAT activity from solubilized tobacco proteins eluted from the SP
Sepharose column with the addition of 300 mM NaCl (fractions 20-22), with a smaller peak of
activity eluting with 400 mM NaCl in later fractions (fractions 24-28). These results
demonstrate that the filter assay is as effective as the precipitation assay for measuring in vitro
GalAT activity in fractions obtained by column chromatography.
Measurement of GalAT activity using endogenous acceptors

GalAT activity in the preceding experiments was measured using either solubilized
membrane proteins plus added exogenous homogalacturonan acceptors (OGAs) of DP 7-23
(Figure 3.1, A) or membrane preparations containing endogenous acceptors (Figure 3.1, B). To
determine if the filter assay was also effective for measuring solubilized GalAT activity in the
presence of endogenous acceptors, heat-inactivated Arabidopsis membranes were incubated with
solubilized GalAT from Arabidopsis, and the amount of p-['*C]GalpA incorporated onto
endogenous acceptors was determined using the optimized filter assay (Figure 3.3). As was
previously shown for solubilized tobacco GalAT (Doong and Mohnen, 1998), solubilized GalAT
from Arabidopsis was able to produce low amounts of radiolabeled product in the absence of
exogenous acceptor (Figure 3.3, Sol). However, the addition of OGA acceptors leads to a 2.8-
fold increase in the amount of product that formed (Figure 3.3, OGA). The fact that boiled
Arabidopsis membranes also increased the amount of product formed compared to solubilized

Arabidopsis GalAT alone showed that heat-inactivated Arabidopsis membranes contained
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Figure 3.2. Effectiveness of the filter assay to detect GalAT activity in fractions obtained by
column chromatography. A preparation (6 mL) of solubilized GalAT from tobacco was passed
through an SP sepharose column (5 mL) using a 100-600 mM NacCl gradient. An aliquot (10 pl)
of each fraction was incubated in a reaction containing 1.1 uM UDP-b-['*C]GalpA, 100 pM
UDP-p-GalpA and 70 pg of OGAs in the presence of 0.25 mM MnCl, for 30 min at 30°C and
the amount of radiolabeled product made by each fraction was determined using the filter assay.
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Figure 3.3. Detection of GalAT activity using alternative acceptors. Solubilized GalAT from
Arabidopsis (50 pg) was incubated in reaction buffer containing 2.6 uM UDP-p-["*C]GalpA with
either water (Sol), 70 pg of OGAs (OGA), or 10 ul (250 pg of protein) of heat-inactivated
Arabidopsis membranes (BM) for 0 (white bars) or 90 (grey bars) min. Reactions containing
only heat-inactivated membranes were used as a negative control (Con). Reaction mixtures were
spotted onto filters and washed using the optimized filter assay. Data are the average + standard

error of duplicate samples. Similar results were obtained in three separate experiments.
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acceptors for GalAT. These results demonstrate that the filter assay can be used to detect the
incorporation of p-['*C]GalpA onto exogenously supplied endogenous acceptors.
DISCUSSION

The precipitation assay developed by Doong and co-workers (1995) is a commonly used
method for the detection of GalAT activity in plant tissue extracts. One of the main problems
with this assay is the amount of time required to separate the unincorporated UDP-p-["*C]GalpA
from the radiolabeled products made by GalAT. A rapid and reproducible filter assay was
developed that is based on the ability of GalAT reaction products to bind to positively-charged,
CPC-coated filters. CPC has previously been used to aid in the salt-facilitated precipitation of
radioactive GalAT products (Villemez et al., 1965) and our results show that this association is
strong enough to allow for the selective removal of unincorporated UDP-p-["*C]GalpA.

The original N-heparan-sulfate sulfotransferase assay used water and 25 mM sodium
sulfate to remove unincorporated radiolabeled [*’S]-3’-phosphoadenylyl sulfate from filters
(Brandan and Hirschberg, 1988). In our hands, unincorporated UDP-p-["*C]GalpA was not
separated from the radiolabeled products by washing the filters with water (data not shown) or
dilute (50-100 mM) salt solutions. Instead, it was found that washing solutions containing 150-
250 mM NaCl were required to remove the unincorporated UDP-p-['*C]GalpA from the filters
and to obtain the reproducible binding of the radioactive products to filters in levels that were
comparable to the GalAT precipitation assay.

Our results show that the filter assay gives reliable and reproducible estimates of GalAT
activity. The GalAT filter assay has been shown to be effective for the determination of GalAT
activity in multiple plant species including radish membranes, and solubilized proteins from

tobacco and Arabidopsis. The rapidity with which many GalAT reactions can be assayed greatly
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enhances our ability to determine GalAT activity in fractions obtained during column
chromatography and is an effective tool to aid in the purification of GalAT activity from plant
tissues.

The versatility of the GalAT filter assay is exemplified by our ability to test the activity
of GalAT using endogenous acceptors. This will allow the development of assays to test for the
activity of glycosyltransferases that specifically add neutral and/or acidic sugars onto
endogenous or well-defined acidic pectic structures. Products synthesized using such assays can
potentially be further analyzed by selective removal with high salt solutions or directly on the
filter by treatment of the radioactive products with purified exo- or endoglycanases. Future
experiments will be centered on establishing whether specific pectic polysaccharides, such as
RG-I oligosaccharides, can be bound to the filters and used to test for the activity of pectic
glycosyltransferases such as RG-I arabinosyl- (Nunan and Scheller, 2003) or

galactosyltransferases (Geshi et al., 2002).



CHAPTER 4
IDENTIFICATION AND HETEROLOGOUS EXPRESSION OF TWO PROPOSED

GALACTURONOSYLTRANSFERASES FROM ARABIDOPSIS THALIANA?

3 Jason D. Sterling, Kumar Kolli, Ron Orlando, and Debra Mohnen. To be submitted to Plant
Cell.
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ABSTRACT

a-(1,4)-galacturonosyltransferases (GalATs) are enzymes that catalyze the incorporation
of a-p-galacturonic acid into pectic polysaccharides. In an attempt to identify putative GalAT
genes from Arabidopsis thaliana, we partially purified detergent-solubilized GalAT activity from
Arabidopsis membranes using a combination of SP-Sepharose, Reactive Yellow 3 (RY3) and
UDP-agarose chromatography.  Analysis of the partially purified fractions by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) led to the identification of two
proteins, named JS33 and JS36, which contained sequence motifs found in other
glycosyltransferases (Henrissat et al., 2001). JS33 and JS36 transcripts were detected in root,
stem, flower, and leaf tissues from Arabidopsis. N-terminally truncated and epitope-tagged
versions of JS33 and JS36 were cloned into an expression vector designed for recombinant
protein secretion and heterologously expressed in human embryonic kidney (HEK) 293 cells.
Transient expression of the JS36 gene construct resulted in low levels of GalAT activity in
HEK?293 cell media in preliminary transient transfection experiments providing further evidence
that JS36 was a putative GalAT gene. HEK cell lines stably transformed with the JS33 and JS36
gene constructs were shown to produce mRNA transcripts and recombinant proteins of the sizes
expected for JS33 and JS36. However, recombinant proteins from the stably transformed lines
were only detected in cell lysates and did not possess any detectable GalAT activity. Selected
regions of JS33, JS36 and JS36L (a protein with high sequence identity to JS36) were used to
generate multiple antigenic peptides (MAPs) for the production of polyclonal antibodies.
Preliminary results showed that pools of antibodies generated against the three proteins were not
able to precipitate significant amounts of GalAT activity from solubilized Arabidopsis proteins.

A BLAST search of the Arabidopsis genome identified 23 additional coding regions with
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significant sequence identity to JS36 and JS33. These results suggest that these genes comprise a
novel gene family in Arabidopsis. More experimentation needs to be conducted in order to

determine the roles that JS36 and JS33 play in pectin biosynthesis.
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INTRODUCTION

Pectins are a family of plant cell wall polysaccharides that contain (1,4)-linked o-p-
galactopyranosyluronic acid (p-GalpA) as part of their backbone structure. Pectins are involved
in the regulation of a number of plant processes, including plant growth (O'Neill et al., 2001;
Willats et al., 2001), development (Willats et al., 1999b; McCartney et al., 2003) and the
initiation of plant defense responses (Mohnen and Hahn, 1993; Ridley et al., 2001). Disruption
of pectin structure by the mutation of pectin biosynthetic enzymes, the treatment of cells with
glycosyl hydrolases, or the expression of glycosyl hydrolases in transgenic plants cause a wide
variety of pleiotropic effects, including dwarfism (O'Neill et al., 2001; Bouton et al., 2002),
altered seed coats (Usadel et al., 2004; Western et al., 2004), reduced wall tensile properties
(Ryden et al., 2003), impaired guard cell function (Jones et al., 2003), and altered cell adhesion
and wall glycosyl residue composition (Bouton et al., 2002; Iwai et al., 2002). While the enzyme
activity encoded by some pectin biosynthetic genes has been well characterized (e.g. MUR1), the
activity of other genes, especially those encoding putative pectin glycosyltransferases (e.g.
QUAU1), has not been determined.

a-(1,4)-Galacturonosyltransferases (GalATs) are glycosyltransferases that catalyze the
incorporation of p-GalpA into the backbone structures of pectin (Villemez et al., 1965; Doong et
al., 1995). p-GalpA is a major component of the backbone of all three types of pectin found in
plant primary walls, comprising roughly 70% of total cell wall pectin (Mohnen et al., 1996). It
has been estimated that between 5 and 7 distinct GalATs may be required to synthesize all of the
backbone structures and side branches found in primary cell wall pectins (Chapter 1; Mohnen

2002). However, genes encoding enzymatically active GalATs have yet to be identified.
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In an attempt to identify putative GalAT genes, we partially purified GalAT activity from
Arabidopsis thaliana and identified two genes, named JS33 and JS36, which contained amino
acid motifs found in other glycosyltransferases. We heterologously expressed N-terminally
truncated forms of these proteins in HEK293 cells and showed that low levels of GalAT activity
could be detected in media from cells transfected with JS36 in preliminary experiments.
Analysis of the Arabidopsis genome indicate the presence of 23 additional genes with significant
sequence identity to JS33 and JS36, suggesting that these genes are part of a larger gene family
in Arabidopsis.

MATERIALS AND METHODS
Chemicals and kits

Uridine diphosphate—oc—D—[MC] galactose (UDP-p-["*C]Galp, 11.0 GBg/mmol), PD-10
columns, and SP-, protein A- and protein G-Sepharose were purchased from Amersham
Biosciences (Piscataway, NJ). A mixture of OGAs with a degree of polymerization (DP) of 7 to
23 was prepared according to Doong et al. (1995). UDP-agarose was purchased from
Calbiochem (La Jolla, CA). Nickel-nitrilotriacetic acid agarose (Ni-NTA) resin, plasmid
maxiprep and gel extraction kits were purchased from Qiagen (Valencia, CA). EZNA plasmid
miniprep kits were purchased from Omega Bio-tek (Doraville, GA). All restriction enzymes
were purchased from New England Biolabs (Beverly, MA). Highly purified, monoclonal anti-
hemagluttinin (anti-HA) antibodies were purchased from Covance (Berkeley, CA). Anti-HA
conjugated to horseradish peroxidase was purchased from Roche (Indianapolis, CA). 3,3°,5,5’-
Tetramethylbenzidine (TMB) substrate kits were purchased from Vector Labs (Burlingame, CA).
Polyvinylidene difluoride (PVDF) membranes were purchased from Schleicher and Schuell

Biosciences (Keene, NH). Protein concentrations were determined using the Bradford assay
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(Bio-Rad, Hercules, CA). Reactive Yellow 3 resin and all other chemicals were purchased from
Sigma.
Plant material

Cell-suspension cultures of Arabidopsis thaliana (cv. Columbia) derived from leaf calli
were grown in the dark for 7-10 days in Gamborg’s B-5 basal medium containing 58.4 mM
sucrose, 9 uM 2,4-dichlorophenoxyacetic acid, and 0.23 uM kinetin as described (Guillaumie et
al., 2003). Cells were collected by filtration, washed extensively with water, and stored at -80°C
until use.
Mammalian cell culture

Human embryonic kidney (HEK) 293 cells (Edge Biosystems; Gaithersburg, MD) were a
gift of Dr. Kelley Moremen (The University of Georgia, Athens). HEK cells were grown in 150
cm’ culture dishes (Corning, Corning, NY) in bicarbonate-buffered, Dulbeco’s modified Eagle’s
medium (Sigma), pH 7.4, with high glucose (4.5 g/L) supplemented with 10% (v/v) fetal bovine
serum (Sigma), 0.6 g/L r-glutamine, 100 pg/mL streptomycin sulfate, and 100 units/mL
penicillin. Cells were maintained at 37°C in a humidified incubator (Thermo Electron Corp.,
Newington, NH) containing 5% CO, and passaged when the cells were 80% confluent.
Preparation of GalAT from Arabidopsis

Solubilized GalAT from Arabidopsis suspension cultured cells was prepared as described
in Guillaumie et al. (2003). Dark-grown Arabidopsis cells (700 g) were homogenized in 1.2 L of
homogenization buffer (50 mM 4-[2-hydroxyethyl]-1-piperazineethanesulfonic acid; HEPES, pH
7.3, 0.25 mM MnCl,, 25 mM KCl, 50% (v/v) glycerol and 0.1% 2-mercaptoethanol) at 4°C
using a Parr bomb. The homogenate was filtered through two layers of nylon mesh and the

filtrate was centrifuged at 28,0009 for 5 h at 4°C. The supernatant was decanted and the top layer
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of the microsomal pellet was resuspended in 9 mL of cold 50 mM HEPES, pH 6.8, 0.25 mM
MnCl,, 25 mM KCI, and 25% (v/v) glycerol. To the resuspended pellet, Triton X-100, NaCl,
NaOAc, and EDTA were added to final concentrations of 4% (v/v), 0.2 M, 0.1 M, and 2 mM,
respectively, and the mixture was centrifuged at 150,000g for 1.5 h at 4°C. The supernatant
containing proteins that were soluble in 4% (v/v) Triton X-100 was removed and diluted with 4
volumes of cold 50 mM HEPES, pH 7.3, 0.25 mM MnCl,, 2 mM EDTA, 25% (v/v) glycerol,
and 0.25% (v/v) Triton X-100. The diluted fraction, subsequently called solubilized GalAT, was
filtered through a 0.2 um nylon filter (Fisher Scientific) and either used immediately or stored at
-80°C until use.
SP-Sepharose chromatography

Solubilized GalAT (125 mL) was loaded twice over a 50 mL column of SP-sepharose (5
x 2.5 cm) equilibrated with buffer A (50 mM HEPES, pH 7.3, 0.25 mM MnCl,, 1% Triton X-
100, 2 mM EDTA, and 25% [v/v] glycerol). The column was washed with 3 volumes of buffer
B (50 mM HEPES, pH 7.3, 0.25 mM MnClL, 25% [v/v] glycerol, 2.5% [w/v] 3-[(3-
cholamidopropyl)dimethylammonio]propanesulfonic acid, CHAPS) and bound proteins were
eluted using a step gradient of NaCl in buffer B as follows: 50 mL of 100 mM, 50 mL of 200
mM, 35 mL of 300 mM, 70 mL of 400 mM. Proteins eluting with 300 and 400 mM NaCl were
pooled and desalted in buffer B over PD-10 columns according to the manufacturer’s
instructions. Briefly, 2.5 mL of sample was loaded per column. Proteins were eluted from the
column with the addition of 3.5 mL of buffer B. All operations were carried out at 4°C.
Reactive Yellow 3 chromatography

The pooled and desalted fraction from the SP-sepharose column was loaded onto a 15 mL

column (2 x 5 cm) of Reactive Yellow 3 (RY3) equilibrated with buffer B. Bound proteins were
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eluted with the sequential addition of one column volume of buffer B containing 1) 10 uM UDP,
2) 10 uM UDP and 2 uM OGAs, 3) 10 uM UDP, 2 uM OGAs and 100 mM NaCl, and 4) 10 uM
UDP, 2 uM OGAs and 200 mM NaCl. The proteins that eluted with 100 and 200 mM NaCl
were pooled and desalted in buffer B using PD-10 columns.

UDP-agarose chromatography

The pooled RY3 fractions were loaded onto a 7 mL (2.1 x 2 cm) UDP-agarose column
that had been equilibrated with buffer B. The most purified fraction from UDP-agarose
chromatography shown in Table 4.2, Experiment 1 was obtained using the following elution
scheme: bound proteins were eluted with one column volume of buffer B containing 0.01
mg/mL OGAs and 1) 50 mM UDP, 2) 25 mM MnCl,, 3) 25 mM MnCl, and 0.5 M NaCl, 4) 25
mM EDTA, and 5) 25 mM EDTA and 0.5 M NaCl. The fraction eluted with 25 mM MnCl, and
0.5 M NaCl was determined to be the most pure following GalAT activity assays and the
determination of protein concentration in each of the eluted fractions.

The fraction analyzed by liquid chromatography, tandem mass spectrometry (LC-
MS/MS) was obtained by UDP-agarose chromatography in a second experiment (Table 4.2,
Experiment 2) using the following elution scheme: bound proteins from the UDP-agarose
column were first eluted with one column volume each of 0.01, 0.05, 0.1, 0.5, 1, 5, 10, 15 and 20
mM UDP in buffer B. The column was washed with 1 volume of 1 M NaCl in buffer B and all
of the eluted fractions from this step were collected, desalted, and tested for GalAT activity. The
fraction that eluted with 1 M NaCl was reapplied to the column and bound proteins were eluted
with one column volume of buffer B containing 0.01 mg/mL OGAs and 1) 50 mM UDP, 2) 25
mM MnCl,, 3) 25 mM MnCl; and 0.5 M NaCl, 4) 25 mM EDTA, and 5) 25 mM EDTA and 0.5

M NaCl. The fraction that eluted with 25 mM MnCl, and 0.5 M NaCl was further analyzed by
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trypsin digestion and LC-MS/MS. OGAs were added to the elution buffers to inhibit the activity
of a contaminating exoPGase that co-purified with GalAT activity.
Trypsin digestion and analysis of Arabidopsis peptides

The most purified fraction from UDP-agarose chromatography was incubated with 940
units of sequencing grade, modified trypsin (Promega; Madison, WI) for 12 h at 37°C. Peptides
were dialyzed overnight in water using Spectro/Por CE 1,000 molecular weight cutoff dialysis
membranes (Spectrum Laboratories, Rancho Dominguez, CA), lyophilized and analyzed by LC
MS/MS.
Liquid chromatography- tandem mass spectrometry and identification of Arabidopsis proteins

Peptides were introduced into a Q-TOF2 (Waters Micromass, Milford, MA) tandem mass
spectrometer using a Waters CapLC delivery system. The mobile phases used for gradient
elution consisted of 0.1% formic acid in water (A) or acetonitrile (B). The gradient conditions
were 10% B to 70% B over 60 min at a flow rate of 1 uL/min. The Q-TOF2 was operated in a
data-dependant scan mode. The survey MS spectra were acquired from 450-1700 mass units.
The switch criteria for MS to MS/MS mode were ion count and charge state, with the Q-TOF set
to ignore singly charged ions and to acquire MS/MS data for up to 3 co-eluting peptides. The
collision energy was varied automatically depending on the peptide mass and charge state.
Acquired spectra were used to probe the Arabidopsis genome to identify candidate GalAT genes
using the Mascot search engine (www.matrixscience.com) using a peptide and MS/MS tolerance
of £2 and *1, respectively.
RT-PCR and cloning of JS33 and JS36

Total RNA from flowers, rosette leaves or stems obtained from 3- or 6-week-old

Arabidopsis ecotype Columbia plants as well as total RNA from roots of 4-week old Arabidopsis



170

plants grown in liquid media were gifts of Dr. Maor Bar-Peled (The University of Georgia,
Athens; Harper and Bar-Peled, 2002). First cDNA strand synthesis was conducted according to
the manufacturer’s instructions using 1 mM oligo(dT) primer, 200 units of Superscript II reverse
transcriptase (Invitrogen) and 8 pg total RNA. Products from these reactions were treated with 2
units of RNase H (Invitrogen) and used as a template for PCR using gene specific primers. PCR
reactions were conducted using high fidelity Platinum Taq polymerase (Invitrogen, Carlsbad,
CA) according to manufacturer’s instructions. Typical PCR reactions involved 1 cycle at 95°C
for 2 min followed by 30 cycles at 95°C for 30 s, 52°C for 30s, and 70°C for 2.5 min, and a final
extension at 70°C for 5 min. The PCR products were analyzed on 1% Tris-acetate EDTA (TAE)
agarose gels and DNA bands of the appropriate size were excised and purified using QIAquick
gel extraction kit (Qiagen; Valencia, CA). Control PCR reactions included actin primers
ACTI119S and ACT284A (McKinney et al., 1995) as a positive control (a gift from Dr. Richard
Meagher, the University of Georgia, Athens).

A full-length ¢cDNA encoding JS33 (accession no. AY091448) in vector pUNIS51 was
obtained from the Arabidopsis Information Resource Center (ABRC). An N-terminally
truncated version of JS33 (JS33A1-43) lacking the putative transmembrane domain was
generated using the sense primer FIS33Ntru (5’-ttattacccggggaattccacaatggctttcactctectggattt-3)
and the antisense primer RpUNIS1 (5’-ggcggctatgatcteggeggecgctagaattg-3’).  The primers
contained restriction sites for Smal and Notl, respectively (underscored in the primers
sequences).

A version of JS36 (accession no. NM 115977) lacking its putative N-terminal
transmembrane domain (JS36A1-41) was generated from total flower RNA using RT-PCR and

the gene specific sense primer FJS36Ntru (5’-ttattacccggggaattccgaggagtgtatatcgattcctcaaatg-3)
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and antisense primer RJS36 (5’-gcggccgcattttattcatgaaggttgcaacgacg-3’). The primers contained
restriction sites for Smal and Not I, respectively (underscored in the primer sequences).

Transcript analysis of JS33 and JS36 in Arabidopsis tissues was conducted using the
previously described RT-PCR protocol and the primers FJS33Ntru and RIJS33 (5°-
aagcattggccgtgtagctacttac-3’), and FIS36Ntru and RJS36 for JS33 and JS36, respectively.
Expression of JS33 and JS36 in HEK293 cells

The purified PCR products for truncated JS33 and JS36 were first cloned into pCR2.1-
TOPO (Invitrogen). Positive clones were selected based on their resistance to kanamycin and
Smal/Notl fragments were subcloned into the mammalian expression vector pEAK10 (Edge
Biosystems) along with an N-terminal HindIII/Smal fragment containing a Trypanosoma cruzi
mannosidase (TCMss) signal sequence (MRLLTALFAYFIVALILAFSVSAKARR), a poly-
histidine (HHHHHHHHHH) tag, and two copies of the hemagluttinin (HA) epitope
(YPYDVPDYA) that was a gift from Dr. Kelley Moremen (Vandersall-Nairn et al., 1998).
Correctly constructed pEAKI10 vectors containing both the N-terminal fragment and the
appropriate JS gene (Figure 4.1, B) were confirmed by DNA sequencing.

Transient transfection and stable transformation of HEK293 cells (Jordan et al., 1996)
was conducted using 25-30 pg of DNA for transient experiments, 6 pg of DNA for the
production of clonal lines, and 25-30 ug of DNA for the creation of stable, mixed-population
lines. Transformed cells were selected on media containing puromycin (1 pg/mL) and positive
transformants were selected by PCR amplification of genomic DNA and/or RT-PCR of total
RNA using the gene specific primers FIS33Ntru and RJS33, and FJS36Ntru, RJS36 and. 36IP
(5’-tgattctgcagtecttggtaaatacag-3’) for JS33 and JS36, respectively. Cells transformed with

empty pEAK10 vector or expressing a recombinant, histidine-tagged, rat a-(2,6)-sialyltransferase
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(Wlasichuk et al., 1993), a gift of Dr. Kelley Moremen (unpublished results), were used as
negative controls. Control RT-PCR reactions that were conducted to test transcript levels in
HEK293 cells included the wuse of primers (FP 5’-caatgaccccttcattgacc-3°, RP 5°-
gtettetgggtggcagtgat-3') specific to positions 123 and 584, respectively, of human glyceraldehyde
3’-phosphate dehydrogenase (accession no. BC023632) that were gifts from Dr. Michael Pierce
(the University of Georgia, Athens, GA).
Ni%*-affinity column chromatography

Media from an HEK293 cell line expressing a recombinant o-(2,6)-sialyltransferase
(containing an N-terminal polyhistidine tag) was desalted over a PD-10 column equilibrated with
buffer C (50 mM KH,PO4, pH 7.5, 300 mM NaCl, 40 mM imidazole). The desalted media (30
mL) was poured over a 200 pL column of Ni-NTA agarose equilibrated with buffer C. The
column was washed with 10 volumes of buffer C. Proteins bound to the Ni-NTA resin were
denatured in 0.2 volumes of SDS-PAGE sample buffer (Laemmli, 1970) and separated by SDS-
PAGE.
Immunoprecipitation of recombinant JS33 and JS36 using anti-HA antibodies

Protein A-Sepharose, equilibrated in ice-cold phosphate-buffered-saline (PBS pH ; 137
mM NacCl, 2.7 mM KCI, 4.3 mM Na,HPO,, and 1.4 mM KH,PO,, pH 7.3), was incubated with
1 pg of purified monoclonal anti-HA antibodies (Covance, Princeton, NJ) at a ratio of 30:1 (v/v)
for 2 h unless otherwise specified. The resulting protein A-Sepharose:anti-HA conjugate was
washed 3 times with 10 volumes of cold PBS, brought to a 50% slurry with PBS (media) or cell
lysis buffer (cell lysates) and kept at 4°C until use.

Media (3.4 mL) from JS33 and JS36 expressing lines was harvested, brought to 10%

(v/v) glycerol, and incubated with 60 pl of protein A-Sepharose:anti-HA conjugate in the
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presence of 310 uL. of PBS and 80 mg bovine serum albumin (BSA) for 1 h. Proteins bound to
the protein A-Sepharose:anti-HA conjugate were washed 4 times with 10 volumes of 0.1% (w/v)
TX-100, 50 mM Tris/Cl, pH 7.4, and 300 mM NaCl followed by 2 washes with 10 volumes of
PBS and used immediately for GalAT activity assays (10 uL) or SDS-PAGE (10 pL).

Cell lysates from HEK lines were prepared by incubating one 150 cm? dish of cells with
1 mL of cold cell lysis buffer (50 mM HEPES, pH 7.3, 1% [v/v] TX-100, 150 mM NaCl , 2 mM
EDTA, and 1 tablet of Complete Protease Inhibitor Cocktail, EDTA free; Roche, catalog no. 1-
873-580) for 30 min. Cell debris was pelleted by centrifugation and the clear supernatant was
incubated with 40 pL. (Western blots) or 160 pul (GalAT activity assays) of protein A-
Sepharose:anti-HA conjugate for 1 h. Immunoprecipitates were either washed 5 times with 10
volumes of buffer A (activity assays) or 3 times with 10 volumes of buffer A followed by 2
washes of 10 volumes of PBS (Western blot). All manipulations were done at 4°C.
SDS-PAGE and immunoblotting

SDS-PAGE was carried out according to a previously described method (Laemmli,
1970). Samples (10-20 pL) were separated on 7.5 or 10% SDS-PAGE gels. Separated proteins
were either visualized by silver staining (Heukeshoven and Dernick, 1985), Coomassie staining
(Bio-Safe Coomassie G250 stain, Bio-Rad), or transferred to PVDF membranes for 2 h at 200
mA in 25 mM Tris, 192 mM glycine, and 20% methanol. Membranes were blocked for 1 h in
3% BSA in Tris-buffered-saline (TBS; 100 mM Tris/Cl, pH 7.5, 0.9% [w/v] NaCl) and incubated
with a 1:1000 dilution of anti-HA-peroxidase antibody in blocking buffer for 1 h. Membranes
were washed 4 times in TTBS (0.1% [v/v] Tween 20 in TBS) and developed using the 3,3°,5,5’-
tetramethylbenzidine (TMB) substrate kit (Vector Labs, Burlingame, CA) according to

manufacturer’s instructions.
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Synthesis of uridine diphosho-o-[**C]galacturonic acid

Uridine diphosho-D-[14C]galactur0nic acid (UDP-p-["*C]GalpA) was synthesized based
on previously developed methods (Liljebjelke et al., 1995; Basu et al., 2000) with some
modifications. Briefly, 50 pCi of uridine diphospho—D-[MC]galactose (UDP-p-["*C]Galp) was
purified over a CarboPac PA-1 column (Dionex; Sunnyvale, CA) using a 0.05-1 M linear
gradient of ammonium formate, pH 6.6, at a flow rate of 1 mL/min. Purified UDP-p-["*C]Galp
was lyophilized and resuspended in 0.5 mL of 25 mM NaH,PO., pH 7.0, containing 250 units of
galactose oxidase and 13,000 units of catalase. The reaction was incubated in the dark at room
temperature for 24 h, at which point another 250 units of galactose oxidase and 13,000 units of
catalase were added. The reaction was incubated for another 24 h in the dark and terminated
with 600 pl of 5:1 (v/v), chloroform:methanol. The resultant mixture containing UDP-p-
['*C]GalpA was extracted and purified as described previously (Liljebjelke et al., 1995). The
typical yield of UDP-p-["*C]GalpA from the starting UDP-p-["*C]Galp was between 60 to 70%.
GalAT activity assay

The GalAT activity assay was a modification of Doong et al. (1995). Assay conditions
used to test solubilized or membrane-bound GalAT activity, or fractions from chromatography
columns were conducted in GalAT reaction buffer (50 mM HEPES, pH 7.8, 0.2 M sucrose,
0.05% (w/v) bovine serum albumin, and 25 mM KCI) containing 80 pg of OGAs (DP of 7-23),
1.1 uM UDP-p-["*C]GalpA (specific activity 298 mCi mmol™), 0.25 mM MnCl, and 140 uM
UDP-p-GalpA in a total volume of 30 pl for 15 min at 30°C (unless otherwise specified).
Reaction mixtures were terminated with 5 uL. of 0.4 M NaOH.

Media and/or immunoprecipitated media (10 pL) from HEK cell lines were incubated in

GalAT reaction buffer containing 80 pg of OGAs (DP of 7-23), 2 uM UDP-p-["*C]GalpA
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(specific activity 298 mCi mmol™), 0.25 mM MnCl, and 100 pM UDP-p-GalpA in a total
volume of 30 ul for 45 min (media) or 60 min (immunoprecipitated media). Reaction mixtures
were terminated with 5 uL of 0.4 M NaOH.

Cell lysates (20 puL) and/or immunoprecipitated cell lysates (40 uL) from HEK cell lines
were incubated in GalAT reaction buffer containing 50 pg of OGAs (DP of 7-23), 2 uM UDP-b-
['*C]GalpA, 0.25 mM MnCl, and 125 pg of heat-inactivated Arabidopsis membranes (as an
alternative source of acceptors) in a total volume of 70 ul at 30°C for 30 min (cell lysates) or 90
min (immunoprecipitated cell lysates). Reaction mixtures were terminated with 10 pl of 0.4 M
NaOH.

Terminated reaction mixtures were spotted onto cetylpyridinium chloride-coated
Whatman (Maidstone, England) 3MM paper (4 cm?). The filters were allowed to dry for 5 min
and washed 3 times for 10 min each in 150 mM NaCl at a ratio of 1 filter/100 mL solution. The
amount of radioactivity bound to each filter was estimated by scintillation counting. Statistical
analysis of GalAT reaction data was performed using a two-sample, one-tailed Student’s t test
(Zar, 1999) with an a priori o of 0.05 (95% confidence).

Production of polyclonal antibodies

Three distinct regions of JS33, JS36 and JS36L (At5g47780), an Arabidopsis protein with
significant sequence identity to JS36, were selected and used for the production of soluble,
tetrameric, multiple antigenic peptides (MAPs). Peptides sequences (20-25 amino acids) were
selected by analysis using hydropathy plots (Kyte and Doolittle, 1982), analyzing beta-turn
character (Chou and Fasman, 1978), sequence alignments, and use of GenTHREADER
(http://bioinf.cs.ucl.ac.uk/psipred/). Stretches in the amino acid sequence of JS genes that had

low  hydrophobicity, high  beta-turn = character  (determined wusing  ProtScale;
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http://au.expasy.org/cgi-bin/protscale.pl), and were predicted to be loop regions in the protein by
sequence alignments (ClustalX, version 1.83) and by GenTHREADER, were chosen as
candidate peptides for MAP construction. MAPs were constructed at the Molecular Genetics
Instrument Facility (The University of Georgia). Rabbits (New Zealand White, two for each
antigen), were immunized (0.5 mL of 0.3 mg mL™ antigen), maintained and bled by the
Polyclonal Antibody Facility (The University of Georgia).
Immunoprecipitation of Arabidopsis solubilized GalAT using polyclonal antibodies

Pre-immune serum or polyclonal antibodies (1 pL of pooled serum) from rabbits
inoculated with JS33, JS36 and/or JS36L MAP antigens were incubated with 40 puL of protein A-
Sepharose (equilibrated in ice-cold PBS) for 2 h at 4°C. Polyclonal antibody:protein A
conjugates were washed 6 times with buffer A, and 40 puL of conjugate was incubated with 0.5
mL of solubilized Arabidopsis GalAT overnight at 4°C. Immunoprecipitates were washed 5
times in buffer A and tested for GalAT activity as described above using 2 uM UDP-p-
['*C]GalpA and 80 pg of OGAs in a total volume of 70 pL for 30 min at 30°C.
Sequence alignment of JS family genes and phylogenetic analysis

Arabidopsis genes with high sequence identity to JS36 were aligned using ClustalX,
version 1.83 (Jeanmougin et al., 1998). Phylogenetic analysis of the Arabidopsis GalAT gene
family, along with EST (GenBank, http://www.ncbi.nlm.nih.gov/dbEST) or tentative consensus
(TC, http://www.tigr.org/tdb/tgi) sequences from soybean (Glycine max, Gm), barrel medic
(Medicago truncatula, Mt), rice (Oryza sativa, Os), tobacco (Nicotiana tobacum, Nt) and
chickpea (Cicer arietinum, Ca) was conducted using PAUP software, version 3.1 (Swofford,

1998).
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RESULTS
Solubilization and partial purification of Arabidopsis GalAT

A reproducible method for the solubilization of roughly 20% of the GalAT activity from
tobacco membranes was previously established (Doong and Mohnen, 1998). The low yield of
total activity from the starting material was a major drawback in this solubilization method.
Therefore, an improved solubilization method was developed that allowed the recovery of up to
85% of the starting GalAT activity from tobacco membranes.

The original low-speed centrifugation pellet (4,000g, 15 min) generated during the
isolation of tobacco membranes (Doong and Mohnen, 1998) contained ~50% of the total activity
present in tobacco cell homogenates (data not shown). It was hypothesized that the elimination
of this step would greatly improve the yield of GalAT from these cells. Centrifugation of
tobacco homogenates at high speed (28,0009, 2 h) created a layered pellet. Resuspension and
solubilization of the top layer of this pellet with 4% (v/v) Triton X-100 resulted in the
solubilization of up to 85% of the total activity present in the top layer of the high speed pellet
(Table 4.1). Little or no activity was present in the other layers of the pellet. If the top layer was
mixed with the other layers prior to solubilization, the amount of solubilized GalAT activity that
could be recovered decreased dramatically (Table 4.1), suggesting that the other layers of the
pellet contained a potent inhibitor of GalAT activity and/or a protease capable of digesting
tobacco GalAT. This finding was supported by the fact that GalAT activity solubilized using the
new method was more stable than that obtained by previous solubilization methods, being stable
for up to one year at -80°C, with a 30% loss in activity occurring after one week at 4°C (data not

shown).



Table 4.1. A new procedure for the production of solubilized GalAT from tobacco.

Specific activity Total activity Yield

(pmol min™ mg™) (pmol min™") (%)

Mixed layers
Whole pellet” 98.2 3.65 100
Solubilized activity® 42.0 0.687 18.8
Insoluble pellet” 109 1.45 40.0
Separated layers®

Combined layers ND? 14.2 100
Top layer 123 11.1 78.2
Bottom layers 28.9 3.10 21.8
Solubilized activity from top layer® 163 12.3 84.5
Insoluble pellet from top layer 40.7 1.71 12.0

*GalAT activity was assayed for 10 min.

°GalAT activity was assayed for 30 min (within the linear range of the enzyme).

‘Stimulation of activity is consistently seen following the separation of solubilized GalAT from the insoluble pellet.

4ND = not determined.
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Tobacco suspension-cultured cells were an ideal starting material for the purification of
GalAT due to the apparent lack of plant phosphatases and phosphodiesterases (Saugy et al.,
1988; Rodgers and Bolwell, 1992; Doong and Mohnen, 1998). The use of tobacco cells did
present a problem, however, for the subsequent cloning of the purified GalAT, as publicly
available sequence data was lacking for this experimental system. This made Arabidopsis
thaliana an ideal system for the identification of putative GalAT genes and we switched to
Arabidopsis suspension-cultured cells as a tissue source for the partial purification of GalAT.

GalAT activity was solubilized from suspension cultured Arabidopsis cells using the
newly established solubilization protocol from tobacco (Guillaumie et al., 2003). Starting with
700 g of Arabidopsis cells, solubilized Arabidopsis GalAT was purified 17-fold with an overall
yield of ~3% (Table 4.2, Experiment 1). The first step in the purification protocol involved the
binding of GalAT activity to the cation exchange column SP-sepharose. Roughly 70% of the
protein found in the solubilized fraction from Arabidopsis did not bind this column (data not
shown). GalAT activity could be eluted from the column with the addition of 300-400 mM
NaCl, resulting in an 8-fold purification and a yield of 24%. The yield from this column could
be improved to 65% with a slight decrease in protein purity (4.7-fold) if a higher amount of total
protein was initially loaded (Table 4.2, Experiment 2).

Initial experiments using the reactive dye resin Reactive Yellow 3 (RY3) suggested that
this column could purify GalAT activity an additional 3-fold (data not shown). This extra
purification was later determined to be dependent on the initial purity of the GalAT-containing
fraction that was obtained following SP-Sepharose chromatography. More purified fractions
(>6-fold) from SP-sepharose were negatively affected by this resin as evidenced by the reduction

in GalAT purity and yield (Table 4.2, Experiment 1). Bound GalAT activity could be eluted



Table 4.2. Partial purification of Arabidopsis GalAT"

Experiment 1:

180

Total protein Spemﬁc Purification Total activity Yield
Step (mg) activity (pmol (-fold) (umol min’) (%)
& min” mg™”) H °
1. Sol 794 304° 1 241 100
2.SP 23.6 2450 8.06 57.7 24
3.RY3 13.7 1720° 5.66 23.6 9.8
4, UDP- 1.29 5120° 16.8 6.59 2.7
agarose (2)
Experiment 2:
Total protein Spec1ﬁc Purification Total activity Yield
Sample activity (pmol . ] o
(mg) min" mg) (-fold) (umol min™) (%)
1. Sol 2,200 26.0 1 57.2° 100
2.SP 314 121 4.7 37.5° 65.6
3.RY3 ND? ND ND 17.5" 30.6
4. UDP- ND ND ND 7.09" 12.4
agarose (1)
5. UDP- ND ND ND 1.35° 24
agarose (2)

*GalAT activity in Experiments 1 and 2 was measured using different amounts of cold UDP-p-

GalpA and are therefore not directly comparable.

®GalAT activity was measured for 15 min using 1| mM UDP-p-GalpA.
‘GalAT activity was assayed for 30 min using 1 mM UDP-p-GalpA
IND = Not determined.

°GalAT activity was assayed for 15 min using 100 uM UDP-p-GalpA.

'GalAT activity was assayed for 1 h using 100 uM UDP-p-GalpA.
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from the column with 100-200 mM NaCl in the presence of 10 uM UDP and 2 uM OGAs. UDP
and OGAs were included in the elution buffer to aid in the selective removal of GalAT activity
that had bound to the column due to an affinity-type interaction between the enzyme active site
and the column matrix.

The fraction from RY3 was applied to an UDP-agarose column and an elution scheme
was developed based on the purification of whey galactosyltransferase (Barker et al., 1972).
Whey galactosyltransferase was found to bind maximally to UDP-Sepharose in the presence of
25 mM MnCl,. This binding occurred even when the column was washed with high (0.5-1 M)
concentrations of NaCl (Barker et al., 1972).

Arabidopsis GalAT activity bound to UDP-agarose in the presence of low concentrations
of MnCl, (0.25 mM). Following a washing step containing 50 mM UDP to remove any
contaminating proteins, the column was equilibrated with a buffer containing 25 mM MnCl,,
washed with NaCl, and finally eluted with a buffer containing 25 mM EDTA. Approximately
30% of the total activity was eluted with 25 mM MnCl,/0.5 M NaCl and GalAT activity present
in this fraction was purified an additional 3-fold compared to the most purified fraction from
Reactive Yellow 3 (Table 4.2, Experiment 1).

The relative purity of the fractions eluted from the UDP-agarose column was compared
to solubilized Arabidopsis proteins and to the eluted fractions from the SP-sepharose and RY3
columns (Figure 4.1). SDS-PAGE analysis showed that while the most purified fraction eluted
from the UDP-agarose column (Lane 6) was enriched in specific protein bands compared to
fractions from the earlier columns, it also contained a number of abundant protein bands that
were found in fractions that did not contain activity (compare Lane 6 to Lanes 4 and 7). Unique

bands suggestive of possible GalATs were not visible at this stage of purification suggesting that
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Figure 4.1. SDS-PAGE analysis of partially purified GalAT. Partially purified fractions from
Experiment 1 (Table 4.1) were separated on 10% SDS-PAGE gels and proteins were visualized
by silver staining. Equal amounts of protein (3.7 pg) from each of the indicated column fractions
were loaded. Lane 1, solubilized Arabidopsis GalAT; Lane 2, proteins eluted from the SP-
sepharose column using 400 mM NaCl; Lane 3, proteins eluted from the Reactive Yellow 3
column using 100-200 mM NacCl in the presence of 10 uM UDP and 2 uM OGAs; Lanes 4-7,
eluted fractions from the UDP-agarose column (Lane 4, 50 mM UDP; Lane 5, 25 mM MnCly;
Lane 6, 25 mM MnCl, and 0.5 M NaCl; Lane 7, 25 mM EDTA). The percent yield of GalAT
activity present in each fraction compared to solubilized GalAT is shown underneath the figure.

The positions of the molecular weight markers (M) in kDa are shown on the left.

UDP-agarose

% yield of

100 24 9.8 0 2.9 2.7 .
GalAT activity
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further levels of purification would be required before distinct protein bands corresponding to
putative GalAT proteins could be detected.

An additional purification experiment (Table 4.2, Experiment 2) was conducted in order
to obtain sufficient amounts of protein for tryptic digestion and LC MS/MS analysis of the
proteins contained in the most purified fraction from the UDP-agarose column. This experiment
differed from the first experiment in the amount of starting protein used (2,200 mg versus 800
mg), and in the inclusion of an additional purification step using UDP-agarose (Table 4.2). The
partially purified fraction from RY3 was bound to UDP agarose and some contaminating
proteins were eluted with a step gradient of UDP (data not shown). GalAT activity was eluted
from the column with 1 M NaCl, desalted, and reapplied to the column (Table 4.2, Experiment 2,
UDP-agarose [1]). The second UDP-agarose chromatography step was conducted using the
elution scheme presented in Experiment 1, resulting in a fraction (eluted with 25 mM MnCl; in
the presence of 0.5 M NaCl) that contained 2.4% of the activity found in the solubilized GalAT
fraction (Figure 4.2).

Identification of GalAT candidate genes from Arabidopsis

A fraction from the second purification experiment (Figure 4.2, Lane 5) was treated with
sequencing-grade trypsin and subjected to LC MS/MS analysis. Sequenced peptides were used
to screen the Arabidopsis genome database for putative GalAT genes. A total of 20 distinct
proteins were identified in this fraction (Table 4.3). The proposed functions of many of the
identified proteins were assigned during the electronic annotation of the Arabidopsis genome, yet
none of these functions have been confirmed by biochemical characterization. Two proteins,
named JS33 and JS36 (At2g38650 and At3g61130, respectively; Figure 4.3, A) were predicted to

be glycosyltransferases and were analyzed further.
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Figure 4.2. SDS-PAGE analysis of fractions from the UDP-agarose column. Fractions (20 pL)
from the second UDP-agarose chromatography step (Table 4.2, Experiment 2) were separated on
a 10% SDS-PAGE gel and visualized by silver staining. Lane 1, eluted fraction from the first
UDP-agarose chromatography step; Lane 2-6, eluted fractions from the second UDP-agarose
chromatography step (Lane 2, flow-through; Lane 3, 50 mM UDP; Lane 4, 25 mM MnCl,; Lane
5, 25 mM MnCl, and 0.5 M NaCl; Lane 6, 25 mM EDTA). The percent yield of GalAT activity
present in each fraction compared to solubilized GalAT is shown underneath the figure. The
positions of the molecular weight markers (M) in kDa are shown on the left. * indicates the

fraction used for the identification of candidate GalAT proteins.

*
5 6
o) <
12.4 <1 6.3 2.4 24, oyieldof

GalAT activity
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Table 4.3. List of identified proteins from the partially purified UDP-agarose fraction.

Protein ID Predicted
(accession no.) molecular weight Proposed function® Mowse score”
) (kDa)
BAB01930 65.9 B-fructofuranosidase 282
AADO05539 102 a-xylosidase precursor 236
AALI15216 42.0 putative methionyl-tRNA 168
synthetase
BAB40450 76..6 long-chain acyl-CoA synthetase 112
AAD29817 61.7 synaptotagmin A 100
JS33/NP_565893 69.7 putative glycosyltransferase 110
BABO02117 48.5 unknown 81
BAB10278 35.7 unknown 77
JS36/NP 191672 77.4 putative glycosyltransferase 73
AAMO66061 52.3 chloroplast nucleiod DNA binding 58
protein
BAA20519 63.3 L-ascorbate oxidase 73
CAB78227 97.4 putative phospholipase D 71
CABS51209 13.7 ribosomal protein S20 53
AAK43965 15.4 putative HMG protein 48
AAM65244 36.1 hypothetical protein 48
AAN41337 37.2 quinone reductase-like protein 46
AAG10103 32.8 fibrillarin 1 42
BAB09414 75.9 putative ATP-binding protein 41
AA042878 46.7 unknown 41
AAN46839 59.1 unknown 40

*The proposed functions were previously inferred by electronic annotation.

"Mowse scores below 60 are not significant based on an a priori o of 0.05.



186

Figure 4.3. Alignment of the amino acids sequences of JS33 and JS36. (A) The amino acid
sequences of JS33 and JS36 were aligned using ClustalX (version 1.83). The peptides obtained
by tryptic digestion of proteins found in the most purified fraction from UDP-agarose
chromatography are underlined. The site of N-terminal truncation is indicated by the arrows.
The conserved DxD motif found in both sequences is boxed. (B) Schematic representation of the
gene constructs used in the expression of the JS genes in HEK293 cells. The locations of the N-
terminal Trypanosoma cruzi mannosidase signal sequence (TCMss), the poly-histidine tag

(10xHis-tag) and 2 copies of the hemagluttinin epitope tag (HA-epitope tag) are indicated.
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JS33 and JS36 encode predicted type II membrane proteins (TMpred,
http://www.ch.embnet.org/software/TMPRED form.html) whose C-terminal catalytic domains
possess sequence identity to a consensus sequence found in family 8 glycosyltransferases
(http://afmb.cnrs-mrs.fr/CAZY; Henrissat et al., 2001). Members of family 8 (which include
galactinol  synthase and lipopolysaccharide  galactosyltransferase) are  retaining
glycosyltransferases able to transfer the glycosyl residue from NDP-a-sugars onto a-linked
products (Saxena et al., 1995). The predicted catalytic domains of JS33 and JS36 also contain
putative DxD motifs (Figure 4.3, A); a conserved motif found in many well-characterized
glycosyltransferase families (Wiggins and Munro, 1998) and are involved in the coordination of
divalent cations required for glycosyltransferase activity (Breton and Imberty, 1999; Chen et al.,
2001).

Previous studies on a GalAT from pea (Pisum sativum) showed that GalAT activity was
localized to Golgi vesicles with its catalytic domain facing the lumen (Sterling et al., 2001). This
topology is characteristic of type II membrane proteins, which is the predicted topology of JS33
and JS36. Furthermore, preliminary RT-PCR analysis of the expression of JS33 and JS36
transcripts in Arabidopsis tissues showed that JS33 and JS36 were found in all Arabidopsis
tissues that were analyzed (Figure 4.4). These findings suggested that JS33 and JS36 were
candidates for GalATs genes and we decided to clone their respective cDNAs and express them
in a heterologous system in order to prove their function.

N-terminally truncated JS36 exhibits GalAT-like characteristics when transiently expressed in
HEK?293 cells
cDNA constructs containing N-terminally truncated versions of JS33 (JS33A1-43) or

JS36 (JS36A1-41) were generated (Figure 4.3, A, B). The cDNAs were placed downstream of a
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Figure 4.4. Expression analysis of JS33 and JS36 in Arabidopsis. Total RNA isolated from
flowers (F), roots (R), stems (S), and rosette leaves (L) was used as a template for the RT-PCR
of JS33- and JS36-specific transcripts and separated on 1% agarose gels. The sizes of the
amplified transcripts were 1758 bp and 1926 bp for JS33 and JS36, respectively. Primers
directed against actin generating a 495 bp fragment (McKinney et al., 1995) were used as a
positive control. The positions of molecular weight markers (M) in kb are shown on the left of

each figure.
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signal sequence from Trypanosoma cruzi mannosidase, a poly-histidine tag, and two copies of
the hemagluttinin epitope (Figure 4.3, B) in the mammalian expression vector pPEAK10. These
constructs were used to transiently transfect HEK293 cells that were 50% confluent (4 d old).
Media harvested from these cells 48 h post-transfection were tested for GalAT activity (Figure
4.5, A) and the data was analyzed for its significance compared to controls using a two sample,
one-tailed Student’s t test and an a priori o of 0.05 (95% confidence).

Media from cells transfected with the JS36A1-41 construct were not able to promote the
significant incorporation of p-['*C]GalpA from UDP-p-['*C]GalpA into a radiolabeled product
compared to cells transfected with empty vector (n = 2, tjs36 = 1.589 [P = 0.1]). In contrast,
media from JS36A1-41-transfected cells that had been immunoprecipitated using anti-
hemagluttinin (anti-HA) antibodies and protein A-Sepharose gave 3 times greater incorporation
of radiolabel than that of the empty vector controls (n =2, tjs36 = 10.284 [P = 0.005]). Neither
media (tjs33 = 0.057 [P > 0.25]) nor immunoprecipitates (t;s33 = 0.180 [P > 0.25]) of cells
transfected with the JS33A1-43 construct produced incorporation levels that were significantly
different from cells transfected with empty vector. These results suggested that JS36 encoded an
enzyme capable of catalyzing the transfer of p-['*C]GalpA onto a product and based on these
results we proposed that JS36 encoded a putative GalAT.

Analysis of a second set of HEK293 cells transiently transfected with the same cDNA
constructs; however, did not result in GalAT activity in immunoprecipitated media (data not
shown). The second transient transfection experiment was conducted in a manner similar, but
not identical, to that of the first transfection experiment. Both experiments used HEK293 cells
that were 50% confluent and media and cell lysates were harvested 48 h post-transfection.

However, different buffers were used to prepare the media and cell lysates in the second transient
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Figure 4.5. GalAT activity in transiently transfected HEK cells. A) GalAT activity in media
from HEK cells transfected with the JS33A1-43 (JS33) or JS36A1-41 (JS36) cDNA constructs or
with empty vector (pEAK) as a control. B) GalAT activity in media immunoprecipitated with 2
pg of anti-HA antibodies conjugated to 60 pL of protein A-Sepharose. The pooled, desalted
fraction from SP sepharose (SP; A) or solubilized Arabidopsis GalAT (Sol; B, inset) were used
as positive controls. The average of all the time zero reactions (T,) for each experiment are
shown. Reactions were conducted for 45 (A) or 60 (B) min. Data are the average + standard

error of duplicate samples.
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experiment. Protease inhibitors were added to the harvested media and different washing buffers
were used for the immunoprecipitation of recombinant proteins from media and cell lysates. The
washing buffer used in the second experiment contained 50 mM HEPES, pH 7.3, 0.25 mM
MnCl,, 1% Triton X-100, 2 mM EDTA, and 25% [v/v] glycerol compared to 0.1% [w/v] TX-
100, 50 mM Tris/Cl, pH 7.4, and 300 mM NacCl used in the first experiment. Both treatments
were shown to be compatible with solubilized Arabidopsis GalAT activity. At this point, it is
unclear whether the lack of GalAT activity in the second transient transfection experiment was
due to the use of different buffers or due to other, as yet unknown, factors.

Western blot analysis of media and cell lysates from the second transient transfection
experiment indicated the presence of recombinant JS33 and JS36 proteins in the media of
transfected cells, and recombinant JS33 protein in cell lysates (Figure 4.6). The estimated
molecular weights of JS33 (86 kDa) and JS36 (88 kDa) were much higher than those calculated
from their amino acid sequences (73.2 kDa and 80.7 kDa for JS33 and JS36, respectively),
suggesting that both proteins were post-translationally modified.

The immunoblot results suggested that the cells lines were transfected with the JS cDNA
constructs and that they were capable of secreting the recombinant proteins into the media as
expected. The level of recombinant protein present in the media from cells transfected with JS36
was significantly lower than that of cells transfected with JS33. The reason for this disparity in
recombinant protein levels is unknown. In order to further study JS36 and JS33, and to increase
the level of recombinant JS36 protein made by HEK cell lines, we decided to create stable lines

expressing JS36 and JS33.
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Figure 4.6. Western blot analysis of media and cell lysates from transiently transfected HEK293
cells. JS33A1-43 (33) or JS36A1-41 (36) cDNA constructs were used to transfect HEK293 cells
that were 50% confluent (4 d old). A) Media or B) cell lysates were obtained 48 h post-
transfection, immunoprecipitated with 1 pg of anti-HA antibodies conjugated to 40 pL of protein
A-sepharose and separated on a 7.5% SDS-PAGE gel. The separated proteins were
mmunoblotted and probed with a monoclonal anti-HA antibody. Cells transfected with
recombinant, histidine-tagged a-2,6-sialyltransferase (ST) lacking the HA epitope were used as a
negative control. The positions of molecular weight markers (M) in kDa are shown on the left.

The expected sized of the recombinant proteins were 73.2 kDa (JS33), 80.7 kDa (JS36) and 38

kDa (ST).
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Stable expression of JS36 and JS33 in HEK293 cells

HEK293 cells were stably transformed with the JS c¢cDNA constructs and positive
transformants were screened by PCR and immunoblot analysis. Transformation of HEK cell
lines with 6 pg of the JS33A1-43 cDNA construct generated a clonal line named 33c¢6 (Figure
4.7, A). Transformation of 33¢6 was confirmed by genomic PCR analysis using JS33 specific
primers (Figure 4.7, A). Use of the JS36A1-41 construct for the generation of stable lines failed
to produce cell lines that expressed detectable amounts of recombinant JS36 in media or cell
lysates (data not shown). Therefore, the ability of the two JS cDNA constructs to produce stable
cell lines that expressed detectable levels of recombinant protein was evaluated by transforming
HEK cells with varying amounts of the two JS ¢cDNA constructs and a vector containing a
recombinant a-(2,6)-sialyltransferase (a-[2,6]-ST) as a control. After transformation, the lines
were maintained as mixed-populations and media or cell lysates from the mixed population lines
were analyzed for the presence of recombinant protein by immunoblotting with a monoclonal
anti-HA antibody (JS33 and JS36) or by Ni*"-column purification of the recombinant protein
followed by SDS-PAGE analysis (a-[2,6]-ST; Table 4.4).

Transforming HEK cells with 5 or 10 pg of JS or a-(2,6)-ST DNA failed to produce
mixed-population cell lines that made detectable amounts of recombinant protein. Mixed
population lines that expressed recombinant a-(2,6)-ST or JS33 were produced by transforming
cells with 22.5 ng of DNA (Table 4.4). A higher amount of the JS36A1-41 cDNA construct (25-
30 pg of DNA) was required to produce mixed-population lines expressing recombinant JS36
protein (Table 4.4). These results suggested that JS36 was expressed to a lower extent or with

less efficiency than the JS33 or a-(2,6)-ST constructs.
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Figure 4.7. Stable transformation of HEK cells with the JS33 and JS36 cDNA constructs. PCR
analysis of genomic DNA from a clonal line expressing A) JS33 (33¢6) and B) JS36 mixed-
population lines (36mpl, 2, 3 and 6) was conducted using the gene specific primers described in
the Materials and Methods. The expected sizes of the amplified products were 1758 kb for JS33,
and 1926 kb (lane 1) and 1451 kb (lane 2) for JS36. Plasmid DNA containing JS33 (33pl) or
JS36 (36pl) were used as a positive controls. The positions of molecular weight markers (M) in

kb are shown on the left of each figure.
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Table 4.4. Correlation between the amount DNA used and the presence of detectable levels of

recombinant protein made by cells transformed with o-(2,6)-ST, JS33 and JS36 cDNA

constructs.
Amount of DNA a
Gene construct
(ng)
0-(2,6)-ST" JS33° JS36¢
5 - - _
10 - - .
15 - - .
22.5 + + -
25 ND¢ ND +
30 ND ND +

"Media or cell lysates were harvested when the cells were ~80% confluent (6 d after the addition
of puromycin) for each mixed population line.

®Media from transformed cell lines were tested.

“Cell lysates from transformed cell lines were tested.

dND = not determined.
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The presence of JS36 in mixed-population lines generated with 25 or 30 pg of the
JS36A1-41 cDNA construct was determined by PCR analysis of genomic DNA using JS36-
specific primers. Four mixed-population lines (36mp1-3, 6) were selected based on the presence
of PCR products (1.4 kb and 1.9 kb) of the expected size (Figure 4.7, B). The production of
mRNA transcripts in these mixed-population lines was confirmed by RT-PCR analysis using
JS36-specific primers (Figure 4.8). RT-PCR products of the expected sizes were generated in all
four of the JS36 mixed-population lines that were analyzed, suggesting that these lines all
produced mRNA transcripts encoding JS36. PCR reactions performed in the absence of reverse
transcriptase gave no product, which excluded the possibility of genomic DNA contamination
(Figure 4.8, lane 5). These results confirmed that we had successfully transformed HEK293
cells with gene constructs containing truncated versions of JS33 and JS36.

Stable lines expressing recombinant JS36 and JS33 proteins are detected in cell lysates

In contrast to the results obtained from the transient transfection experiments,
recombinant JS36 and JS33 proteins were not detected in media from stably transformed lines
(data not shown). High levels of recombinant protein were instead detected in cell lysates
(Figure 4.9). The estimated molecular weight of recombinant JS33 protein from the 33¢c6 cell
line (Figure 4.9, A) was similar to that detected in media from transiently transfected cells.
Recombinant JS36 protein from all 4 mixed-population lines migrated as a doublet, with
predicted molecular weights of 87 and 89 kDa, respectively (Figure 4.9, B). The predicted
molecular weights of both recombinant JS36 and JS33 were higher than that deduced by the
amino acid sequence, suggesting that both proteins were post-translationally modified in stable

and/or mixed population lines.
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Figure 4.8. RT-PCR analysis of JS36 mixed-population lines. JS36 mixed-population lines
(36mpl, 2, 3, and 6) were analyzed by RT-PCR using JS36-specific primers. JS36 plasmid
DNA (36pl) was used as a positive control. Lane 1, JS36 primers which generate a 1926 bp
fragment; lane 2, JS36 primers which generate a 1451 bp fragment; lane 3, blank; lane 4,
positive control reactions using primers against glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) which generate a 461 bp fragment; lane 5, control reaction without reverse
transcriptase using primers from lane 1. The positions of molecular weight markers (M) in kb

are shown on the left of the figure.
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Figure 4.9. Expression of recombinant JS proteins. Cell cultures expressing recombinant forms
of JS33 and JS36 were incubated with or without lactacystin (2 pM) for 12 h. Cell lysates were
harvested when the cells were ~80% confluent (6 d after the addition of puromycin) and the
recombinant proteins were immunoprecipitated with anti-HA monoclonal antibodies conjugated
to protein A-Sepharose at a ratio of 1:40 (v/v). Immunoprecipitates (10 puL) were separated on a
7.5% SDS-PAGE gel and immunoblotted. A) The stable line expressing JS33 (33c6) or B)
mixed population lines expressing JS36 (36mpl-6), were probed with anti-HA-peroxidase. A
clonal line expressing a-(2,6)-sialyltransferase lacking the HA epitope tag (a-[2,6]-ST) was used

as a negative control. The positions of molecular weight markers (M) in kDa are shown on the

left.
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The fusion of the signal sequence from T. cruzi mannosidase with JS genes lacking their
predicted N-terminal transmembrane domain should have caused the recombinant JS proteins
from the stable lines to be secreted into the media. Therefore, the presence of recombinant JS
proteins in cell lysates indicated anomalous protein targeting in these stably transformed cell
lines. A growth curve conducted on 33c6 and 36mp2 showed that the level of recombinant
protein in cell lysates increased with increasing cell density (Figure 4.10). No recombinant
protein could be detected in media from either line at any stage of growth (data not shown),
indicating that the anomalous protein targeting was not affected by the age of the cells. The
anomalous protein targeting in JS36 mixed-population lines also did not seem to be due to
proteasome-driven degradation, since cells expressing recombinant JS36 protein grown in the
presence of 2 pM lactacystin, a potent proteasome inhibitor from Streptomyces lactacystinaeus,
had no effect on the amount of JS36 protein made, or on its migration on SDS-PAGE gels
(Figure 4.9, B). These results suggested that the stable lines that were generated were incapable
of secreting recombinant JS protein.

GalAT activity could not be detected in cell lysates from stably transformed lines

Cell lysates and immunoprecipitated cell lysates were prepared from stable lines
expressing recombinant JS33 and JS36 proteins and tested for GalAT activity (Figure 4.11, A
and B). Neither cell lysates (Figure 4.11, A) nor their immunoprecipitates (Figure 4.11, B)
catalyzed the transfer of p-['*C]GalpA from UDP-p-['*C]GalpA onto a radiolabeled product.
The results from these experiments suggested that recombinant JS proteins from cell lysates of

stable lines did not express GalAT activity.
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Figure 4.10. Growth curve of stable lines expressing recombinant JS33 or JS36. Stable cell
lines expressing recombinant A) JS33 (33¢6) or B) JS36 (36mp2) were subcultured and allowed
to adhere to tissue culture dishes for 24 h. Following the addition of 1 pg/mL puromycin, cells
were harvested using 1 mL of cell lysis buffer on the specified days, counted, and cell lysates
were immunoprecipitated with 1 pg of anti-HA antibodies conjugated to 40 pL of protein A-
Sepharose. Immunoprecipitates (10 pl) were separated on 7.5% SDS-PAGE gels, and
immunoblotted. Blots were probed with a 1:1000 dilution of anti-HA-peroxidase. The
confluency of the cell lines at day 6 were approximately 70% and 95% for 33c6 and 36mp2

respectively. The positions of molecular weight markers (M) in kDa are shown on the left.
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Figure 4.11. GalAT activity in cell lysates from stable lines expressing recombinant JS33 and
JS36 proteins. A) Cell lysates (20 pL) and B) immunoprecipitated cell lysates (40 puL) from JS
stable lines were harvested 6 d after the addition of puromycin (~80% confluent) and tested for
GalAT activity. Arabidopsis solubilized GalAT (Sol; 50 pg of protein) was used as positive
control for the GalAT assay (inset) and the average of all the time zero reactions (bkgr) for each
experiment are shown on each graph. Assays were conducted for 30 min A) or 90 min B). The

data are the average + standard error of duplicate samples.
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Construction and use of multiple antigenic peptide antibodies for the immunoprecipitation of
GalAT activity

As an additional means of proving the function of JS36 and JS33, selected regions of
JS36, JS33 and JS36L (At5g47780), an Arabidopsis protein with significant sequence identity to
JS36, were chosen for the production of multiple antigenic peptides (MAPs, Table 4.5). Each
MAP was used as an antigen for the immunization of two rabbits. Serum from each rabbit was
found to contain polyclonal antibodies that could specifically bind to the original MAP antigen
(data not shown). An initial experiment was conducted to determine whether any of the
polyclonal antibodies that were generated could immunoprecipitate GalAT activity from
solubilized Arabidopsis proteins. Polyclonal antibodies directed against JS36, JS33, and JS36L
were pooled and conjugated with protein A-Sepharose. The conjugates were then incubated with
an aliquot of solubilized proteins from Arabidopsis and the immunoprecipitated material was
washed and tested for GalAT activity using pooled preimmune serum as a negative control
(Figure 4.12).

The results from this experiment showed that none of the pooled antibodies were able to
immunoprecipitate significant amounts of GalAT activity (a priori o of 0.05) from solubilized
Arabidopsis proteins compared to their preimmune controls (Figure 4.12). The activity using the
pooled JS33 antibodies gave the greatest difference compared to the preimmune sera, but the
calculated t value (n =2, tjs33 = 2.483 [P > 0.05]) indicated that the activity was not significantly
different with 95% confidence. Our inability to obtain significant levels of immunoprecipitable
activity using pooled antibodies could be due to protein A-Sepharose, as its addition to
solubilized Arabidopsis proteins inhibited GalAT activity by approximately 40% (Figure 4.12).

Recent experiments demonstrated that some of the polyclonal antibodies generated against JS33
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Table 4.5. Amino acid sequences of JS36, JS33 and JS36L used for the construction of multiple

antigenic peptides (MAPs).

Amino acid

Peptide position Sequence
JS36
Pim006 341-365 IDYYLLSPEKRKFPRSENLENPNLY
Pim007 448-472 AMREYYFKADHPTSGSSNLKYRNPK
Pim008 132-154 NLNEKRDSISKDSITHQKVETPTK
JS33
Pim003 515-540 LGVSETYQKYYKEMSSGDESSEAIL
Pim004 302-326 LTVEHFKSDSLEDPISEKFSDPSLL
Pim005 82-103 DEVLQKINPVLPKKSDINVGSR
JS36L
Pim009 128-150 LTQQTSEKVDEQPEPNAFGAKKD
Pim010 93-116 ATDDDTHSHTDISIKQVTHDAASD
Pim011 288-306 ALNSSEQQFPNQEKLEDTQ




206

Figure 4.12. Immunoprecipitation of GalAT activity from solubilized Arabidopsis proteins
using pooled polyclonal antibodies against JS proteins or preimmune rabbit serum. Polyclonal
antibodies directed against JS33 (33 com), JS36 (36 com), or JS36L (36L com) were pooled and
1 pL of the pooled serum was conjugated to 40 puL of protein A-Sepharose. Conjugates were
incubated with 0.5 mL of solubilized proteins from Arabidopsis and the immunoprecipitated
material was assayed for GalAT activity for 30 min at 30°C using 2 pM UDP-p-['*C]GalpA and
80 ug of OGAs in a total volume of 70 ul. Pooled preimmune serum from rabbits immunized
with JS33 (33 PI), JS36 (36 PI) or JS36L (36L PI) MAPs were used as a negative control.
Solubilized Arabidopsis proteins (10 pL) in the presence (Sol + prot A) or absence (Sol) of 40

uL of protein A-Sepharose was used as a positive control for the GalAT assay.
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or JS36 recognized the recombinant forms of these proteins made in cell lysates from 33c6 and
36mp2 cell lines (M. Atmodjo and D. Mohnen, unpublished results). New experiments are
currently being conducted using these specific antibodies which should enable us to
immunoprecipitate proteins from Arabidopsis extracts and determine whether they encode active
GalATs.

JS36 and JS33 are part of a putative multi-gene family in Arabidopsis

BLAST analysis of the Arabidopsis genome identified JS33 and an additional 13
GenBank sequences with between 36-68% sequence identity and 56-84% sequence similarity to
JS36 (Table 4.6). Further analysis revealed an additional 10 sequences with significant, but
reduced, sequence identity to JS36 (23-29% identity and 42-53% similarity). Similar to JS36
and JS33, all of these putative proteins belong to CAZy glycosyltransferase family 8 (Henrissat
et al., 2001).

Sequence alignment of all 25 amino acid sequences revealed the presence of highly
conserved domains, some of which were found in other glycosyltransferase families (Wiggins
and Munro, 1998), and include the putative DXD motif detected in JS33 and JS36 (Figure 4.13).
Based on the similarity of these sequences to JS36 and on the results obtained with the activity of
recombinant JS36 in transiently transfected HEK cells, we propose that all 25 genes are putative
GalATs and are part of a proposed 25-member GALAT (pGALAT) superfamily in Arabidopsis
(Table 4.6).

The 25 genes have been subdivided into 15 pGALAT and 10 pGALAT-like (pPGALATL)
genes according to their sequence identity to JS36 (Table 4.6). Concurrent with this division,
many of the encoded proteins are predicted to contain a hypervariable N-terminal extension that

contains a  putative  transmembrane  domain  (http://www.ch.embnet.org/software/



Table 4.6. The putative GALAT superfamily in Arabidopsis.

) Predicted ) ) Signal anchor (SA)
a Accession Amino acid .
GalAT gene no.? molecular dentity/similaritv® versus signal
' weight Y Y peptide (SP)"
JS36/pGALATI1/LGTI At3g61130 77.3 100/100 SA
pGALAT2 At4g38270 77.8 68/84 SP
JS36L/pGALAT3/LGT3  At5g47780 71.1 66/83 SP
pGALAT4/LGT2 At2g46480 62.1 65/78 none
pGALATS5/QUAL At3g25140 64.4 58/77 SA
pGALAT6 At3g02350 64.2 57/76 SA
pGALAT7 Atlg18580 61.9 51/71 SA
pGALATS8/LGT4 At2g20810 61.8 50/72 SA
pGALATY9/LGT9 Atlg06780 67.5 46/64 SA
pGALATI10/LGTS At2g30575 69.9 45/67 SP
pGALATI11 At3g01040 61.1 43/62 SA
pGALATI2 At5g15470 65.3 43/62 SA
pGALATI13/LGT6 At5g54690 60.9 40/61 SA
pGALATI14 At3g58790 60.6 37/56 SA
JS33/pGALATIS5/LGT7  At2g38650 69.7 36/59 SA
pGALATL1/LGT10 At4g02130 39.0 29/52 SP
pGALATL2 At3g06260 40.3 29/51 SP
pGALATL3 At3g62660 41.1 29/51 SP
pGALATL4/PARVUS Atlg19300 39.0 29/49 SP
pGALATLS At3g28340 41.2 28/53 SP
pGALATLG6 At3g50760 32.5 27/52 SP
pGALATL7/LGTS Atl1g70090 443 27/48 SP
pGALATLS At1g02720 41.2 25/44 SP
pGALATLY9 Atlgl3250 39.9 23/43 SP
pGALATL10/LGT9 Atlg24170 44.0 23/42 SP

“The name given to each member of the putative GalAT family includes its designation within

the LGT family (Tavares et al., 2000) or the names of any characterized Arabidopsis genes.

®From the Arabidopsis Information Resource database or NCBI

‘Sequence homology is compared to 397 amino acids of pGalAT1/JS36 starting at amino acid
position 277.

“The presence of either a putative transmembrane domain (SA; signal anchor) or a signal peptide
(SP) sequence at the N-terminus of each gene was determined using SignalP version 3.0
TMpred

(http://www.cbs.dtu.dk/services/SignalP) and confirmed using

(http://www.ch.embnet.org/software/TMPRED form.html).
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Figure 4.13. Amino acid sequence alignment of the putative GALAT superfamily. ClustalX alignment of the amino acid sequences

of all 25 proteins in the Arabidopsis pGALAT superfamily. Identical amino acids are designated by an asterisk. Similar amino acids

are designated by a colon. The relative position of the hypervariable, N-terminal extension found on all GalAT genes is indicated by

the arrow. The position of the putative DXD motif is boxed. Key: light blue = Ala, Leu, Ile, Val, Phe, Trp, Met, or Cys; blue = His

or Tyr; green = Ser, Thr, Asn, or Gln; purple = Asp or Glu; light orange= Gly; orange = Lys or Arg; yellow = Pro.
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TMPRED_form.html; Figure 4.13) and are predicted type II membrane proteins (Paulson and
Colley, 1989; Keegstra and Raikhel, 2001). Conversely, pGalAT2, 3, 10 and all pGalATL
amino acid sequences lack this N-terminal extension and instead contain a putative signal
peptide (http://www.cbs.dtu.dk/services/SignalP; Figure 4.13). The only protein that was not
predicted to contain either an N-terminal transmembrane domain or a signal peptide was
pGalAT4. At present, the subcellular location and topology of the 25 pGALAT superfamily
proteins has not been elucidated and so the exact roles of the putative membrane-bound and
soluble pGalAT isoforms remain to be determined.

pGALAT1 (JS36) and 9 other members of the pGALAT superfamily (including
pGALATS3, 4, 8-10, 13, 15 and pGALATLI1, 7, 10) were initially classified as putative
glycosyltransferases (Table 4.6) during the annotation of the Arabidopsis genome (Tavares et al.,
2000). This group of genes was called the LGT (like-glycosyl-transferase) family based on their
similarity to the LGTC gene from Neisseria gonorhoeae, a galactosyltransferase involved in
lipopolysaccharide biosynthesis (Gotschlich, 1994). Tavares et al. (2000) were able to identify
several conserved domains between members of the LGT family and the amino acid sequence of
LGTC, but did not speculate on the function of the LGT gene family in Arabidopsis.

pGALATS was previously identified as a T-DNA-insertion mutant of Arabidopsis named
qual (Bouton et al., 2002). Qual mutant plants are dwarfed, have reduced cell adhesion and
have 25% less p-GalpA in their leaves. Reduced cell adhesion and p-GalpA content are
phenotypes that would be expected for the mutation of a gene encoding a GalAT. Although
Bouton et al. (2002) were unable to provide enzymatic evidence proving the function of
pGALATS5/QUALI, the mutant phenotype provides further validity for our classification of the 25

Arabidopsis sequences into a putative GALAT super-family.
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Recently, a mutant of a pGALATL subfamily member was isolated by transposon
mutatagenesis. Parvus (pgalatl4) was isolated as a semi-sterile mutant that exhibited a dwarf
phenotype and altered monosaccharide composition when grown under conditions of low
humidity (Lao et al., 2003). pGalatl4/parvus mutant plants had more a-L-arabinose and less B-p-
xylose in their cell walls, and linkage analysis showed an increase in 2-linked rhamnose and 3,4-
linked galactose compared to wild-type plants. Furthermore, galatl4/parvus plants showed a
difference in the developmental regulation of cell wall polysaccharide biosynthesis as older
leaves had a significant increase in the amount of 5-linked arabinose while younger leaves were
significantly reduced in the amount of 4-linked xylose.

Arabinose, galactose and rhamnose are components of the pectic polysaccharide RG-I.
Changes in the relative composition and linkage of these monosaccharides could be caused by
the plant’s attempt to cope with the mutation, an effect similar to that which occurs in plants with
the murl mutation (Zablackis et al., 1996; Reuhs et al., 2004). It is currently unknown whether
these changes in the galatl4/parvus mutant are caused by an alteration in p-GalpA content as the
amount of p-GalpA in galatl4/parvus mutant plants was not measured.

Phylogenetic analysis of the putative GALAT superfamily

Phylogenetic analysis of all 25 pGALAT superfamily members and selected amino acid
sequences from soybean (Glycine max), barrel medic (Medicago truncatula), rice (Oryza sativa),
tobacco (Nicotiana tobacum), and chickpea (Cicer arietinum), show that they cluster into 5
distinct groups with highly significant bootstrap values (Figure 4.14). Groups A and B contain 4
and 2 members, respectively, of the pGALAT subfamily. Group E contains pPGALATS/QUAL1

and one other pGALAT subfamily member. The rest of the pGALAT subfamily, including
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Figure 4.14. Phylogenetic analysis of the putative GALAT superfamily and its close homologs.
The amino acid sequences of all members of the pGALAT superfamily, along with EST
(GenBank accession no.) or tentative consensus (TC) sequences from Glycine max (Gm),
Medicago truncatula (Mt), Oryza sativa (Os), Nicotiana tobacum (Nt), and Cicer arietinum (Ca),
lacking their putative N-terminal transmembrane domains, were aligned using ClustalX (version
1.83). Weighted parsimony analysis of this alignment was conducted using PAUP software

(version 3.1). Bootstrap (100x) values are given in parentheses.
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pGALATI1/JS36 and JS33 (pGALATI1S), are clustered into Group C. All members of the
pGALATL subfamily, including pPGALATL4/PARVUS, are clustered into Group D.

The clustering of specific pPGALAT superfamily genes into specific groups suggests that
certain members of the pGALAT superfamily may perform distinct functions within
Arabidopsis. Based on this assumption, pGALAT1/JS36 and JS33 (pGALATI15) may perform
similar functions in Arabidopsis and these functions are may be distinct from those performed by
pGALATS5/Qual. The clustering of the entire pPGALATL subfamily into Group D also suggests
that it has a distinct role in Arabidopsis. A survey of the Arabidopsis massively parallel
signature sequencing (MPSS) database does not provide evidence indicating the differential
expression of any specific group of putative GALAT genes in Arabidopsis. Instead, MPSS
database analysis suggests that most members of the pGALAT superfamily are expressed in
many of the major tissues of Arabidopsis (Table 4.7), with only pGALAT4 and pGALATLS not
detected in any tissue. pGALAT2, pGALATI14, pGALATLS and pGALATL6 were detected in
all tissues except immature inflorescence or flower buds. pGALAT13 and pGALATL4 were not
detected in callus tissue, and pGALATL2 was only detected in siliques. Results from Yamada et
al. (2003) using whole genome arrays of cold treated seedlings, suspension-cultured cells,
flower, and root tissues from Arabidopsis confirmed the expression of most pGALAT
superfamily members. Their results also supported the absence of any transcripts corresponding
to pGALAT4. In contrast to the MPSS database, Yamada et al. (2003) detected transcripts
corresponding to pGALATLS, but were unable to detect the presence of transcripts
corresponding to pGALATI10. This disparity between the MPSS database and the results
obtained by Yamada and colleagues could be due to differences in the way the two groups

prepared their tissue samples. Nevertheless, these results suggest that the majority of the
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Table 4.7. Expression analysis of the GALAT superfamily based the Arabidopsis MPSS database (http://mpss.dbi.udel.edu) and

Yamada et al. (2003).

Inflorescence
GalAT gene  Accessionno. Callus®  and early stage Leaves® Roots® Siliques”  (Yamada et al., 2003)
floral buds®

JS36/GALATI At3g61130 + + + + + i
GALAT2 At4g38270 + - + + + 4
GALAT3 At5g47780 + + + + + +
GALAT4 At2g46480 - - - - - -
GALATS At3g25140 + + + + + +
GALAT6 At3g02350 + + + + N N
GALAT?7 Atlgl8580 + + + + + +
GALATS A2g20810 + + + + N N
GALAT9 At1g06780 + + + + + +
GALATIO At2g30575 + + + + + -
GALATI1 At3g01040 + + + + + +
GALATI2 At5g15470 + + + + + +
GALATI3  At5g54690 - + + + + N
GALATI14 At3g58790 + - + + + +
IS33/GALATIS  At2g38650 + + + + . N
GALATLI1 At4g02130 + + + + + +
GALATL2  At3g06260 - i ; ) N N
GALATL3  At3g62660 + + + + ; N
GALATL4  Atlgl9300 ; + + + + N
GALATLS  At3g28340 + ; + . N N
GALATL6 At3g50760 + - + + + 4
GALATL7  Atlg70090 + + + + i N
GALATLS Atlg02720 - - - - - +
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GALATL9 Atlgl3250 + + + + + +
GALATLI10 Atl1g24170 + + + + + +

*Presence or absence of MPSS signatures for specific pPGALAT genes according to the Arabidopsis MPSS database.

PPresence or absence of transcripts determined by whole genome array (Yamada et al., 2003).
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putative GALAT superfamily is widely expressed in Arabidopsis and therefore little information
on the possible roles of the distinct groups in the GALAT superfamily can be gleaned using this
database analysis. Mutation analysis and/or the characterization of members of the putative
GALAT superfamily will be required before the significance of these groupings can be fully
understood.

A BLAST search of the NCBI (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi) and
TIGR (http://www.tigr.org) databases indicates the presence of several protein sequences from
other plant species with significant identity to pGalAT1/JS36 (Figure 4.14). Phylogenetic
analysis of selected sequences demonstrates that the proteins with the most similarity to
pGalAT1/JS36 are not from Arabidopsis, but are instead from soybean (TC207294), barrel
medic (TC79125), and chickpea (CAB81547). A recent search of the rice genome also revealed
a protein (BAD46265) with high sequence identity to pGalAT1/JS36. Other gene sequences (i.e.
BAC06990 from rice) cluster into specific groups within the phylogenetic tree. These results
strongly suggest that pGALATI and other members of the putative GALAT superfamily, are
highly conserved across several plant species.

A similar phylogenetic tree was constructed by the group that discovered the
galatl4/parvus mutant (Lao et al., 2003). Using conserved domains from pGALATL4/Parvus
and other CAZy family 8 glycosyltransferases from Arabidopsis, they identified all but two
members of the putative GALAT superfamily. Their tree clustered the pGALAT and pGALATL
subfamily sequences into two distinct branches. The similarity in the groupings of the pPGALAT
and pGALATL genes by these two independent analyses strengthens the argument that they

represent two distinct subfamilies in Arabidopsis.
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DISCUSSION

p-GalpA is the most abundant monosaccharide found in pectic polysaccharides. It has
been estimated that between 5-7 distinct GalATs are required for the incorporation of p-GalpA
into all of the known pectic structures of the primary cell wall (Mohnen, 2002). While GalAT
activity can be detected in tissue extracts from several different plant species (Villemez et al.,
1965; Lin et al., 1966; Doong et al., 1995; Sterling et al., 2001; Akita et al., 2002; Ishii, 2002),
previous attempts to identify GalAT genes from any plant source have not been successful.

Through the development of new solubilization conditions, we were able to solubilize
approximately 80% of the starting activity from Arabidopsis membranes. Instrumental in this
process was the elimination of the low-speed centrifugation step in the preparation of solubilized
proteins. The direct high-speed centrifugation of tobacco cell homogenates created a multi-
layered pellet in which approximately 80% of the total GalAT activity was found in the top-most
layer. The formation of this unique GalAT-containing layer was not found to be dependent on
the original plant source, as similar pellets could be created using suspension-cultured
Arabidopsis cells or radish roots (data not shown). Mixing of the three layers caused a
significant reduction in the amount of GalAT activity that could be solubilized, suggesting that
the other layers contained a potent inhibitor of GalAT. Our results showed that this layer was
enriched in subcellular membranes that contained GalAT activity and therefore could also be an
excellent starting material for the study of other pectin glycosyltransferases.

GalAT activity was purified a total of 17-fold through the combined use of SP-Sepharose,
RY3 and UDP-agarose chromatography columns. The purification achieved could be an
underestimation of the true purity of GalAT activity in the final fraction, as it was determined

that several of the enriched GalAT fractions contained a contaminating polygalacturonase
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activity that degraded the radioactive product as it was being synthesized (data not shown).
Similar polygalacturonase activities have been detected in GalAT-containing membrane
fractions from pumpkin (Ishii, 2002) and from solubilized GalAT from petunia pollen tubes
(Akita et al., 2002). This degradative activity greatly decreased the amount of p-['*C]GalpA
incorporated into product, reducing both the specific and total activity. Attempts to remove this
contaminating activity by chromatography were unsuccessful, because the activity bound to all
chromatography resins that were negatively charged. The inclusion of low concentrations of
OGAs and UDP in the elution buffers used during RY3 and UDP-agarose chromatography was
found to aid in the selective removal of GalAT activity from the column, as well as inhibit some
of the polygalacturonase activity that had bound to these resins (data not shown).

A critical step in the purification of Arabidopsis GalAT was the use of the affinity resin
UDP-agarose. Previous elution schemes using this resin that were based solely on changes in
ionic strength were found to be ineffective for the purification of GalAT activity (data not
shown). By employing an elution scheme similar to one developed by Barker et al. (1972), we
were able to remove a substantial amount of contaminating proteins from the UDP-agarose
column and obtained a fraction that was significantly enriched in GalAT activity.

Proteolytic digestion and analysis of the resulting peptides contained within the most
purified chromatography fraction from the UDP-agarose column identified two protein
sequences, named JS33 and JS36, which contained conserved domains found in other
glycosyltransferases. Preliminary analysis of the two protein sequences indicated that they
encoded putative type II membrane proteins, were part of a family of retaining
glycosyltransferases (CAZy family 8), and were expressed ubiquitously in Arabidopsis. All of

these characteristics were properties expected for GalAT genes (Scheller et al., 1999; Sterling et
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al., 2001). We successfully cloned and heterologously expressed N-terminally truncated and HA
epitope-tagged forms of JS33 and JS36 in mammalian HEK293 cells. The HA epitope tagged
proteins also contained the signal sequence from T. cruzi mannosidase for secretion of the
recombinant proteins into the media surrounding transfected (or transformed) HEK293 cells
(Vandersall-Nairn et al., 1998).

Two separate experiments were performed in which media from transiently transfected
HEK293 cells was harvested and analyzed for GalAT activity. In the first experiment,
immunoprecipitation of media from cells transfected with the JS36 cDNA construct using anti-
HA antibodies conjugated to protein A-Sepharose yielded GalAT activity. It was concluded that
JS36 encoded a putative GalAT. A second transient transfection experiment did not yield GalAT
activity, despite the presence of low levels of recombinant JS36 protein in the media.

There are several reasons why GalAT activity might not have been detected in the later
transient expression experiment. One reason may be the low level of recombinant protein
expressed in the transiently expressing cells. Our data show that more JS36 cDNA is required to
transform HEK293 cells than JS33 or a-(2,6)-ST. Therefore, higher than recommended amounts
of DNA (Jordan et al., 1996) may be required to obtain high levels of JS36 expression in HEK
cells. It is possible that in the second transient experiment, the transfection efficiency was lower
than the previous experiment, resulting in lower levels of recombinant protein and no detectable
GalAT activity. The use of higher amounts of cDNA may allow us to detect GalAT activity in
cells transfected with the JS36 constructs in future experiments.

Another possible explanation for the difficulty in detecting GalAT activity in the
transiently transfected cell lines expressing JS36 is the lack of essential cofactors and/or other

proteins that are required for optimal GalAT activity. It is well known that many
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glycosyltransferases require additional proteins and/or cofactors for optimal activity and without
these proteins exhibit diminished abilities to catalyze their reactions. This phenomenon has been
demonstrated for the expression of ganglioside a-(2,8)-sialyltransferase II (STII) and B-(1,4)-N-
acetylgalactosaminyltransferase I (GaINAcTI) in mouse F-11A neuroblastoma cells (Bieberich et
al., 2002). Bieberich et al. (2002) were able to show that transfecting F-11A cells with STII
greatly enhanced the endogenous GalNAcTI activity in this cell line and vice versa.
Furthermore, they were able to show that STII and GalNAcTI formed protein complexes in the
Golgi, suggesting that Golgi glycosyltransferases involved in the production of common
glycoconjugates self-associate in vivo to form an activated complex that is more active than the
individual glycosyltransferases (Bieberich et al., 2002). Pectin biosynthesis is also thought to
involve the coordinated action of several glycosyltransferases (Mohnen, 2002) and so it is
possible that the co-expression of other pectin biosynthetic enzymes will be required to obtain
high levels of GalAT activity in HEK cell lines.

Stably transformed cell lines expressing recombinant JS33 or JS36 proteins also did not
possess any GalAT activity. Unlike the transiently transfected lines, media taken from the stable
lines expressing JS33 and JS36 did not contain any detectable levels of recombinant protein.
Instead, the recombinant proteins were found in cell lysates. The addition of 2 uM lactacystin to
stable cell lines expressing JS36 did not change the amount of recombinant protein made in cell
lysates or its migration on SDS-PAGE gels. These results suggest that the anomalous JS36
protein targeting is not due to proteasome-directed degradation of the recombinant protein, but is
due to some unknown event that occurs during or following protein expression.

The differential location of recombinant proteins in stable versus transient lines could be

caused by the retardation of these proteins in the secretory pathway. The retardation of
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recombinantly expressed, Golgi-localized glycosyltransferases has been shown to occur during
the expression of a secreted form of GIcNACcTI in CHO cells (Opat et al., 2000). The authors
speculated that it was caused by the formation of high molecular weight protein complexes
within the Golgi apparatus. They also suggested that this property occurred only with
glycosyltransferases that were localized to the medial Golgi cisternae (Opat et al., 2000).

The specific subcellular localization of JS33 and JS36 protein in the stable HEK cell lines
has not been determined. It has been hypothesized that the bulk of the GalAT activity found in
plant cells is localized to the cis or medial Golgi cisternae (Stachelin and Moore, 1995; Vicre et
al., 1998). If JS33 and JS36 are GalATs that function in these early cisternae, then it is possible
that the recombinant forms of these proteins also create large molecular weight complexes that
are retained within the HEK cells.

The intracellular retention and/or production of inactive, recombinant protein could also
be caused by the abnormal N-glycosylation of recombinant JS33 and JS36. This phenomenon
has previously been demonstrated during the recombinant expression of rat a-(2,6)-
sialyltransferase in COS-1 cells (Chen and Colley, 2000). a-(2,6)-ST is a Golgi-localized protein
that is proteolytically processed in a downstream Golgi compartment into a smaller, secreted
isoform in mammalian cells (Chen et al., 2003b). a-(2,6)-ST was shown to be glycosylated at
two sites, Asnl46 and Asnl58. Site-directed mutagenesis showed that while both the
glycosylated and non-glycosylated forms of a-(2,6)-ST were correctly targeted to the Golgi, only
wildtype and the Asn146 mutant were proteolytically processed and properly secreted from the
COS-1 cells. Furthermore, only these isoforms were active in in vitro activity assays. The
authors hypothesized that the Asn158 and Asn146/Asn158 mutants of a-(2,6)-ST formed protein

aggregates upon cell lysis that inactivated the recombinant proteins. They also hypothesized that
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the absence of the N-linked oligosaccharide at Asnl58 caused the recombinant proteins to be
restricted to earlier Golgi compartments.

The difference between the calculated and observed molecular weights of recombinant
JS33 and JS36 (13 and 6-8 kDa, respectively) suggests that both proteins may be glycosylated in
HEK cells. The differential glycosylation of JS36 is also suggested by the appearance of two
recombinant isoforms of the protein in stably transformed lines. Both JS33 and JS36 each
possess 5 putative N-glycosylation sites; however, the nature and pattern of N-glycosylation was
not explored in this study. Differences in the N-glycosylation pattern of recombinant versus
native, Arabidopsis isoforms of JS33 and JS36 may be a contributing factor to the localization
and activity of the recombinant proteins made by HEK293 cells.

The putative GALAT superfamily constitutes a novel gene family in Arabidopsis. While
several members of this family have previously been described (Tavares et al., 2000; Bouton et
al., 2002; Lao et al., 2003), this is the first report that combines all 25 coding sequences from
Arabidopsis into one superfamily. Alignment of all the sequences within the pGALAT
superfamily indicates regions of high sequence conservation between superfamily members.
These regions include the Pfam domain PFO01501 that is unique to CAZy family 8
glycosyltransferases (http://www.sanger.ac.uk/cgi-bin/Pfam/getacc?PF01501) and a putative
DXD motif that is conserved among several glycosyltransferase families (Wiggins and Munro,
1998).

The putative GALAT superfamily can be divided into two subfamilies according to their
sequence identity to pGalAT1/JS36. This subdivision is further justified by the clustering of all
pGALATL genes into one branch of our phylogenetic tree. All members of the pGalATL

subfamily and specific GalAT subfamily proteins (2, 3, and 10) are predicted to contain signal
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peptides at their N-terminus, suggesting that they enter the secretory pathway and are either
retained within a subcellular compartment or secreted into the cell wall. The former location is
the most probable site of action for these genes as pectin biosynthesis occurs in the Golgi
apparatus (Zhang and Staehelin, 1992; Sterling et al., 2001) and no glycosyltransferases have
been detected in the extracellular matrix (Bacic et al., 1988; Brett and Waldron, 1990).

All other pGalAT subfamily proteins (except pGalAT4 and those mentioned above) have
an N-terminal extension containing a putative transmembrane domain and are predicted type II
membrane proteins. This topology has been associated with several Golgi-localized plant
(Edwards et al., 1999; Keegstra and Raikhel, 2001; Faik et al., 2002; Iwai et al., 2002) and
mammalian (Paulson and Colley, 1989; Munro, 1995; Chen et al., 2003b) glycosyltransferases
and provides evidence supporting the subcellular location of specific pGalAT proteins in
Arabidopsis.

The presence of putative soluble isoforms of pGalAT superfamily proteins in Arabidopsis
is unexpected. GalAT activity has not been detected in soluble fractions from any plant source
(Villemez et al., 1966; Doong et al., 1995; Takeuchi and Tsumuraya, 2001; Ishii, 2002). This
suggests that these soluble proteins are either inactivated during tissue homogenation or isolated
as highly associated protein complexes with their membrane-bound counterparts during
solubilization.

While the exact roles of the apparent soluble versus membrane-bound proteins are not
known, analysis of two putative GALAT superfamily mutants, pgalat5/qual and
pgalatl4/parvus, shows that they result in somewhat similar phenotypes in Arabidopsis (Bouton
et al., 2002; Lao et al., 2003). Both mutant plants are dwarfed and are altered in the relative

composition of sugars that are normally associated with pectic polysaccharides. The
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pgalat5/qual mutant also exhibits a cell adhesion defect that is not seen in the pgalatl4/parvus
mutant, and the pgalatl4/parvus mutant is more sensitive to growth under conditions of low
humidity. These results suggest that pGALATS/QUA1 and pGALATL4/PARVUS may have
similar, yet distinct, functions in Arabidopsis and also supports the separation of these genes to
different branches of the phylogenetic tree.

Analysis of the expression patterns of all the members of the putative GALAT
superfamily indicates that the majority of these genes are expressed in multiple tissues of
Arabidopsis. This result suggests that pGALAT genes are important components of all
Arabidopsis tissues; however, it provides no insight into the potential functions of pGALAT
genes such as pGALAT15/JS33 and pGALAT1/JS36. Of all the genes in the putative GALAT
superfamily, pGALAT#4 is the only gene that does not contain a putative signal sequence or a
transmembrane domain at its N-terminus. Transcript analysis also suggests that this gene is not
expressed in any of the Arabidopsis tissues analyzed, indicating that it may be a pseudogene
(Tavares et al., 2000).

The generation of stable lines expressing recombinant forms of JS33 and JS36 represents
a step forward in the study of the proposed GalATs. Experiments aimed at determining enzyme
specificity, discovering associating factors and/or proteins, and developing new methods for
expression of JS33 and JS36 can now be carried out. The development of polyclonal antibodies
against specific GalAT genes will allow us to determine the subcellular location of these genes in
Arabidopsis and will greatly aid in determining the function of these genes. The importance of
the putative GALAT superfamily is made evident by the identification of close homologs of
specific pGALAT family members in other plant species. Through the use of stable lines

expressing pGALAT genes, the analysis of pPGALAT mutant plants and the development of tools
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such as polyclonal antibodies to specific pGalAT proteins, the specific roles of the putative

GALAT superfamily in pectin biosynthesis can be determined.
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CONCLUSIONS

This research has significantly increased our understanding of pectin biosynthesis. The
localization of o-(1,4)-GalAT activity to the lumen of the Golgi apparatus in pea confirmed
previous, more indirect evidence suggesting the Golgi as the main site of pectic biosynthesis.
Proteinase K protection experiments indicated that the catalytic site of pea a-(1,4)-GalAT faced
the Golgi lumen. Golgi-localized a-(1,4)-GalAT activity also synthesized radiolabeled products
that were comparable to those generated by the tobacco enzyme. These results suggest that pea
a-(1,4)-GalAT is a Golgi-localized enzyme that synthesizes HGA in the lumen of the Golgi
apparatus. This is the first report of the subcellular location of a pectin glycosyltransferase in
any plant system.

One of the major problems with identifying pectin glycosyltransferases is the difficulty
associated with developing the appropriate assays for catalytic activity. Not only are these
assays important for detecting glycosyltransferase activity in plant extracts, but they are also
required for testing recombinantly expressed proteins for activity. Earlier methods used to detect
a-(1,4)-GalAT activity in microsomal membranes and/or solubilized protein fractions have
proven to be too expensive and time consuming to be useful for purification studies. The
development of a quick and simple assay for a-(1,4)-GalAT greatly facilitated the development
of new universal solubilization methods and aided in the partial purification of Arabidopsis a-
(1,4)-GalAT. The further development of this assay will allow its use to detect the activity of
other pectin glycosyltransferases.

The identification of the putative GalATs, JS36 and JS33, from partially purified protein

fractions from Arabidopsis represents a step forward towards the identification of pectin
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biosynthetic glycosyltransferases. =~ While the activity of JS36 and JS33 could not be
unequivocally demonstrated, analysis of several Arabidopsis mutants (K. Hosmer and D.
Mohnen, unpublished results) indicates that the disruption of several putative GALAT
superfamily genes causes alterations in glycosyl residues associated with pectic polysaccharides.
These results support the involvement of the putative GALAT superfamily in pectin
biosynthesis. The development of tools, such as MAP polyclonal antibodies, should enable the
elucidation of the specific roles that putative GALAT superfamily genes play in pectin

biosynthesis.
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