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Preface

This volume captures a sense of the impact that the study of
arabinogalactan-proteins (AGPs) is having in plant physiology. We have
moved from a very diffuse set of observations on the distribution of AGPs
in plants to a point where we can see some threads of research direction and
some critical issues to be resolved. In this context it is interesting to recall
that the reviewer of a proposal seeking funding for the meeting held at the
University of California at Riverside in January, 1999, noted that "it is
difficult to get an idea of where the field is headed other than you can find
AGPs wherever you look!" It is true that AGPs are ubiquitous. We are
now seeing, however, that different AGPs may have different tissue and
cellular locations and that some appear and disappear during development.
With this distribution and developmental control of AGPs, it is not
unreasonable to consider that they may well have a range of functions.
Indeed, some AGPs may be critical to survival, and this could be one
reason why many people have observed a very low frequency of plants
resulting from antisense experiments using AGP polypeptide backbone
genes. In response to the reviewer's comment that it is difficult to get an
idea of where the field is headed, one approach is to consider the blockages
to further understanding of both the form and function of AGPs and their
reciprocal relationships.

FORM OF ARABINOGALACTAN-PROTEINS

The fact that there are so many closely related but not identical AGPs
leads to the questions of "What is an AGP?" and "When does one AGP
differ from another?"
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In this context, both the structure of the polypeptide backbones and the
glycosyl constituents need to be understood. Features of the polypeptide
backbones needing improved understanding include their domain structure,
their diversity, whether they are glycosylphosphatidylinositol-anchored or
not, and whether the genes encoding the polypeptide backbones include
introns or not. Some of the questions regarding the carbohydrate chains are
"How many types of chains?", "Where are the points of glycosylation?",
"What parts of the polypeptide backbone are covered or exposed?", "What
is the diversity of the carbohydrate sequences?", "What is the overall shape
of the molecule?", and "What parts of the polypeptide and the carbohydrate
side chains might be accessible for binding to other molecules?"

POSSIBLE FUNCTIONS OF ARABINOGALACTAN-PROTEINS

Many different functions have been implied from observations of the
involvement of AGPs in such diverse physiological effects as programmed
cell death, cell division, arrest of growth (reversible), oxidative
bursts/wounding, somatic embryogenesis, pollen tube growth, chilling
protection, microsporogenesis, growth suppression, and xylem formation.
Observations on many of these involvements of AGPs are detailed in this
volume, but at present, no one function of a single AGP is understood in
detail.

In furthering our understanding of both the form and the function of
AGPs, it became clear during the meeting that there are several critical
issues to be addressed -

(i) The specificity of the Yariv reagent. It is important to establish the
exact identities of the molecules to which the Yariv reagent binds.
Certainly the reagent precipitates AGPs from tissue extracts. It would
be valuable, however, to know the key features of both the
polysaccharide and the polypeptide components which are required for
binding to the Yariv reagent.

(ii) Sequence analysis of glycosyl chains. Understanding the precise
structure and arrangement of the glycosyl chains is critical to our
ultimate understanding of both the form and the function of AGPs. A
current roadblock is the lack of routine and facile methods for isolating
the glycosyl chains and establishing the monosaccharide com-
ponents, linkages, and overall sequence. Commercial availability of
glycosidases with defined specificities for the linkages which
commonly occur in AGPs would be extremely helpful. The panel of
monoclonal antibodies currently available is a useful tool set, although
this usefulness is limited by lack of detailed specificity studies for
many of these antibodies.
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(1ii) Availability of defined oligosaccharide fragments as reagents. The
fact that the specificity of the antibodies has been defined in only a few
cases reflects the lack of defined oligosaccharides that can be used as
reagents. Commercial availability of oligosaccharides of galactose and
arabinose in the relevant linkages, for example, would enable rapid
progress to be made in applying immunocytochemical techniques to
the cellular location and function of different AGPs.

(iv) Biosynthesis of AGPs. Understanding how the various chains are
formed and at what stage the glycosylation of the polypeptide
backbone occurs will give us insight into the groups of AGPs with
similar but distinct structural features.

(v) The number of AGPs within a particular plant tissue. We do not yet
have a sense of the complete range of AGPs in plant tissues. There are
salt-extractable, non-salt extractable, membrane-bound, and non-
membrane-bound AGPs, but the complete range for any particular
tissue or cell type and the differences between the members of this
range are still not defined.

(vi) Arabidopsis mutants. The range of Arabidopsis mutants available
provides an invaluable experimental tool for understanding the
relationship between form and function of AGPs. Nonetheless, the
precise details of the chemistry of the different AGPs will be required
to get an understanding of the mutations in these complex
proteoglycans.

A related topic discussed during the meeting was the potential
commercial use of AGPs. There is evidence supporting the idea that they
can be used to induce immunostimulation in animals, and there may be
other medicinal uses. Industrial uses rely on their functionality as
emulsifiers, for example, in the food and cosmetic industries. There are
many opportunities for applying current knowledge of the chemistry of
AGPs to these industrial applications, many of which are presently based
on empirical observations.

All in all, we anticipate that by the time the next meeting is held, we will
have created a much broader knowledge base of both the form and the
function of AGPs. We can look forward to a further understanding of how
the design of these complex and varied proteoglycans is adapted for their
seemingly myriad functions.

Adrienne E. Clarke
University of Melbourne
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Chapter 1

A Brief History of Arabinogalactan-Proteins

B.A. Stone' and K. Valenta’
! Department of Biochemistry and *Borchardt Library, La Trobe University, Bundoora 3083,
Australia

In this paper key events in the development of our current understanding of the
structure, functional roles and biosynthesis of arabinogalactan-proteins (AGPs) will be
analyzed. In making this analysis, use has been made of citations in reviews (Smith and
Montgomery 1959, Clarke et al 1979, Fincher et al 1983, Showalter 1993, Bacic et al
1996, Du et al 1996a, Knox 1995 1996, Nothnagel 1997, Sommer-Knudsen et al 1998).
These were analyzed by a bibliographical system (Garfield 1979) based on the citation
index that enabled key events, their chronology and relationships in the evolution of the
AGP story to be identified. Unfortunately the citation networking program that has
proved useful, for example, in defining how DNA theory was developed, was not
accessible. Instead, milestones in AGP history are summarized in sectors as follows:
structural elucidation of exudate gums and cell and tissue AG-peptides and -proteins;
detection, cell and tissue location of AGPs; separation and analysis of AGPs; function
of AGPs; and, finally, their biosynthesis.

1. EXUDATE GUM STRUCTURE

The history of AGPs begins at least 4,000 years ago, when exudate gums, in
particular gum arabic, were gathered and shipped by the Egyptians (Caius and
Radha 1939) for use as an adhesive for mineral pigments in paints. However, the
first chemical characterization of an exudate gum was made by Gay-Lussac and
Thenard (1810) in the course of their elemental analysis of vegetable and animal
materials. In this study it was shown that the elementary formula C,(H,0O), could
describe vegetable materials that were not acids or resins but were analogues of
sucrose, viz starch, gum, milk sugar, fibres and the crystalline principle of manna,
mannitol. This was the genesis of the name “hydrate de carbone” for this group of

Cell and Developmental Biology of Arabinogalactan-Proteins
Edited by Nothnagel ef a/., Kluwer Academic/Plenum Publishers, 2000 1



2 Chapter 1

compounds. The exudate gum from Prunus was characterized by John (1812), and
later, gum arabic was shown to be an acid (Neubauer 1854).

Kiliani (1880) first isolated arabinose from gum arabic, and later the analytical
studies of O’Sullivan (1884 1890) in London on the constitution of gum arabic led
to its basic chemical characterization. Gum arabic was one of the carbohydrate
polymers investigated by newly developing methods for characterizing
polysaccharides. These methods included, in particular, partial acid hydrolysis and
methylation, developed by Haworth and Hirst in Birmingham, and periodate
oxidation, developed by O’Colla in Ireland. These were applied to gum arabic by
Fred Smith (1939 a, b 1940), Alistair Stephen (1951), J.K.N. Jones (1953) and
Thomas Dillon et a/ (1954). The first three carbohydrate chemists were all students
of Haworth and Hirst. Anderson et al (1966) described the organization of the
galactan backbone and the arabinosyl substitution. These and other studies led
Gerald Aspinall and associates (1969) to recognize two types of AGs, among
which, gum arabic, with its 3,6-galactan backbone was classified as Type II.

The 1970s were marked by the prolific analytical and structural studies on gum
arabic and other Type II exudate gums, from numerous sources, by D.M.W. Anderson
and coworkers in Edinburgh. With this came the recognition that their structural detail
had taxonomic significance (Anderson and Dea 1969). Most significantly, in the
context of this AGP history, Anderson’s amino acid analyses (Anderson et al 1972)
showed clearly that proteins, rich in Ser, Thr, Hyp and Asp, were associated with the
gum polysaccharides and that the protein content across the various gum sources was
quite variable. In South Africa, Churms and Stephen (1984) subjected gum arabic to the
Smith periodate degradation procedure, which revealed that the galactan backbone was
apparently constructed on a regular repeating pattern.

The heterogeneous nature of gum arabic was clearly demonstrated with use of
hydrophobic chromatography by Randall et a/ (1989), and later a gum arabic fraction
was shown definitively to be a glycoprotein by Lamport and coworkers (Qi et al 1991).

2. STRUCTURES OF CELL AND TISSUE AG-PEPTIDES
AND AG-PROTEINS

Although a number of examples of Type II AGs were known by the beginning
of the 1970s, their definitive covalent association with proteins was not established
until Fincher et al (1974) reported the isolation and purification of a saturated-am-
monium sulfate-soluble AG-peptide from wheat endosperm. The peptide had a high
Hyp, Ala and Ser content and was joined to a Hyp residue in the peptide by an
alkali-stable linkage.

Contemporaneously, but quite independently and only a few kilometres away,
Michael Jermyn (Fig 1) was engaged in a parallel investigation. Jermyn and Yeow
(1975) applied the crucial observation of Yariv and associates in Israel that
B-glycosyl phenylazo dyes, the now well-known “Yariv reagents”, could complex
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with and precipitate not only gum arabic (Yariv et a/ 1967b) but also similar
molecules from a whole range of embryophytes. This ground-breaking work estab-
lished the ubiquity of AGPs and provided the basis for their detection. These
developments formed the basis of much structural and analytical work that followed
rapidly. Detailed structures of Yariv-positive polymers from plant tissue cultures
(Anderson et al 1977) and tissues from whole plants (Gleeson and Clarke 1979)
confirmed their characterization as AGPs.

Figure 1. Michael A. Jermyn (1920-1989).

Gradually more detail accumulated about AGP structures. The alkali-stable AG—
protein linkage was shown to be between (-galactan and Hyp (Strahm et al 1981,
McNamara and Stone 1981), and the Pro/Hyp-rich polypeptide component was
demonstrated to be in a partial helix conformation (van Holst and Fincher 1984).
Significant differences were found in the fine structures of AGPs from different
organs of the same plant (Nakamura et a/ 1984, Tsumuraya et al 1984), and as in
gum arabic, the AG framework was shown to be regular (Bacic et al 1987). A
significant difference between the structure of a classical AGP and a fraction from
gum arabic was recognized by Qi et al (1991).

Information on the protein of AGPs was gathered much more slowly. Partial
amino acid sequence information using the Edman procedure was forthcoming from
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AGPs deglycosylated by trifluoromethanesulfonic acid or hydrofluoric acid. How-
ever, this at first did not generate primers of use in a cloning approach to defining
polypeptide sequences because of the high content of Pro and Ala and the
consequent problems with the complementary DNA. The problem was overcome
by Shao-Lim Mau and Richard Simpson (Mau et al 1995), who generated peptides
by proteolysis of hydrofluoric acid-deglycosylated polypeptides with thermolysin at
elevated temperatures. Their sequences led to useful primers for a PCR approach.
The first sequences based on cDNA clones were published (Du et al 1994 1996b,
Chen et al 1993 1994, Mau et al 1995) from the laboratory of Adrienne Clarke in
Melbourne. Genomic clones followed (Li and Showalter 1996).

The most recent structural milestone was the report by Bacic and colleagues (Youl
et al 1998) of the discovery, using contemporary mass spectrometric technology, of a
hitherto unrecognized glycosylphosphatidylinositol anchor motif on certain AGPs.

3. DETECTION OF AGPS

Without suitable specific reagents for the detection of AGPs, the subject would
not have developed. All the reagents in use have their genesis in immunochemistry.
Heidelberger’s library of antisera, specific for different epitopes on bacterial surface
polysaccharides, in particular those from pneumococci, found applications in many
polysaccharide detection and structural determination strategies. Thus, the cross-
reactions between pneumococcal Type II and IV antisera and epitopes on gum
arabic were recognised by Heidelberger et al (1956), and the epitopes were pro-
posed to be terminal a-glucuronosyl and terminal (3-galactosyl residues, respect-
ively.

The first Yariv reagents were synthesized at the Albert Einstein College of Medicine
in New York (Yariv et al 1962) in an attempt to generate artificial monosaccharide
antigens. These were analogues of the phenylazoglycosides used by Goebel and Avery
in the 1940s to couple glycosides of known structure to proteins for use as antigens.
Yariv et al (1967a) found that the a-L-fucosyl reagent precipitated a fucose-binding
lectin from Lotus tetragonolobus seeds. An extension to the testing of other seed and
plant extracts with other B-glycosyl reagents (Yariv et a/ 1967b) was presumably
obvious at this time when many lectins were being discovered and characterized.
Jermyn and Yeow (1975) observed that the B-glucosyl Yariv reagent interacted with
extracts from a wide variety of plants to precipitate materials that they termed “B-
lectins,” but which we now recognize as AGPs.

Later, specific carbohydrate-binding proteins were introduced and included the
spontaneously occurring, monoclonal myeloma protein J539 that recognizes (1—6)-f3-
oligogalactosyl epitopes (Glaudemans 1974) and the lectin from the giant clam
(Tridacna maxima) (Baldo et al 1978) that recognizes (-galactan residues. Following
the development of techniques for generating monoclonal antibodies by Milstein and
Kohler, an antibody that specifically detected terminal arabinosyl residues on AGPs
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was developed by Marilyn Anderson and colleagues (1984). Later Paul Knox and
associates (Stacey et al 1990) at the John Innes Institute, United Kingdom, produced the
now widely used JIM series of monoclonals that have been applied with spectacular
results for the tissue location of AGPs, as well as in functional studies.

4. CELL AND TISSUE LOCATION

The cell and tissue location of AGPs has been determined chiefly on the basis of
Yariv staining and MAb reactivity. The AGPs were shown to occur intercellularly,
intracellularly and in secretions (Anderson et al 1977, Clarke et al 1978, Gleeson
and Clarke 1980), and ubiquitously in media from suspension-cultured cells
(Aspinall et al 1969, Anderson et al 1977). The AGPs were also recognized to be
membrane-associated (Larkin 1977 1978), to be present in the periplasmic space
(Samson et al/ 1984) and to be components of cell walls (Serpe and Nothnagel
1995). Organ-specific AGPs were reported by van Holst and Clarke (1986).

5. SEPARATION AND ANALYSIS

Apart from their presence in exudate gums and tissue culture media, AGPs are
generally found in very small amounts, and the development of methodology for small-
scale separation and analysis was appropriate. Separation by protein gel electrophoresis
(Laemmli 1970) is often satisfactory, but alternative techniques were developed. These
included radial gel diffusion and rocket electrophoresis combined with Yariv reagent
detection (van Holst and Clarke 1986).

For preparative separation of AGPs from other proteins, density gradient
centrifugation in CsCl (Fincher et al 1974) and affinity chromatography on J539
columns (Andrew and Stone 1983) offered practical possibilities. Later,
hydrophobic chromatography was shown to allow resolution of several fractions
from gum arabic (Randall e al 1989).

6. FUNCTION

The functions of AGPs in plants has exercised the minds of biochemists and cell
biologists since the earliest discoveries. The sticky exudate gums were
hypothesized to seal wounds (Smith and Montgomery 1959), and nutrient
properties were attributed to stylar AGPs (Labarca and Loewus 1972). The
heterogeneity of the peripheral monosaccharides noted in the review by Clarke et al
(1979) was taken to imply a fundamental informational role. However, the same
review concluded with the reflection that AGPs might simply be part of the
“ballast” of living organisms or “the garbage bin of plant metabolism”!!!
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The notion of the involvement of AGPs in cell differentiation was first proposed
by Basile (1979 1980) and has been increasingly supported by further publications
from his laboratory and that of others using the JIM series of monoclonal anti-
bodies. A role for AGPs in somatic embryogenesis (Stacey et a/ 1990) and pattern
formation in roots (Knox et al 1989) has been proposed. The AGPs have also been
implicated in cell expansion and wall loosening (Schopfer 1990), sexual develop-
ment (Pennell and Roberts 1990), cell proliferation (Serpe and Nothnagel 1994) and
programmed cell death (Langan and Nothnagel 1997).

7. BIOSYNTHESIS

Some features of AGP biosynthesis are now known, although much detail remains
to be described. The transfer of Gal from UDP-Gal by unfractionated membranes from
suspension-cultured Lolium multiflorum cells into material bound by the (1—-6)-3-
oligogalactosyl-specific myeloma protein J539 was demonstrated by Mascara and
Fincher (1982). Block co-polymerisation was suggested for the galactan framework of
the AG portion of Acacia gum on the basis of its regular structural features (Churms
and Stephen 1984). The assembly of AGs in the Golgi apparatus was demonstrated by
Schibeci and colleagues (1984) and the hydroxylation of prolines in the AGP
polypeptide backbone by Cohen et al (1983), using the procedures developed by
Cooper and Varmner (1983) for Hyp-rich glycoproteins. More recently, the presence of a
signal sequence on the AGP polypeptide was recognized (Mau et al 1995), indicative of
its export from the endoplasmic reticulum.

8. OVERVIEW

The foregoing discussion illustrates once again how dependent the understand-
ing of biological roles of natural compounds, and in the case of the AGPs, their
discovery, has followed the invention or adaptation of appropriate tools for their
detection and analysis. For AGPs, the techniques of polysaccharide and protein
structural analysis, immunological detection, and recombinant DNA have figured
prominently. Although not considered here for reasons of conciseness, it is apparent
that the development of the AGP story has been influenced in many ways by the
parallel development of knowledge and methodologies used to elucidate the
structures and biological roles of the Hyp-rich glycoproteins, and to a lesser extent
the AGs from gymnosperms and the Hyp-rich solanaceous lectins.

The results of this historical analysis also permit reflection on those aspects of
AGP chemistry and biology that are due for further study. Here, a definitive demon-
stration of the causal relation between AGP structure and the various biological
phenomena in which they have been implicated will be the most challenging. An
integral part of the answer will lie in the elucidation of the molecular genetic
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control of AGP biosynthesis leading to the structural differences in the polysacchar-
ide and protein parts of the AGP molecules that presumably provides the basis of
their various specific biological roles.
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1. INTRODUCTION

Any consideration of the structural classes of arabinogalactan-proteins (AGPs)
also raises the question, “What is an AGP?” The AGPs belong to the Hyp-rich
glycoprotein (HRGP) family of molecules that also includes the extensins,
Pro/Hyp-rich glycoproteins (P/HRGPs) and the solanaceous lectins (Showalter
1993, Kieliszewski and Lamport 1994, Du et al 1996a, Sommer-Knudsen et al
1998). In general, three criteria have defined AGPs: the presence of
arabinogalactan chains, a Hyp-rich protein backbone and the ability to bind to a
class of synthetic phenylazo dyes, the B-glycosyl Yariv reagents (Yariv et al 1962,
Clarke er a/ 1979, Fincher et al 1983). It may now be necessary to reconsider our
definitions. Arabinogalactan chains are found on proteins that do not bind the
Yariv reagent [e.g., AG-peptide from wheat (Fincher et al 1974) and two
glycoproteins from styles (Lind et al 1994, Sommer-Knudsen et al 1996)]. Some
AGPs are Hyp-deficient, and others have short oligoarabinosides previously
thought to be characteristic of the extensins and solanaceous lectins (Qi et a/ 1991,
Baldwin et al 1993). This degree of variability is similar to that observed in
glycosylation and protein backbones of the animal extracellular matrix (ECM)
proteoglycans (Hardingham and Fosang 1992, Verma and Davidson 1994). These
general criteria easily distinguish AGPs from the extensins and solanaceous
lectins, but the boundaries between AGPs and P/HRGPs are less clearly defined.
This variability raises several issues: (1) Are the criteria outlined above sufficient?
(2) The AGPs are a family of molecules with different protein backbones, each
existing as multiple glycoforms. Is there a distinct boundary between AGPs and
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P/HRGPs, or is the HRGP family a continuum of molecules? (3) Can the
knowledge and experiences from the animal proteoglycan field provide additional
criteria that would clarify our definitions?

We will consider the uncertainties in the definitions of AGPs and other HRGPs
with common structural features by drawing on the work from our laboratory on
the HRGPs from the pistils of Nicotiana alata (see review by Sommer-Knudsen et
al 1997) and from suspension culture cells. For extensive reviews on AGPs the
following references should be consulted: Clarke et al (1979), Fincher et al
(1983), Knox (1995), Du et al (1996a), Nothnagel (1997), Schultz et al (1998).

2. THE CARBOHYDRATE COMPONENT OF AGPS

Two models for the molecular structure of AGPs have been proposed: the
“wattle-blossom” (Fig 1) and the “twisted hairy rope” (Fig 2). They have been
generated from analysis of extensive data on the carbohydrate moiety, the solution
properties of AGPs, and visualization of AGPs by electron microscopy, but in the
absence of information on the sequence of amino acids in the protein backbone. In
both models, the carbohydrate is O-glycosidically linked to Hyp residues of the
protein through Gal and/or Ara. A major distinction between the models is the
predicted shape: the wattle-blossom model is envisaged to be spheroidal, whereas
the twisted hairy rope model is rod-like.

The carbohydrate is usually in the form of polysaccharide chains, Type II
arabinogalactans (AGs), that consist of a backbone of (1-—-3)-linked (-D-Galp
residues substituted at C(O)6 by short side chains of (1—6)-linked (3-D-Galp. The
side chains usually terminate in a-L-Araf (Fig 1). Some AGPs are rich in glucur-
onic acid (e.g., gum arabic AGP), resulting in a negatively charged polysaccharide
moiety (Nothnagel 1997), and others have short oligosaccharides of Araf residues
(Fig 2). Chemical degradation of the AG chains of some AGPs suggests a
repetitive structure in which the P(1—3)-galactan backbone is interrupted at
regular intervals by periodate-sensitive residues, possibly (1—-6)-Galp or (1-5)-
Araf (Churms et al 1981, Bacic et al 1987).

The occurrence of Type II AG chains is not, however, restricted to AGPs (see
Table 1). Thus, Type II AG chains are also found: (1) on PPHRGPs [e.g., GaRSGP
(Sommer-Knudsen et al 1996) and the 120-kDa glycoprotein (Lind et al 1994)],
(2) covalently linked to pectins (see Yamada 1994, Zhang et al 1996 and
references therein), and (3) as polysaccharide chains without covalent linkage to
proteins in the secretion from larch (Larix) (Prescott et al 1995, Ponder and Rich-
ards 1997). Type II AG chains are not present on either extensins or solanaceous
lectins (Kieliszewski and Lamport 1994). In addition to being present on some
AGPs, short arabino-oligosaccharides are also found on extensins, P/HRGPs and
the solanaceous lectins (Table 1). Both Type II AG chains and short arabino-
oligosaccharides are present on P/HRGPs. Some AGPs also contain single Gal
residues linked by an alkali-labile linkage to Ser (Fincher et al 1983), but this
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linkage is also present on P/HRGPs, extensins and solanaceous lectins (Sommer-
Knudsen et al 1998). No direct evidence supports the presence of N-linked glycans
on AGPs; the predicted consensus sequence (Asn-Xaa-Ser/Thr, where Xaa is any

amino acid except Pro) for N-glycosylation is usually absent, and GlcNAc is rarely
detected in monosaccharide analyses of AGPs (Table 1).

'Kinked' region

3)Galp(1—-3)Galp(1—3)Galp(1—
§ § g

1 1 1
R—3)Galp Galp(3«+RGalp(3<R

s 8§ 8

1 1 1
R—3)Galp GlcpA Galp(3«R

3 g

1 1
R—»4)GlcpA GlcpA(d—R

R=Rhap(1; Araf(1; Galp(1—=3)Araf(1: Araf(1—3)Araf(1

Figure I. The “wattle-blossom” model of the structure of arabinogalactan-proteins (AGPs). In this model,
there are 5 Hyp residues in an AGP, each of which bears an arabinogalactan chain. Each arabinogalactan
chain contains 10 or more repeats of a -(1-3)-linked galactose (Gal) oligosaccharide with a degree of
polymerization (d.p.) of 12. The AGP as a whole is spheroidal. GlcA, glucuronic acid; Rha, rhamnose;
Gal, galactose; Ara, arabinose; p, pyranose; f; furanose. Reproduced with permission from the Annual
Review of Plant Physiology, Vol. 34, © 1983, by Annual Reviews, www.annualreviews.org
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Glucuronorhamnoarabinogaiactan
-30 sugar residues

%

10 amino acid residues | §

>

A
QHyp @(m)n

Figure 2. The “twisted hairy rope” model of the structure of arabinogalactan-proteins (AGPs). In this
model, a hypothetical block size of 7 kDa contains 10 amino acid residues (1 kDa), 30 sugar residues
(4.4 kDa) and 3 Hyp-triarabinosides (1.32 kDa). The glucuronorhamnoarabinogalactan probably has
a galactan backbone with glucuronic acid (GlcA), rhamnose (Rha) and arabinose (Ara) side chains.
Reproduced with permission from Qi, W., Fong, C., and Lamport, D. T. A., 1991, Plant Physiol.
96: 848-855.

Table 1. The occurrence of O- and N-glycans on the family of HRGPs

Linkage AGPs P/HRGPs Extensins
O-glycans
AG (Type II) Hyp + + -
Ara(n-y.q Hyp + + +
Gal Ser/Thr —(?) + +
N-glycans Asn =7 + -

+, present —, absent; —(?) insufficient data to draw conclusion

Antibodies raised to AGPs have been used to study the spatial and temporal
expression of AGPs and in some instances to infer function (for a review see Knox
1995). The antibodies raised to AGPs are directed to glycan epitopes, perhaps
unsurprisingly, as they are so heavily glycosylated. Since the glycan classes on
AGPs are also present on other families of glycoproteins and polysaccharides (see
Table 1) the antibody data should be interpreted cautiously, as there is a real
possibility that antibodies raised to AGPs will react with glycan chains on
otherwise unrelated molecules. For example, J539 (Glaudmans 1975; Table 2) and
MAC 207 (Knox 1995) bind a wide range of glycoconjugates in a range of tissue
types. In some instances, however, a carbohydrate epitope on a Type II AG can be
expressed in a tissue-specific but not class-specific manner. For example, the
monoclonal antibody PCBC4 will detect AGPs and P/HRGPs (GaRSGP and
120 kDa) but only from stylar tissue of Nicotiana alata and not AGPs from
suspension culture or gum arabic (see Table 2, Sommer-Knudsen 1995). The
presence of tissue-specific oligosaccharide sequences on a particular family of
proteoglycans is well documented in other eukaryotes.
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Table 2. Examples of differing specificities of antibodies raised to glycan epitopes

AGPs P/HRGPs
RT25/ Suspension  Gum
Antibody Specificity  RT35 culture arabic GaRSGP 120 kDa GP
J539* Galp1-6Gal + + + + +
PCBC4®  [CHO] + - - + +
Anti-KLH® [CHO] - - ? + +

+, binding; —, no binding; ?, not tested
?Glaudmans, 1975
°®Sommer-Knudsen, 1995

3. THE PROTEIN COMPONENT OF AGPS

Most AGPs differ from the extensins and the PP/HRGPs by having a neutral to
acidic backbone and a protein content typically between 1 and 10% (w/w). The
protein backbones of AGPs are normally rich in Hyp/Pro, Ser, Thr and Ala. The
cloning of genes encoding the protein backbone of AGPs has revealed that they
belong to a family of molecules that can be grouped into two broad classes
designated “classical” and “non-classical” (Fig 3). Little sequence identity occurs
at either the nucleotide or amino acid level within or between these two classes of
backbones, and as a consequence, comparison to the PPHRGPs is not informative
as a means of discriminating between the two classes of HRGPs. It is, however,
possible to identify closely related (“homologues”) genes in other plant species.

Nevertheless, analysis of the cDNA clones does reveal some shared domains/
regions. Both classes of cDNA clones have:

* An N-terminal hydrophobic secretion signal sequence, as expected for secreted
molecules.

* A central Pro-rich domain/region, which contains most of the Hyp/Pro, Ala,
Ser, Thr residues, suggesting that it is the likely region of O-glycosylation. In
some classical AGPs (e.g., LeAGP1, Pogson and Davies 1995, Li and
Showalter 1996) this is interrupted by a basic region of unknown function.

* A variable C-terminal domain ranging from a predicted hydrophobic GPI-
anchor signal sequence (Fig 4) in the classical cDNAs to a hydrophilic (Asn-
rich) domain for some of the non-classical AGPs (Fig 3).

* Generally no consensus sites (Asn-X-Ser/Thr) for N-glycosylation in the
mature proteins.
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‘classical’
Signal Hyp- Ala-,Ser-, Thr-rich GPI signal
sequence region sequence
«——— Variable length —
Basic
region
LeAGP1 [ ] 7z
1 21 141153 188 215
‘non-classical’
Signal Hyp-Ala-,Ser-,Thr
sequence -rich region Asn-rich region
PCAGP2 [ T [ 1
1 20 %52 88~ 284~
NaAGP2 [ ()  f—
1 22 161 7 461

Cys-rich
Dl a—
1 25 107 168

Figure 3. Schematic representation of the domain structure of “classical” and “non-classical” cDNA clones
of AGPs. The clones were isolated from styles of Nicotiana alata (NaAGP3; Du et al 1994 1996b) and
suspension-cultured cells of Pyrus communis (PcAGP2; Mau et al 1995), N. alata (NaAGP2; Mau et al

1995) and Lycopersicon (LeAGP1; Pogson and Davies 1995, Li and Showalter 1996).

Cleavage
site
Signal Hyp-rich domain, l Spacer Hydrophabic tail
sequence variable length 4-8 aa 14-18 aa

%

Z]
+/- Basic o o+1o+2
domain

Figure 4. Classical AGP protein backbones include a GPI-anchor signal sequence. The cDNA clones
encoding the protein backbones of AGPs display the following domain structure: an N-terminal signal
sequence, a domain rich in Pro/Hyp, Ala, Ser and Thr of variable length, sometimes interrupted by a short
basic region (e.g., LeAGP1), followed by a C-terminal GPI-anchor signal sequence. The C-terminal signal
contains small aliphatic amino acids at the o and ©+2 sites, followed by a short spacer, and terminates in a
stretch of hydrophobic amino acids. Some plant, yeast and mammalian proteins possess a basic residue in
the linker region between the ©+2 residue and the hydrophobic domain. The cleavage site for the addition
of the GPI-anchor is indicated by an arrow. Diagram not drawn to scale. Reproduced from Trends in Plant
Sciences, Vol. 3, Schultz, C., Gilson, P., Oxley, D., Youl, J., Bacic, A., GPl-anchors on arabinogalactan-
proteins: implications for signalling in plants, pp. 426431, 1998, with permission from Elsevier Science.
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When cDNAs encoding the protein backbones of classical AGPs, NaAGP1 and
PcAGP1, were first isolated and sequenced, the C-terminal hydrophobic regions
were predicted to form transmembrane helices (Du et al 1994, Chen et al 1994).
However, the AGPs purified from the styles of Nicotiana alata (NaAGP1) and cell
suspension cultures of Pyrus communis (PcAGP1) were present in buffer-soluble
extracts rather than membrane fractions. These observations prompted a thorough
analysis to determine whether the C-terminal domains of NaAGP1 and PcAGP1
were removed by post-translational processing. Mass-spectrometry of the
deglycosylated protein backbones and C-terminal peptides showed that the
hydrophobic C-terminal domains were absent from these AGPs (Youl et al 1998).
Furthermore, the C-terminal amino acid carried an amide-linked ethanolamine
residue. This feature is characteristic of a GPI-anchor, and this was confirmed by
the detection of low levels of inositol, mannose and glucosamine, diagnostic
components of GPI-anchors (Hooper 1997), in the native AGP (Youl et al 1998).
Further evidence for the presence of GPI-anchors on AGPs comes from work on a
GPI-anchored AGP from Arabidopsis callus culture (Sherrier ef a/ 1999) and from
a GPI-anchored AGP identified in the plasma membrane of Rosa cells in
suspension cultures (Svetek et al 1999).

The GPI-anchor attachment site (designated w) of approximately 20 animal and
protozoan proteins has been determined (Udenfriend and Kodukula 1995). From these
studies the following characteristics were found in the primary translation products of
the GPl-anchored proteins. The GPI-anchored proteins include an N-terminal
secretion signal and a C-terminal GPI-anchor signal sequence. The C-terminal signal
contains small aliphatic amino acids at the ® and w+2 sites, followed by a short spacer
containing one or more basic amino acids, and the sequence terminates in a
hydrophobic stretch of amino acids (Fig 4). A survey of the classical AGP protein
backbones predicted from the domain structures indicates that a putative GPI-anchor
signal sequence is present on all the known classical AGPs from Nicotiana, Pyrus,
Brassica, Pinus, Lycopersicon and five putative classical AGPs from Arabidopsis
(Schultz et al 1998). The non-classical AGPs do not possess the GPI-anchor signal.

A further level of complexity is observed within the non-classical cDNA
clones. One member of this group, represented by NaAGP3 (Du et al 1996b) has
an “atypical” amino acid composition for both the deduced protein and the isolated
AGP protein, whereas the other members, represented by NaAGP2/PcAGP2, have
“atypical” amino acid compositions for the deduced protein, but the isolated AGP
proteins have a “typical/classical” amino acid composition. In this latter group, it
is suggested that the C-terminal Asn-rich domain of these protein backbones may
be processed post-translationally by proteases, either intracellularly (in the
vacuole) or extracellularly (Mau et a/ 1995). Extracellular processing, particularly
of components of the extracellular matrix, is known for animal cells (Blei et al
1993). Some Asn/X junctions are common sites for proteolytic cleavage of plant
proteins (Scott et al 1992), and cleavage at Asn residues in the domains flanking
the Pro-rich domain would release a fragment that could be trimmed by
exopeptidases. From these studies, it is clearly not possible to predict that a
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randomly obtained cDNA clone encodes a non-classical AGP without reference to
corresponding protein sequence data and knowledge of the purification protocol.

Common motifs are also used to differentiate various classes of HRGPs
(Showalter 1993, Kieliszewski and Lamport 1994, Sommer-Knudsen et al 1998).
Thus, the extensins contain the motif Ser-(Pro),, and the P/HRGPs are characterized
by either the Pro-Pro-Xaa-Yaa-Lys or Pro-Pro-Xaa-Lys motifs. The Ala-Pro, Pro-Ala
sequences have been suggested to be motifs characteristic of classical AGPs
(Showalter 1993). However, whether these “motifs” are non-random and/or significant
remains to be resolved. The gene sequences from both classes of AGPs appear to lack
motifs typically associated with proteins involved in protein—protein and protein—
carbohydrate interactions and/or signal transduction pathways (Walker 1994, Iozzo
and Murdoch 1996).

4. BINDING OF AGPS TO B-GLUCOSYL YARIV
REAGENT

Yariv et al (1962) prepared a series of artificial antigens for detecting antibodies to
carbohydrates by coupling diazotized 4-amino-phenyl glycosides with phloroglucinol.
These reagents were later observed to precipitate AGPs in a range of plant extracts
(Yariv et al 1967, Jermyn and Yeow 1975). Subsequently the B-glucosyl Yariv
reagent (B-Glc Yariv reagent) has been widely used in the purification of AGPs (Gane
et al 1995, Mau et al 1995) and, through its strong absorption in the visible spectrum
(A max 430 nm), in their quantification (Van Holst and Clarke 1985), detection in gels
(Van Holst and Clarke 1986), and visualization in plant sections by light microscopy
(Schopfer 1990). Notwithstanding the utility of the B-Glc Yariv reagent in these
applications, the molecular basis for its specific interaction with certain AGPs is not
understood.

The interaction depends both on the state of the Yariv reagent in solution and the
chemical structure and organization of the AGP molecule. The reaction is usually
performed in a 1% NaCl solution, and the precipitated complex can be dissociated by
adding dimethylformamide or by adding saturated sodium dithionite. The saccharide
moiety of the Yariv reagent is implicated in the binding reaction, since the
glycopyranose residue must be in the 3-D or a-L- configuration. In addition, the OH
group at C(0)2 must be in the D-gluco configuration, and the diazo-group, which sub-
stitutes the phenylglycoside, must be at the C4 position of the phenyl ring (Jermyn and
Yeow 1975, Jermyn 1978).

However, not all AGPs bind the 3-Glc Yariv reagent. Arabinogalactans from larch
(Larix) and the Hyp-containing AG-peptide from Lolium multiflorum (Anderson et al
1977) do not bind, but the AGP from carrot (Daucus carota), which lacks Hyp, binds
the reagent (Baldwin ef al 1993). Extensins and P/HRGPs do not bind the B-Glc Yariv
reagent.
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S. PARALLELS WITH ANIMAL PROTEOGLYCANS

The animal ECM and cell surface proteoglycans have been studied intensively
and offer well-developed concepts for consideration of AGP structure and
function. Like AGPs, the animal proteoglycans were originally thought to function
only as gel-forming structural components of the ECM because of their dominant
carbohydrate content. Subsequently, the animal proteoglycans were shown to have
the capacity to interact with other proteins and to regulate the action of growth
factors. In this way, some are able to regulate cell growth, others promote
differentiation and neurite outgrowth, and others act as biological barriers and
repellents (for a review see Iozzo and Murdoch 1996). The two major classes of
animal proteoglycans are those with glycosaminoglycan chains (Hardingham and
Fosang 1992) and the mucins (Verma and Davidson 1994). One common feature
of the proteoglycans is the occurrence of structural/functional domains typically
belonging to distinct protein families (see Fig SA). These domains separate from
the Ser/Thr-Gly repeats, which form the glycosylation domains. Such domains
have yet to be defined on AGPs (Fig 5B). At present, the discovery of a GPI-
anchor on classical AGPs provides the first clue of a potential mechanism by
which AGPs may be involved in signal transduction pathways.

6. CONCLUSIONS

The last decade has seen a plethora of information accumulate on AGPs. We now
know they are a family of molecules with different protein backbones, each existing as
multiple glycoforms. Classical genetic approaches, including the isolation of mutants
of Arabidopsis, offer a powerful new approach and will be important in ultimately
determining the function of AGPs. The sequencing of the Type II AG chains, which
largely define the multiple glycoforms, remains a significant challenge into the future.
Our knowledge of the biosynthetic machinery responsible for the assembly of these
glycan chains is also rudimentary. However, by drawing upon recent work on
glycosyltransferases in animals and other eukaryotes, it should now be possible to
identify the plant genes for the glycosyltransferases and thereby begin to unravel the
mechanisms of tissue-specific glycan epitopes.
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Figure 5. (continued) B. Schematic representation of representative plant AGPs and P/HRGPs
showing different regions of the mature proteoglycans. The models are based on the structures
predicated from Du et al (1994) and Youl et al (1998) for NaAGP1, Pogson and Davies (1995) and
Li and Showalter (1996) for LeAGP1, Mau et al (1995) for NaAGP2, Du et al (1996b) for NaAGP3,
Chen et al (1993) and Sommer-Knudsen et al (1996b) for NaPRP4 and Schultz et a/ (1997) for
NaPRPS.
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1. INTRODUCTION

Known arabinogalactan-proteins (AGPs) are acidic and hydrophilic glycoproteins
associated with the cell wall and with the plasma membrane and contain 65-98%
carbohydrate covalently linked to a protein backbone. The AGPs belong to the
Hyp-rich glycoprotein (HRGP) family of proteins, which includes extensins, Pro-rich
proteins, some nodulins and solanaceous lectins. The AGPs are present in all tissues
and are likely components of cell-cell signaling pathways. The protein moiety is
typically rich in Hyp, Pro, Ser, Thr and Ala residues (reviewed in Du et al 1996a,
Nothnagel 1997). Most of the known AGP backbones are O-glycosylated. The
polysaccharide is composed of mostly galactose and arabinose and consists of a
backbone of (1-3)-linked B-D-Gal residues substituted at C(O)6 by short chains of
(1-6)-linked 3-D-Gal (Nothnagel 1997). It has been proposed that the HRGP family is a
continuum of macromolecules substituted by mono-, oligo-, or polysaccharides (Du et
al 1996a). The composition and the structure of recently characterized proteins (e.g., so-
called non-classical AGPs and chimeric molecules) rather suggest that AGPs are
distinct from the other HRGPs. The AGPs are defined by a high percentage of galactose
and arabinose in the carbohydrate, a central Pro-rich domain in the protein backbone,
and the ability to bind the B-glucosyl Yariv reagent (Yariv et al 1962). Classical AGPs
have a three domain structure: a signal sequence, a central domain and a hydrophobic
C-terminal domain. Most of the known AGPs are secreted into the extracellular matrix.
The AGPs are also known to be associated with the plasma membrane and are expected
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to be heterogeneous, since during Triton X-114 fractionation (Bordier 1981) they parti-
tion either to the detergent phase (Smallwood et al 1996) or to the water phase (Norman
et al 1990, Pennell et al 1991, Stohr et al 1996, Kjellbom et al 1997). Serpe and
Nothnagel (1996) also obtained heterogeneous AGP fractions from plasma membranes
of cultured rose cells. On the basis of the cDNA sequences of secreted AGPs of pear
and tobacco cell cultures, Du et al (1996a) distinguished between “classical AGPs,”
with a predicted transmembrane helix in the C-terminal domain, and “non-classical”
AGPs, with a hydrophilic Asn-rich domain in the C-terminal part of the molecule. This
part of the protein is predicted to be cleaved and not to be present in the mature protein
(Mau et al 1995).

The AGPs may act as glue, lubricants and humectants (Showalter and Varner
1989, Nothnagel 1997), but nevertheless the exact function of the different AGPs is
still unknown. The AGPs are involved in somatic embryogenesis (Kreuger and van
Holst 1996), and studies using monoclonal antibodies show developmental
regulation and transient cell position-specific expression of AGP carbohydrate
epitopes (Pennell and Roberts 1990, Knox 1995). Thus it has been proposed that
AGPs have major roles in cell—cell interactions and signaling (Knox 1995). The
AGPs have also been implicated in stress responses (Pennell et a/ 1995, Kjellbom et
al 1997). Biochemical and molecular data concerning AGPs, in comparison with
that of structural HRGPs, are limited and derive from experiments carried out on a
few plant species. The difficulties in understanding AGP function also stem from
the fact that we do not know whether it is the protein or the carbohydrate part that is
most important for the biological function. However it is generally considered that
the carbohydrate possesses the signaling properties and that the protein backbone is
merely a vehicle for delivering the carbohydrate at the right place. It has been
recently shown that the same carbohydrate antigenic domain can be found on dif-
ferent protein backbones, indicating that AGP epitopes are involved in diverse
signaling pathways.

To understand the relation between plasma membrane and secreted AGPs we
are attempting to clone genes coding for the protein backbones of plasma mem-
brane AGPs. To do so we have analyzed the molecular information available in the
literature and in the sequence databases to discern specific regions of interest in the
proteins that would allow the design of specific primers useful for cloning. In this
chapter we are proposing a classification of AGPs based on amino acid sequence
similarities. This classification will have to be refined when new sequences are
discovered. The present study is based on sequence information and relates to
putative biological functions of AGPs in the fields of glycoproteins, membranes,
and development. In the first two sections we compare and analyze the sequences of
known AGPs, translated expressed sequenced tags (ESTs) and related molecules. In
the subsequent sections we correlate features of AGP sequences with their putative
function.
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2. ANALYSIS OF AGP SEQUENCES AND ESTS

Secreted AGPs from suspension-cultured cells of tobacco and pear have been
purified and partially sequenced, and the corresponding cDNAs have been isolated
(Chen et al 1994, Du et al 1994 1996b, Mau et al 1995, Schultz et al 1997 1998).
The cDNA sequences did not show significant similarities at the amino acid or the
nucleotide level, and there was no clear homology with other proteins. The AGPs
were classified as “classical” or “non-classical” according to their overall structure
(Mau et al 1995, Du et al 1996a). Table 1 lists all known AGPs and shows the
common amino acid motifs. The alignment of all AGP sequences and the close
examination (BLAST, Altschul et a/ 1990) of all sequences corresponding to
identified AGPs and putative AGPs translated from ¢cDNAs indicated that AGPs
could be divided into at least four groups, each characterized by short conserved
amino acid signature motifs (Table 2). A first group of sequences is characterized
by the motif PAPSPA, whereas the motif QG-SDTR-LENGKYY is found in a
second AGP group. A third AGP group, representing the majority of known AGPs,
contains the motif SPPAP or SPPA. Most of these AGPs also contain the motif
PAPAP described by Nothnagel (1997). An AGP from tobacco contains different
motifs, shows weak homologies (SP, PP dipeptide repeats) to extensins and other
Pro-rich proteins (BLAST) and may thus represent another group.

One can ask whether the presence of a conserved amino acid motif is related to a
specific function or to a common ancestral origin, or to both parameters. An amino
acid composition reflecting a protein rich in A, P and S, or motifs rich in A, P, S
residues proposed to be characteristic for AGPs, may be found in other proteins as
well (Table 2). A protein of unknown function, TED3 (Demura and Fukuda 1994),
contains several motifs present in AGPs from Nicotiana alata and Pyrus communis
(Table 2). Within its kinase domain a lectin-like receptor kinase (Hervé et al 1996)
contains the RQGMS-FL motif present in group 2 AGPs. Sequences of known
AGPs such as Pinus taeda AGP (U09556) also show similarities at the amino acid
level with plant proteins such as a maize endosperm-specific protein (Carlson and
Chourey 1997), an Arabidopsis cell surface protein (AC002387), a Medicago
truncatula cell surface protein (U28149), a Gossypium Pro-rich protein (John and
Keller 1995), and the algal cell adhesion molecule (CAM/chimeric extensin; Huber
and Sumper 1994).

A closer examination of all of these sequences shows that the corresponding
proteins might be included in one of the four major AGP groups (Table 2). A
number of proteins with only partially known amino acid sequences show similar-
ities with AGPs (Table 1; Kieliszewski e al 1992). Within the group 3 (Table 2),
some polypeptides show similarities with AGPs in some portions of the sequence
and with extensins and Pro-rich proteins in different parts of the sequence. If AGPs
are considered to be a sub-group of HRGPs, it is not surprising to find proteins
containing motifs characteristic for AGPs and a few motifs characteristic for
extensins. This corroborates the suggestion by Kieliszewski and Lamport (1994)
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that the HRGPs are defined between the extremes corresponding to repeated motifs
of SPPPX and less repeated motifs as in the AGPs.

Table 1. Conserved amino acid signature motifs in known AGPs. Sequences were aligned using Gene-
works (Intelligenetics, Inc, Mountain View CA) and ATLAS (National Biomedical Research Foun-
dation, Washington, DC).

Accession  Plant Motif Origin  Reference

- Daucus carota APAPAP, APAPSPA  protein  Jermyn and Guthrie 1985

U09556 Pinus taeda APAPSPAS, DNA  Loopstra er al 1995

U09555 P. taeda PSPA, PPV, SSPPP

- Rosa hybrida APAPSPA protein  Komalavilas er al 1991

§$79359 Nicotiana alata G-SDTR-LENGKYY, <c¢DNA Mauetal 1995
SPTPAPATAP

S$79358 Pyrus communis G-SDTR-LENGKYY  c¢DNA Maueral 1995

AF(082298 Arabidopsis thaliana SPAPAP, APAPAP c¢DNA  Schultz et al 1998

AF(082299 A. thaliana APAPAP cDNA

AF082300 A. thaliana APAPAP, APAPAP cDNA

AF082301 A. thaliana PAPA, PAPA, SPPAP  c¢cDNA

AF082302 A. thaliana SPPAP cDNA

L47351 Brassica napus VSPPAPTP,PSE cDNA  Gerster et al 1996

147352 B. napus cDNA

L17308 Gossypium hirsutum SPPAP, PSPAPAPTP, cDNA  John and Keller 1995
PPTPAPAPA

- Lolium multiflorum  SPPAP, PAPAP Protein  Gleeson et al 1989

747980 Lycopersicon MSPPAPPSE, TPAPA, c¢DNA  Pogson and Davies 1995

esculentum TPAPATAP, PPAPAP ,

X99148 L. esculentum MSPPAPPSE, TPAPA, DNA  Liand Showalter 1996
TPAPATAP, PPAPAP

U14009 P. communis PNSPPADA, ASPP cDNA  Chen et al 1994

U88587 N. alata SPPA, SPPAP cDNA  Schultz et al 1997

U09554 P. taeda TATPP, SSPPP, PPPV, DNA Loopstra et al 1995
PSPA

U25628 N. alata PSE, PPPPSS cDNA  Du et al 1996b

Sequences of well-defined and putative AGPs (Table 1) were compared to
collections of anonymous ¢cDNAs (ESTs) of Arabidopsis, rice, soybean and maize and
analyzed at both the nucleotide and the amino acid levels. About 20 non-redundant
cDNA sequences available from Arabidopsis, rice, soybean and maize EST databases
show similarities to AGP sequences. Also, several EST assemblies (TIGR database,
Rockville, MD) indicating the presence of related sequences and sub-groups of AGPs
have been detected. The analysis of amino acid sequences of several ESTs shows the
presence of signal sequences; regions rich in A, P and S; hydrophobic C-terminal
domains; and different conserved motifs. Some of these motifs are found in the amino
acid sequences of the known AGPs, whereas other motifs appear to characterize
sequences unique to specific ESTs. Again, four groups of AGPs could be defined on
the basis of specific amino acid motifs (Table 2).

Alignment of ESTs from each group presented in Table 2 with sequences found
in the databases indicates that all ESTs from group 1 show similarities with proteins
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associated with the plasma membrane, such as members of the CAM superfamily
(Gumbiner 1993), the animal fasciclin (Zinn et a/ 1988) and a recently isolated
algal CAM (Huber and Sumper 1994), for example. Translated ESTs from group 1
are shorter than known AGP sequences from groups 1, 2 and 3, which may reflect a
post-transcriptional processing of the expressed RNAs. Sequences from group 1 are
rich in A, P, T residues, contain hydrophobic amino acid stretches and hydrophobic
C-terminal domains typically found among AGPs referred to as “classical,” indica-
ting putative membrane anchors. A soybean EST (T41457) shows high homology
with the Pinus AGP within the TAILEK and the GFTLFAPTDNAF motifs found
among the group 1 AGPs and also contains a PAPAP signature motif present in
group 3 AGPs. It is thus likely that this group contains proteins with dual functions
indicated by the presence of two very conserved motifs from two groups. This
observation may also indicate the presence of sub-groups or processing mechanisms
generating shorter proteins such as in group 3.

Table 2. The AGP groups according to common motifs found in known AGPs, in putative AGPs, and in
AGP-like proteins. Results produced from the alignment of AGP amino acid sequences deduced from
translation of ESTs and from translation of cloned cDNAs. At: Arabidopsis thaliana; Bn: Brassica napus;
Gh: Gossypium hirsutum; Gb: Gossypium barbadense, Gm: Glycine max; Le: Lycopersicon esculentum;
Mt: Medicago truncatula; Nt: Nicotiana tabacum; Na: Nicotiana alata; Os: Oryza sativa; Pc: Pyrus
communis;, Pt: Pinus taeda;, Ps: Pisum sativum; Rc: Ricinus communis; Vc: Volvox carteri; Ze: Zinnia
elegans; Zm: Zea mays. Sequences were analyzed using Geneworks (Intelligenetics, Inc, Mountain View,
CA) and ATLAS (National Biomedical Research Foundation, Washington, DC). X is any amino acid

Similarity with
Type of protein AGP or AGP-
Group Motifs Accession  or sequence Plant  like protein
1 APAPSPA, NLSGILDK, U09556 AGP Pt -

EGITIFAPSD, LKPGALN,
HALPSYY, SNPVRTMA

NSDNGITIFAP, LKAGTLN, T76135 EST At U09556
PSYVS, SNPLRTQA

NSSDQGMTIFAP, LKPGTLN,  T88396 EST At U09556
PKYYS, SNPVRTQA

APAP, NITAILEK, 725675 EST At U09556
NSSSEGMTVLAP, LKPGTLN,

APAP, NITAILEK, T21870 EST At U09556
NSSSEGMTVLAP, LKPGTLN,

APAP, NITAILEK, AB005239 Genomic At U09556
GMTVLAPTDNAF, LKPGTLN, sequence
SNPVRT

APAP, NITAILEK, NSSSEG T44810 EST At U09556

APAP, PINLTAILEK, T41946 EST At U09556
NSSSEGMPVFAP, LKPGTLN

APAP, NITAILEK, T04258 EST At U09556
NSSSEGMTVFAP, LKPGTLN,

APAP, NITAILEK, T04708 EST At U09556

NSSSSNGLTVFAP, LKSGTLN




30 Chapter 3
Table 2 cont.
Similarity with
Type of protein AGP or AGP-
Group Motifs Accession  or sequence Plant like protein
APAP, NIXAILEK, H36033 EST At U09556
NSSSEGMTVFAQ,
LKTPEPLN,
APAP, NITAILEA, R64937 EST At U09556
NSSDQGMTIFAP, LKPGTLN
APAP, NITAILEA, T44426 EST At U09556
NSSDQGMTILAP,
NVTAVLEK, GYTVFAXTD, D24393 EST Os U09556
LKPGTXN
NVTAVLEK, GYTVFAPTD, D48326 EST Os U09556
LKPGTST
RDGVLEK, GYTVFAXTD, D47867 EST Os U09556
LKPGTLN
NVTAXLEK, GLTMFAPTD, D41853 EST Os U09556
SKPGTXN
PLNLTEILTK, GLTVLAPTD, D48980 EST Os U09556
LRPGTLN
PAPAP, TAILEK, GFTLFAPTD, T41457 EST Gm U09556
LKPGALN
PAPAP, GITIFVPKDS, U13760 Proline-rich Gh -
HALPRYY, PAPAP protein
SPPAP, PAPAPA, XITNFV, T21172 EST At U13760
SPPAP, PAPAPA, GITIFVPKDD, T41941 EST At U13760
HALPHYYS
TIFVPKDD, HALPHYYS T46424 EST At U13760
HALPHYYS T44632 EST At U13760
APAP, NITGLLEK, ACO002387 Putative cell At -
GLTVFAPSD, PAPAP, SPPAP, surface protein
VLLP
APAP, TGLLEK, GLTXFAPSD  Z34151 EST At AC002387
GLTVFCPL T15120 EST Re AC002387
GLTVFCPTDT, AA661000 Genomic Mt AC002387
sequence
VLLP H76512 EST At AC002387
GIVNITVFPD, PAPA, U95180 Endosperm Zm -
GLTVFCPA specific protein
GXTLFCPVDAAVD, C19470 EST Os U95180
HAVPDYYS
SPPA, PYTIFVPTD X80416 CAM Ve -
2 PAPA, ERQGLSDTRFLENGKYY S79359 AGP Na -
PAPA, QGMSDTRFLENGKYS  D30801 TED3 Ze -
QGMSDTRFLENGKYY, S79358 AGP Pc -
QGMSDTRYLENGKYY U30506 E6 Gb S39359
QGMSDTRFLGNGKFYY AB012854 Genomic Nt -
sequence
ERQRMSD, 134288 Hypothetical Bn -
ERQGMSDTRFMANGKYY protein
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Table 2 cont.
Similarity with
Type of protein AGP or AGP-
Group Motifs Accession  or sequence Plant  like protein
ERQGMSDTRYMANGKYY U78721 EST At 134288
ERQGMXXTRFMEKGSYY H37549 EST At 134288
ERQGMSXTRFMEKGSYY R90404 EST At 134288
3 APKASSP, EDDY, SPPAP, L47351 AGP Bn -
DGPS, TNVKL
SPKASSP, EDDY, SPPXP, DGPS R65535 EST At L47351
PKASSP, EDDY, SPPAP, DGPS  AA394322 EST At L47351
PKASSP, EDDY, SPPAP, DGPS, AAGS51118 EST At L47351
TNVKL
PVSAP, SPPAP, U13066 AGP Na -
PAPA, PVSAP, SPPAP, PAPAP  X99147 AGP Le -
SPPAP, PAPA AC002391 Genomic At X99147
sequence
PAPAP, SPPAP AAB24752 EST Le X99147
SPPA, SPPAP, U88587 AGP Na -
TATPP, SPPA, SPPAP, L17308 Proline-rich Gh -
protein
TATPP, SASPPS, SPPA, LATSC  U14009 AGP Pc -
AQSPAPAP, PAPAP, SASPPS AF0828298 AGP At U14009
LATSC, AQAPAPAP AF0828299 AGP At U14009
AQAPAPAP, PAPAP AF0828300 AGP At U14009
AQAPAP, PAPA, SPPAP AF0828301 AGP At U14009
AQAP, SPPAP AF0028302 AGP At U14009
TATPP U09554 AGP Pt -
PAPAP S45139 NODS Ps -
PAPAP 216403 TTSI1 Na -
4 PSE, PPPPSS U25628 AGP Na -

Sequences and ESTs from group 2 share similarities with “non-classical” AGPs
(Du et al 1996a). It has been suggested that the C-terminal domain rich in G, N, S,
and Y is processed (Du et a/ 1996a) to give a shorter polypeptide rich in A, P, and T
residues. Processing of the C-terminal domain could lead to the release of a
signaling peptide targeted to the extracellular matrix or recycled to a cytoplasmic
target. In this group we also found TED3, a Gly-rich protein from Zinnia elegans
preferentially expressed in cells that redifferentiate into tracheary elements
(Demura and Fukuda 1994), and a Pro-rich protein from cotton cell wall (John
1995). Both proteins exhibit the very conserved amino acid motif
QG-SDTR-LENGKY in the C-terminal domain. This signature motif might be
considered as specific to the AGP group 2, since it is not found in any other
proteins registered in the databases. Similar motifs are present in a hypothetical
protein from Brassica napus (Robert et al 1994), in a recently isolated EST from
Nicotiana tabacum (AB012854) shown to be up-regulated by cytokinins and in an
Arabidopsis genomic clone. However, we do not know if these molecules exhibit
the same carbohydrate epitopes. It is important to note that all AGP and EST
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sequences of group 2 end with a Pro residue. The significance is not evident but
could reflect a site for a processing enzyme.

The ESTs and proteins from group 3 show similarities with animal-secreted proteins
such as mucins (van Klinken et al 1995), with plant extensins and Pro-rich proteins, and
with the “classical” AGPs (Du et al 1996a). The amino acid sequences are rich in P, A,
S and T residues. The proteins have a C-terminal hydrophobic domain and internal
stretches of hydrophobic amino acids. It has been shown that the C-terminal domain of
the Nicotiana and Pyrus AGPs is processed (Schultz et al 1998, Youl et al 1998). The
“classical” AGPs are thought to be C-terminally processed and attached to
glycosylphosphatidylinositol (GPI) membrane anchors (Schultz et al 1998, Youl et al
1998). Sequences from group 3 show a higher content in A, P and S residues compared
with sequences from groups 1 and 2. Two Arabidopsis ESTs and a Brassica napus
AGP (Gester et al 1996), although very similar, show length variation in their
sequences and, in addition, the insertion of several short amino acid stretches between
the conserved motifs, as described for other members of group 1, possibly indicating
post-transcriptional modifications.

3. SIGNIFICANCE OF AGP SUBFAMILIES

We report in this paper that, on the basis of the sequence homologies and the
presence of specific conserved amino acid motifs, AGP genes and ESTs can be divided
into at least four groups of AGPs and AGP-like molecules. The characteristics of these
genes and the groups to which they belong are summarized in Tables 1 and 2.

The phylogenetic tree of AGPs and related sequences (Fig 1) also shows that the
sequences divide into several major groups. The nodulin member (S45139) seems
to be the most ancient molecule, whereas the Volvox chimeric extensin (X80416)
does not seem to have given rise to any recent variants. The phylogenetic analysis
indicates that the Volvox protein belongs to group 3 probably because of its extensin
domain confirming the bimodular structure of the protein.

Since most of the ESTs have been isolated from libraries prepared with RNA from
mixed tissues it is not possible to conclude anything about their location within the
plant. Proteins belonging to different groups could have different expression patterns. In
addition, they could have distinct functions, and their synthesis could be regulated by
different mechanisms. Even if AGPs are ubiquitous in plants it does not appear that one
group of AGPs is characteristic for specific families or species, although it has been
shown that some of the carbohydrate epitopes are missing from the Solanaceae family
(Snogerup 1997). In sugar beet leaves AGP isoforms of different electrical charge but
the same molecular weight have different epitopes recognized by monoclonal anti-
bodies, giving additional variability or specificity to the AGP molecule (Stohr et al
1996, Kjellbom et al 1997). The related AGP sequences likely correspond to a common
ancestor gene that is now divided into various gene subfamilies. This possibility was
also suggested by Li and Showalter (1996) who found 15 putative AGP genomic clones
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Figure 1. Representation of the phylogenetic relationships between AGPs and related proteins.
Sequences were aligned using CLUSTALW (Higgins ef al 1992) at the Washington University site
(http://www.ibc.wustl.edu). The dendogram depicting the evolutionary relationships was constructed
using the PHYLIP program package (http://evolution.genetics.washington.edu). The numbers above
the branches refer to the corrected estimate of the genetic distance between the putative ancestor gene
at the node and the gene at the end of the branch. The AGP sequences are indicated by their Genebank

accession numbers.
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during the screening with a nucleotide probe corresponding to the PAPAP domain
representing related or unrelated genes.

The AGPs of group 1 show a high variability of the sequences but a strong
conservation of specific motifs. They all show similarity with a highly conserved
domain of fasciclin I (Hortsch and Goodman 1990), which is either localized at the
plasma membrane or secreted. We observed a high variability in the C-terminal
region of group 1 sequences as well as the presence of the PAPAP motif in different
positions among the sequences. This variability may represent alternative splicing
mechanisms similar to those that are well described in animal cells for molecules
involved in cell—cell interactions and development such as integrins (Hynes 1992),
fibronectins (Kornblihtt et al/ 1996) and neural CAMs (Wang et al 1998). It is thus
possible that AGPs from group 1 are developmentally regulated (Pennell and
Roberts 1990, Pennell et al 1991, Kjellbom et al 1997). Post-transcriptional
processing events may offer the possibility of producing different isoforms of AGPs
by exposing or retrieving protein domains that can be phosphorylated or
glycosylated. This mechanism would produce molecules with different signaling
activities that may give rise to different cell identities, which would be important
for meristem development in which cell position and cell-cell interactions are
governing cell fate (Meyerowitz 1997).

The AGPs of group 2 contain similar sequences regardless of plant species, all
exhibiting a C-terminal Pro residue and a conserved stretch of 10 hydrophobic
amino acids in their C-terminal parts, which are processed and not present in the
mature proteins (Mau et a/ 1995). The TED3 has been identified in proto-xylem
cells, which have been directed towards a cell death pathway and is consistent with
a role of AGPs marking cells that are committed to cell death (Buckner et al 1998).
Also, the TED3 promotor contains transcription factor binding elements responsible
for the gene regulation in proto-xylem cells (Igarashi et al 1998). This observation
is consistent with a time and cell type-specific expression pattern described for
some AGPs. In addition the presence of an Asn-rich domain similar to the
C-terminal of the group 2 AGPs from Pyrus and Nicotiana also occurs in a
Plasmodium falciparum antigen (Wahlgren et al/ 1986) and in genes from
Dictyostelium discoideum (Han and Firtel 1998) and Synechocystis sp. (Kaneko et
al 1996) that encode, respectively, proteins related to transcription factors and a
hypothetical AGP-like molecule.

The sequences of group 3 are dissimilar but include many identified AGP
sequences in addition to ESTs. All the members of group 3 show homologies to
extensins or Pro-rich proteins. Motifs such as PAPAP and SPPAP are present in
addition to motifs such as SPPP, TAPTP and KASSP, which are characteristic of
extensins and Pro-rich proteins. Pro-rich proteins could be involved in protein—
protein interactions through their Pro-rich domains or could be linkers between the
wall and the plasma membrane that enable dynamic and signaling connections
(Pont- Lezica et al 1993) and signal transmission or provide a precise pattern for
glycosylation. Like members of group 1, group 3 members have insertions of amino
acid stretches between conserved motifs, possibly indicating RNA splicing events.
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Such events might be involved in the developmental regulation of AGPs. The
presence of introns in AGP genes has only been reported for the algal CAM gene
(Huber and Sumper 1994) and for a genomic AGP clone of tomato (Li and
Showalter 1996). The latter has an intron separating the long central domain from
the putative membrane attachment domain. However no intron is present in the
Pinus AGP genes nor in the gene encoding the Arabidopsis cell surface protein of
group 1.

4. LOCALIZATION OF AGPS AT THE PLASMA
MEMBRANE

To date there are no sequence data available for AGPs isolated from plasma
membrane. Plasma membrane AGPs have been suggested to be receptors for
extracellular signals and matrix molecules (Pennell ef a/ 1989, Nothnagel 1997),
and their localization at the cell surface (Norman et al 1990, Kjellbom et al 1997) is
consistent with this hypothesis. Little is known about how plasma membrane AGPs
are attached to the membrane (Norman et al 1990, Schultz et al 1998). Analysis of
AGPs and putative AGP sequences shows that some AGPs contain one or more
transmembrane domains, or a hydrophobic C-terminal segment (PSORT, Genome-
Net, K. Nakai, Osaka University, Japan) that has been identified as a putative GPI
membrane anchor domain (Schultz et al 1998, Youl et al 1998). The authors repor-
ted that several AGPs from Nicotiana, Pyrus, Arabidopsis, Brassica, Gossypium
(all belonging to group 3) are likely to be attached to the plasma membrane by GPI
anchors because they contain amino acids in positions typical for GPI anchor
attachment sites.

Evidence for the presence of CAMs in plants is lacking. Some HRGPs and some
of the plasma membrane AGPs could be true CAMs, as suggested by Huber and
Sumper (1994). They reported the isolation of a Volvox gene coding for a mem-
brane-associated chimeric extensin, which exhibited similarities to fasciclin I and
spliced variants that were produced in a developmentally controlled fashion. The
presence of spliced variants of CAMs in Volvox and their developmental regulation
resemble the presence of different AGP molecules at different stages of plant
development (Pennell ef a/ 1991). In the case of Drosophila embryos, fasciclin I is
found in a soluble form as well as in an insoluble membrane-bound form associated
with the plasma membrane through a GPI-anchor (Hortsch and Goodman 1990).
The occurrence of soluble and membrane-bound AGPs in plant cells would be
consistent with a role of AGPs in cellcell interactions during development and
with the function of a molecule bearing positional information. The transient
appearance of AGP carbohydrate epitopes at the cell surface during developmental
processes, such as embryogenesis, is consistent with AGPs being exposed at the
plasma membrane as GPI-anchored membrane proteins and thereafter released by
lipases at appropriate developmental times (Kjellbom et al 1997, Schultz et al 1998,
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Youl et al/ 1998). The AGPs from group 1, which contain the fasciclin-like
signature motif, may represent developmentally regulated plasma membrane AGPs.
Different sub-groups of AGPs could be active at different developmental stages or
represent different cell fates. Bates et a/ (1994) suggested that the interactions
between plasma membrane integrins and extracellular matrix molecules are
necessary for maintaining the living state of the cell, and the disruption of these
interactions activates an intrinsic suicide program leading to programmed cell
death. Thus plasma membrane AGPs (or AGPs showing similarities with CAM)
could be involved in the maintenance of these interactions and in the control of cell
death, directly or by signaling mechanisms coupled to other membrane receptors. It
is possible that only some AGPs undergo processing before being released from the
plasma membrane. However in each group it seems that AGPs are likely to undergo
processing mechanisms such as for GPI anchors (Schultz et a/ 1998, Youl et al
1998). It is also possible that some AGP genes give rise directly to shorter AGPs
already “preprocessed” at the RNA level.

S. CHIMERIC AGPS AND RELATED MOLECULES

Some AGPs show similarities with chimeric cell wall proteins that contain at least
two different structural modules involved in different functions. Chimeric proteins have
recently been described in the plant HRGP superfamily (Kieliszewski and Lamport
1994). These peculiar HRGPs include the stigma-specific extensin (Goldman et a/
1992), the Chlamydomonas HRGP (Waffenschmidt et al 1993), the Volvox embryo-
specific extensin (Ertl et al 1992), the Volvox CAM (Huber and Sumper 1994) and the
pollen extensin pex-1 (Rubinstein et al 1995a b). Also the lectin-receptor-like kinase
(Hervé et al 1996), which presents two distinct functional domains, the recently
described WAK proteins (He et al 1996) and the tangled gene product (Miller et al
1997) could well belong to this group of chimeric modular proteins.

The pex-1 protein shows sequence similarities with a cotton AGP (John and
Crow 1992), various extensins, receptor-like kinases, Leu-rich repeat proteins
(Jones and Jones 1997) and animal mucins, but not with fasciclin I. On the bases of
its localization and the putative role of pex-1 in adhesion, Rubinstein et al (1995b)
proposed that pex-1 is an AGP. This is not unlikely, since the protein contains
signature motifs present in group 3 AGPs. Rubinstein et a/ (1995b) mentioned that
the globular domains of the algal CAM and the pex-1 are structurally similar to
Drosophila fasciclin 1. The authors proposed that the extensin-like domain of this
multidomain protein anchors the protein in the cell wall, whereas the globular
domain has other functions (e.g., cell adhesion and cell signaling such as in the
receptor-like kinases CLAVATA and ERECTA [Meyerowitz 1997]). This
hypothesis is consistent with the suggested function of AGPs in cell—cell
interactions and in developmental signaling (Pennell and Roberts 1990, Pennell et
al 1991). Chimeric proteins might also represent ancestors that diverged differently
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by keeping several functional modules, and chimeric AGPs (group 1) would thus be
more ancient than “mono-modular” AGPs (group 3).

Sequences of group 1 AGPs show a motif very similar to the Drosophila CAM
fasciclin I and to the chimeric extensin/fasciclin CAM-like protein from Volvox.
Three Arabidopsis genomic sequences that contain a domain similar to the fasciclin
signature motif have been detected in the databases (Table 2). One of them has been
identified and mapped to chromosome 2 and is predicted to encode a cell surface
protein (AC002387). The amino acid sequence shows Pro-rich domains and strong
homologies with other cell surface proteins (AA661000) and with most of the
known AGPs of group 1. Interestingly, the C-terminal contains domains proposed
to be typical for AGPs (PAPAP, SPPAP). The sequence also shows strong
homology with the maize endosperm-specific protein and with the Pinus group 1
AGP. It should be noted that another Arabidopsis gene that also shows similarity
with the fasciclin signature motif (AB005239) sequence has recently been identified
on chromosome 5.

6. SIGNIFICANCE OF PLANT FASCICLIN MOTIFS
AND PLANT CAMS

As already noted, information concerning CAMs in plants is lacking. No direct
evidence has been found concerning a protein and its function in cell adhesion. Several
studies concerning adhesion and migration of pollen grains have been performed on
styles. Some AGP antigenic regions have been putatively involved in these processes.
A few CAMs have been reported directly or indirectly in plants. Several proteins have
been proposed as candidates for plant CAMs, and these include integrin homologs,
various intrinsic membrane proteins such as WAK (He et al 1996), the tangled gene
product, LRR proteins and CAM homologs (Huber and Sumper 1994). The discovery
that plant cells may contain several CAMs with fasciclin motifs is an important step.
Similar to their insect homologs, these proteins are likely to have a complex
glycosylation pattern and be involved in cell adhesion. Fasciclins are present in insects
and other animal cells, and all proteins containing the fasciclin I domain are involved in
cell—cell contact and in developmental processes. In these organisms fasciclins are
expressed in a very limited subset of tissues. The localization of fasciclin-related
molecules in other organisms, in certain tissues or at certain developmental stages, will
help to elucidate their function. For example, many AGPs have been found in flower
tissues where numerous cell—ell interaction mechanisms occur. Such interactions are
particularly important in styles where pollen tubes grow by following a track created or
maintained by proteins such as AGPs.

The similarity between the algal CAM, the pine and the cotton AGPs, some
Arabidopsis clones and the maize endosperm-specific protein is striking. Alignment of
these protein sequences indicates that the H1 domain and the H-box from the
Drosophila fasciclin I (Hortsch and Goodman 1990) are very conserved. It is suggested
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that these domains are involved in protein—protein interactions. We found fasciclin-like
signature motifs in different sequences, originating from different plants, closely related
to the pine AGP gene. It is thus likely that fasciclins and some AGPs (group 1) are
related in structure and in function since both are involved in cell adhesion and in
developmental processes. It also appears that animal fasciclins, animal CAMs, and
plant AGPs are likely to share common regulatory mechanisms such as RNA splicing,
complex glycosylation, and attachment to the plasma membrane through GPI anchors.

7. CONCLUSIONS

In this chapter we have identified conserved amino acid motifs that allowed the
discrimination of different AGP groups (Figs 1, 2). In addition to genes coding for
secreted AGPs, databases contain ESTs, genomic sequences and related sequences
corresponding to a large number of additional AGP-like genes located on different
chromosomes. This work led us to consider a classification of AGPs based on the
structure and composition of the protein backbones. The AGPs and AGP-like mol-
ecules can be phylogenetically analyzed and divided into at least four groups. Each
major group of sequences is defined by conserved and specific amino acid motifs.
Some amino acid motifs are only found in AGPs, whereas others are also characteristic
of other molecules such as insect fasciclins. By acknowledging these similarities it
might be possible to discem AGP function in plant cell development. The presence of
multi-domain proteins, such as group 1 AGPs, may reflect their complex evolution and
indicate their multi-functional properties. The presence of different genes could explain
the number of localizations and functions proposed for AGPs as well as their
implication in different signaling pathways.

Post-transcriptional mechanisms such as RNA processing are likely to operate
during plant cell development. These mechanisms might allow cells to produce and
secrete proteins with certain carbohydrate domains exposed in the extracellular matrix.
The presence or absence of amino acid motifs may define the pattern of glycosylation
known to be correlated with cell-cell interactions and cell identity. Although very little
is known about O-glycosylation in plants it is likely that carbohydrates confer
specificity to AGPs and that the protein backbones provide the presence, the order and
the spacing of these branches. Interestingly many of the sequences containing AGP
signature motifs also contain putative membrane attachment consensus sequences as
well as putative transmembrane helices. It seems that most of known AGPs contain
features for processing at the gene or at the protein level. This is consistent with the fact
that AGPs are cell surface molecules (Stohr et al 1996, Kjellbom et al 1997). It would
be interesting to know if there are differences between constitutively expressed basal
AGPs and stress-induced AGPs, and between cell wall and plasma mem-
brane-associated AGPs (Kjellbom et al 1997).

Kieliszewski and Lamport (1994) suggested that HRGPs belong to a common
superfamily and that it is important to focus on the similarity of the different
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subfamilies. Our analysis shows that it is possible to describe, on the protein basis,
an AGP family within the HRGP superfamily. With the increasing knowledge about
AGPs and other HRGPs it might be possible to trace more precisely the origin of
HRGPs and other cell wall proteins to a small number of protein modules
(Woessner et al 1994). It is possible that the origin of AGP carbohydrate epitopes is
more ancient than the origin of the protein backbones, and that the evolution of the
two moieties has followed different constraints related to their respective functions.

Classical AGP (Gr 3)

S P/A-rich MA

i\

Non-Classical AGP (Gr 2)

S P/A N-rich

F— NI+

Pinus taeda Arabinogalactan protein (Gr 1)

S P/A-rich D1 P/A-rich  MA

Arabidopsis thaliana Cell Surface Protein (Gr 1)
S D1 D1 P/A rich MA

Zea mais Endosperm-specific protein (Gr 1)
S D1 P/A-rich D1 R-rich

Fasciclin-like- ESTs (Gr 1)
S P/A-rich D1 MA

E_

C-terminal splicing

Figure 2. Structures of polypeptide sequences of AGPs and related molecules. Boxes indicate specific
domains that are present in each group of sequences. A: Ala; D1: domain 1; MA: membrane
attachment; N: Asn; P: Pro; R: Arg; S: secretion signal. Bars not to scale.
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1. INTRODUCTION

Since the first authenticated AGP core polypeptide was cloned by Chen et al
(1994), a total of six cDNAs corresponding to authenticated AGPs have been
reported (Nothnagel 1997, Gao et al 1999). In view of this recent molecular data,
the criteria previously used to define an AGP (a Hyp/Pro, Ala and Ser rich core
polypeptide; possession of an arabinogalactan Type II glycan moiety attached to
the core protein; and binding to 3-glucosyl Yariv reagent) needed to be amended
to take account of this ‘new’ information. With this in mind, the protein
sequences corresponding to the core polypeptides of the cloned AGPs have been
divided into two types, “classical” and “non-classical” (Mau et al 1995, Du et al
1996). According to this convention if the predicted AGP sequence beyond the
signal peptide has Pro/Hyp, Ala, and Thr/Ser as the most abundant residues, it is
designated ‘“classical”. In general, “classical” AGP sequences encode a
polypeptide with at least three distinct domains: an N-terminal signal sequence, a
central Pro/Hyp-rich region and a C-terminal hydrophobic region that contains a
glycosylphosphatidylinositol (GPI) anchor signal (Youl et al 1998). “Non-
classical” AGP genes, however, encode polypeptides which contain an N-
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terminal secretion signal followed by a variety of domains, none of which seem
to encode a C-terminal GPI membrane anchor signal sequence. Furthermore they
may contain consensus sites for N-glycosylation, which do not occur in their
“classical” counterparts.

Based upon the available cDNA sequences, Nothnagel (1997) divided the
domain structures of the predicted AGP core polypeptides into four categories (A,
B, C, D). Type (A) “classical” AGP structure is represented by AGPPc1 (Chen et
al 1994) and AGPNal (Du et al 1994). Type (B) “non-classical” AGP structure
contains a Pro and a Asn-rich domain as seen in AGPNa2 (Mau et a/ 1995). Type
(C) “non-classical” structure contains a Pro-rich domain inserted in an Asn-rich
domain as in AGPPc2 (Mau et a/ 1995), and type (D) AGP core protein structure
contains a Pro-rich domain followed by a Cys-rich domain as exhibited by
AGPNa3 (Du et al 1996). Since the publication of this landmark review, two
further cDNAs corresponding to authenticated AGP core polypeptides have been
cloned, which further expand the diversity of domain structures observed in this
seemingly ubiquitous family of proteins. These additional cDNAs are LeAGPI,
which encodes a “classical” AGP containing a highly basic domain and a potential
N-glycosylation site (Gao et al 1999), and DcAGPI, which encodes a “non-
classical” carrot AGP, which is defined by the presence of a C-terminal cysteine-
rich domain and can be considered to have a type (D) AGP domain structure
(Baldwin et al 2000).

All of the currently available sequence data on the AGP protein families seem
to suggest an ever expanding complexity in the molecular structure of these
proteins, which is undoubtedly linked to the ubiquity and diversity of functions
attributed to AGPs and ‘AGP-like’ proteins.

2. THE PAC DOMAIN DEFINES A FAMILY OF BASIC
PROLINE-RICH PROTEINS

Here we present a brief discussion of the C-terminal cysteine-rich domain that
occurs in the recently cloned cDNA encoding the core polypeptide of DcAGP1, a
previously isolated carrot AGP (Baldwin et al 1993 2000). This C-terminal
cysteine-rich domain is found, well conserved, in a family of cell-wall associated
proteins (Fig 1). We have designated this domain as the PAC domain, since it 1s
found in Proline-rich proteins and Arabinogalactan-proteins, and contains
conserved Cysteine residues (Baldwin et a/ 2000). From the results of database
searches, it is clear that the DcAGPI1 protein bears most ‘similarity’ to a basic,
wound-regulated, proline-rich protein (PvPRP1) encoded by a ¢cDNA isolated
from Phaseolus vulgaris (Sheng et al 1991 1993), and the region that is best
conserved is the PAC domain. Other members of this family of proteins
containing a PAC domain include five cDNAs derived from Nicotiana species.
The NtTTS and NaPRP4 glycoproteins all contain a PAC domain and were shown
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Figure 1. Pileup of the C-terminal PAC domains of several extracellular proteins showing the
conserved positions and environment of the six cysteine residues. The alignment was created using
the PILEUP program (Genetics Computer Group). The protein NaPRP4 is described in Chen et al

(1993) and NaPRP5 in Schultz ez a/ (1997).

to contain both O-glycans and N-glycans (Cheung ef a/ 1993, Sommer-Knudsen
et al 1996). The NaPRPS5 and Pistil-Specific Extensin-Like Proteins (PELPs) such
as NtPMGO7 are ‘AGP-like’ and belong to the PAC domain family, but were also
shown to contain extensin-like features (Goldman et a/ 1992, Schultz et al 1997).
Common features of all these sequences are high homology in the cysteine-rich
PAC domain (Fig 1) and the presence of N-glycosylation sites within this domain.
Except for PvPRP1, the C-terminal domains all contain six conserved cysteine
residues. Cysteines are likely to form disulfide bridges, and we suppose that the
six cysteines form three pairs. The absence of the first and the fifth cysteine in
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PvPRP1 suggests that these two Cys residues form such a pair in DcAGP1 and the
Nicotiana AGP(-like) molecules. It is noteworthy that the six cysteines are
separated by tracts of amino acids whose length is well conserved in the PAC
domain family (Fig 2). The only exception to this rule is NtTTS1, where the
distance between Cys residues 5 and 6 spans only 20 amino acids compared to 48-
53 amino acids in the other PAC family members.

20 33 48
~C-P]-c-|to |-C-|to |-C-M]-C-|w |-C-
22 34 53

Figure 2. Diagram to illustrate the relatively constant number of amino acids between the six
cysteines (C) in the PAC domains shown in Fig 1, excluding NtTTS1 and PvPRP1 (only four
cysteines).

3. A FAMILY OF POLLEN PROTEINS SHARE FEATURES
OF THE PAC DOMAIN

Using the Cys-rich PAC domain alone for database searches revealed that the
presence and the spacing of the Cys residues as shown in Fig 2 also occur in
another family of proteins. Figure 3 shows that several translated cDNAs
encoding pollen-specific proteins contain the conserved cysteine positions of the
PAC family, but without the upstream proline-rich domain. The spacing between
the first five Cys residues is completely conserved, but the distance between the
fifth and the sixth cysteines is considerably bigger in DcAGP1. Another
difference between the two protein families is the conserved amino acid that
follows the first and fourth Cys residue. The pollen-specific proteins show a
switch from a basic to an acidic amino acid in these positions. Like the PAC
domain family members, the pollen-specific proteins contain putative N-
glycosylation sites. One of these proteins, the major allergen from olive tree
pollen Ole e 1, has been purified, and using specific glycopeptide hydrolases the
presence of N-glycans has been demonstrated (Villalba et al 1993). The presence
of hydrophobic signal sequences suggests that these pollen specific proteins are
secreted into the extracellular matrix. The absence of a proline-rich domain
suggests that the pollen-specific proteins are only distantly related to AGPs.
Divergence between these two classes is confirmed by the low molecular weight
(20 kDa) of the glycosylated Ole e 1 and the fact that the carbohydrate component
accounts for only 8% of the molecular weight. However, the conserved positions
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of the Cys residues suggest similar three dimensional structures for the PAC
domain and the pollen specific cysteine-rich proteins.
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Figure 3. Pileup of the complete sequences of four pollen-expressed cell wall proteins that contain

signal sequences and a PAC domain, together with the PAC domain only of the carrot AGP gene

DcAGPI. Although the sequences Ole e 1 (Villalba et al 1993), LAT52 (Twell et al 1989), Oryza
sativa (Z16402) and Phalaris coerulescens (U85499) exhibit low overall amino acid homology to the
PAC domains in Fig 1, the six cysteines are present in similar positions (boxed).

4.

CONCLUSION

Since the highly conserved cysteine-rich sequence with its consensus spacing

of the cysteine residues is clearly the defining feature of the PAC domain family
of proteins and several pollen-specific proteins, this structure most likely reflects a
common function for this protein domain. Unfortunately, the precise biological
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function of these highly conserved cysteine residues in Daucus carota , or in any
of the other plant species listed above, is as yet unknown! However, recent studies
of the animal blood serum glycoprotein lutropin have demonstrated that a
cysteine-rich domain is located at the N-terminus of a mannose receptor for this
protein and accounts for the binding of oligosaccharides with terminal GalNAc-4-
SO, residues (Fiete et al 1998). This cysteine-rich domain thereby represents a
novel carbohydrate-binding motif in animals. Similar cysteine-rich domains have
also been described in three other members of the endocytic C-type family of
lectin receptors (Fiete ef al 1998) and thus may serve an equivalent carbohydrate-
binding function in these receptors. These data suggest that the cysteine-rich PAC
domain observed in this family of proteins may have a role in binding to
carbohydrate or glycoprotein ligands in higher plants.
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Structure and Biosynthesis of L-Fucosylated
Arabinogalactan-Proteins in Cruciferous Plants

Yohichi Hashimoto

Saitama University, Urawa, Japan

1. INTRODUCTION

Yamamoto (1982), surveying blood group ABH-active substances in vegetable
foods, found potent blood group H-like activity inhibiting hemagglutination of
human type O erythrocytes by eel anti-H sera in the polysaccharides from radish
and turnip leaves. This finding prompted us to isolate and characterize L-fuc-
osylated (L-Fuc) AGPs (F-AGPs) from leaves of radish, turnip, and rape (Nakamura
et al 1984). The F-AGPs were purified from hot phosphate-buffered saline (PBS)
extracts of these cruciferous plants by precipitation with three volumes of 99%
ethanol and successive chromatography on DEAE-cellulose and on Sepharose 6B
or Sephadex G-100. Elution with a linear gradient of NaHCO; separated acidic
AGPs from neutral and more acidic polysaccharides like starch and pectin.
Treatment with a-amylase removed contaminating starch in the crude leaf
polysaccharide fraction or unbound polysaccharide mixture. Rechromatography on
anion exchange resin followed by gel filtration was effective for the preparation of
higher purity AGPs differing in molecular masses. From radish, rape, and Sisybrium
officinale leaves and radish primary roots, recoveries of total AGPs were 100-200
mg/kg fresh tissue weight. The purified AGPs were apparently homogenous upon
ultracentrifugation and electrophoresis, and were subjected to serological and
chemical analyses. Serological and immunological characterization of AGPs were
conducted through precipitation reactions with eel anti-H sera, Aleuria aurantia
L-Fuc-specific lectin (AAL), and rabbit antibodies raised against the
-1,6-galactotetraosyl group coupled to BSA, as well as with Yariv artificial
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antigen (Tsumuraya et al 1984a, Ogura et al 1985, Kikuchi et al 1993). Radish
F-AGPs inhibited strong hemagglutination of human type O erythrocytes by eel
anti-H sera and AAL, but their complete lack of such inhibitory activity on the
hemagglutination by chicken anti-H sera and Ulex europeus lectin, as well as their
antigenicity, clearly distinguished F-AGPs from human blood group O substances
(Nakamura et al 1984). Application of these methods to the PBS extracts from
growing organs of radish plants revealed the maximal expression of blood H-like
activity in roots at the earlier stage (2-8 days after germination) of development,
and its rapid disappearance toward maturation (Tsumuraya et al 1988). In a survey
of blood group H-like activity in 14 species of cruciferous plants, leaf
polysaccharides from seven species gave positive reactions, and Table 1 shows the
distribution of blood group H-active F-AGPs in cruciferous plants. Leaf F-AGPs
from four plants related to turnip were found to be positive in all the precipitation
reactions tested. No blood group H-like activity could be detected in the
PBS-extracts from leaves of cabbage and Brussels sprouts. Indeed, AGPs purified
from a PBS-extract of cabbage leaves were totally devoid of L-Fuc. The F-AGPs
were isolated from watercress leaves but failed to inhibit hemagglutination of
human O erythrocytes by eel anti-H sera even at a concentration of 400 pg/ml,
suggesting the possibility that L-Fuc residues were attached to a-L-Araf at a
location different from the a-(1—>2)-L-fucosidic linkage in the active
polysaccharides.

Table 1. Distribution of L-Fuc AGPs in leaves of cruciferous plants — hemagglutination inhibition test

Genus Species Fucosylated AGP?
Matttiola incana cv. Purple heart (stock) -
Capsella bursa-pastoris (Shepherd’s purse) +
Raphanus sativus L. (radish) +°
Brassica campestris L. (rape) +
rapa var. glabra (turnip) +°
rapa var. chinensis (Chingensai)® +°
rapa var amplexicaulis (Chinese cabbage) +°
rapa var. hakabura (Nozawana)* +°
rapa var. periviridis (Komatsuna) ¢ +°
rapa var. narinosa (Tahsai) ¢ =
Juncea Czern et Coss (mustard) +°
oleracea var. capitata (cabbage) -b
oleracea var. gemmifera (Brussel sprouts) -
Wasabia Jjaponica Matsumura (Wasabi) +°
Nasturtium officinale (watercress) +°
Sisymbrium officinale (Kakinegarashi)® +°

Rorippa indica -

®Blood group H-like activity: activity inhibiting the hemagglutination of human type O erythrocytes by
eel anti-H sera or Aleuria aurantia 1-Fuc-specific lectin.

bF ucosylated AGPs were isolated from leaf tissues and characterized.

°Leaf AGPs of B. rapa var. narinosa contain an unidentified 6-deoxyhexose, possibly L-Rha, instead
of L-Fuc.

“Japanese name.
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2. STRUCTURE OF RADISH AGPS

Table 2 compares the compositions and properties of AGPs from radish leaves,
seeds, and primary and mature roots (Tsumuraya et al 1984b 1987 1988). Variation
among them is evident, indicating their organ-specific and developmentally
regulated expression and the multiple nature of their biological functions. Radish
primary root AGPs are fucosylated and exhibited blood group H-like activities
comparable to those of radish leaf F-AGPs. The leaf and primary root F-AGPs
formed single precipitin lines that fused to each other in the reactions with eel
anti-H precipitin and AAL (Tsumuraya et a/ 1988). Radish mature root produces
serologically inactive AGPs that lack L-Fuc and exhibit no precipitation reaction
with L-Fuc-specific lectins. Reacting with Yariv artificial antigen, all purified radish
AGPs formed a single precipitin line as is typical of AGP proteoglycans. Major
AGPs from radish organs are acidic proteoglycans because of their contents of 4—
14% (mol% of total sugars) of GlcA and its 4-O-methyl derivative. Table 3 shows
the carbohydrate compositions and properties of F-AGPs from leaves of five
species of cruciferous plants to verify a wide distribution of H-active proteoglycans
among this plant family (Nakamura et al 1984). Some F-AGPs analagous to radish
leaf AGPs have been isolated and characterized from leaves of cultivated species of
turnip such as Chinese cabbage, Brassica rapa var. amplexcaulis, B. rapa var.
hakabura, and B. rapa var. perviridis. Interestingly, AGPs from a Chinese
vegetable, B. rapa var. norinosa, contain 2-4% of a 6-deoxyhexose, possibly Rha,
instead of L-Fuc, suggesting mutation at the enzyme level.

Table 2. Properties and carbohydrate compositions (mol%) of AGPs in radish organs

Seeds Leaves Primary Roots Mature  Roots
AGP R-1 R-II AGP-1 AGP-II AGP-III  AGP-IV
Gal 41.6 58.0 56.9 33 61 40 62
Ara 44.8 27.8 33.0 24 27 55 24
L-Fuc 0.0 4.2 6.0 10 5 0 0
Xyl 3.2 0.0 0.0 0 0 0 0
Glc 0.2 0.0 0.0 16 0 0.1 0
Gal/Ara (mol/mol) 0.93 2.09 1.72 1.4 2.3 0.73 2.6
Uronic acids® 10.2 10.4 4.5 8 7 4 14
GlcA 6.0 1.8 0.8 n.d. 33 n.d. 0
4-O-Me-GIcA 4.2 8.6 3.7 n.d. 3.7 n.d. 14
Mol wt (kDa) 52 130 75 21 78 25,39 88
H-like activity (ug/ml)® n.d. 10 5 5 5 nd. n.d.
Yariv® + + + + + + +
AAL¢ - + + + + - -
Anti-Gal,* + + + + + + +

aDetermmcd as GlcA; n.d.: not determined; +: positive reaction; —: negative reaction.

°H-like activity (ug/ml): minimum amount required for complete inhibition of hemagglutination of

human type O erythrocytes by eel anti-H agglutinin.
CYarlv Precipitation reaction with Yariv artificial antigen

dAAL: Formation of a precipitin line with Aleuria aurantia L-Fuc- specific lectin.
°Anti-Gal,: Precipitation reaction with rabbit antibodies against B-1,6-galactotetraosyl group coupled
to BSA.
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Table 3. Comparisons of carbohydrate compositions (mol%) and properties of fucosylated AGPs
from leaves of five cruciferous plants

Brassica  B. rapa B. rapa Wasabia

campestris var. glabra var.perviridis  japonica Sisybrium officinale

(rape) (turnip) (Komatsuna) (Wasabi) (Kakinegarashi)

B-N B-I B-II  BR-AGP WI-I WJ-1I SOI-1 SOII-2 SOIIl-1
Gal 52.6 224 570 572 48.5 403 485 559 609
Ara 38.2 72.0 381 418 453 50.8 375 362 330
Fuc 3.6 43 22 1.2 6.1 179 75 52 3.2
Xyl 0.0 1.3 0.0 0.0 0.0 0.0 <0.1 <0.1 <0.1
Gle <0.1 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0
Man 0.0 0.0 00 0.0 00 0.0 45 <1.0 <1.0
Gal/Ara 1.37 031 1.50 1.37 1.07 0.8 1.28 147 185
(mol/mol)
Uronic acids® 5.5 27 55 6.0 50 4.0 <1.0 39 6.1
Mol wt (kDa) 50 40, 180 48 58 11 40 50 60
H-like activity 10 lg ° 20 125 30 63 10 20 40

(ng/mD)°

AALS + + + + + o+ + + +
Yariv® + + + + + o+ + + +
Anti-Gal,® + + + + + o+ + + +

*Determined as GlcA; n.d.: not determined; +: positive reaction; —: negative reaction.

®H-like activity (ug/ml): minimum amount required for complete inhibition of hemagglutination of
human type O erythrocytes by eel anti-H agglutinin.

°AAL: Formation of a precipitin line with Aleuria aurantia L-Fuc-specific lectin.

dyariv: Precipitation reaction with Yariv artificial antigen.

°Anti-Gal,: Precipitation reaction with rabbit antibodies against B-1,6-galactotetraosyl group coupled
to BSA.

Radish F-AGPs and their modified products have been subjected to chemical
and enzymatic analyses to elucidate the complex structures of their carbohydrate
moieties (Tsumuraya et al 1984b 1988, Ogura et al 1985). Aspergillus niger B-glu-
curonidase, Irpex lacteus exo-B-1,3-galactanase, and Trichoderma viride endo-
B-1,6-galactanase have been purified and characterized with regard to their spec-
ificity and mode of action. Highly purified preparations of these enzymes, together
with other commercial glycosidases, have been effectively used for structural mod-
ification and analyses of the carbohydrate moieties of F-AGPs (Tsumuraya et al
1984b, Kikuchi et al 1993). Table 4 summarizes the sources of enzymes; substrates
including synthetic glycosides, oligomers, and native and modified AGPs; and
major sugars released from the substrates by the action of each enzyme. These
enzymes, except for Rhodotorula flava a-L-arabinofuranosidase and Fusarium
oxysporum o.-L-fucosidase, have been purified from commercial enzyme prepar-
ations of fungi and a basidiomycete, which were mostly developed for the form-
ation of plant protoplasts. Incubation of F-AGPs with R. flava o -L-Arafase released
a large part of the L-Ara, thereby rendering the proteoglycan susceptible to the
action of the other enzymes (Ogura et a/ 1985, Tsumuraya ef al 1984b 1988). Smith
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degradation of radish and rape leaf F-AGPs resulted in a complete elimination of
the peripheral sugar residues, leaving a core structure, and [3-1,6-galactooligomers
carrying D-glycerol at the reducing ends, which were generated from the side chains
of the backbone structure (Tsumuraya et a/ 1984b 1988, Ogura ef al 1985). The
type of linkage and anomeric configuration of the (-D-Gal residues were
established by methylation, action of E. coli 3-galactosidase, and NMR (Tsumuraya
et al 1984b). Methylation of radish leaf and primary root AGPs and their modified
products corroborated that they differed unequivocally in the degrees of branching
and side chain lengths, whereas L-Fuc, uronic acids and a large part of L-Araf were
equally located at the non-reducing ends (Tsumuraya et al 1984b 1988, Ogura et al
1985).

Table 4. Glycosidases useful in structural analyses of radish F-AGPs

Glycosidase Source Substrate Product

o-L-Arabinofuranosidase Rhodotorula flava  PNP o-L-Araf PNP + L-Ara

(a-L-Arafase) (IFO-0407) L-Arafo(1 —>3)Galf(1—-6)Gal L-Ara+ Gal,
(AraGalGal)

Radish leaf and root AGPs L-Ara

f-Glucuronidase Aspergillus niger ~ PNP B-GlcA PNP + GlcA
(B-GicA-ase) Pectinex Ultra SP-L  GlcAB(1—6)Gal GlcA + Gal
(Novo Nordisk 4-O-Me-GlcAB(1—>6)Gal 4-O-Me-GlcA+Gal
Ferment) o-L-Arafase-digested radish ~ 4-O-Me-GlcA
root AGP
a-L-Fucosidase Fusarium PNP a-L-Fuc PNP + L-Fuc
(a-L-Fucase) oxysporum L-Fuca(1—-2)L- L-Fuc + AraGalGal
Arafa(1-3)GalB(1—>6)Gal
(FucAraGalGal)
Exo-B-1,3-galactanase  [rpex lacteus B-1,3-Galactan Gal
(B-1,3-Galase) (Polyporus a-L-Arafase-digested radish ~ Gal + neutral & acidic
tulipiferae) Driselase AGPs B-1,6-galactooligomers
(Kyowa Co.) AraGalGal

Endo-B-1,6-galactanase Trichoderma viride o -L-Arafase-digested radish ~ B-1,6-Galactooligomers

(B-1,6-Galase) Onozuka R-10 root AGP (Gal,: n=2-4)
(Yakult Co.) 4-O-Me-GlcA-(Gal,)
_n=1-3

PNP: p-nitrophenyl, p-nitrophenol; L-Ara: L-arabinose, L-Araf L-arabinofuranoside;
Gal: D-galactose; GlcA: p-glucuronic acid, D-glucuronide; 4-O-Me-GlcA: 4-O-methyl D-glucuronic
acid; L-Fuc: L-fucose, L-fucoside
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An exo-B-1,3-galactanase (3-1,3-Galase) purified from Driselase, an enzyme
product of Irpex lacteus (Polyporus tulipiferae), is a useful tool for structural analyses
of radish F-AGPs. The enzyme is able to attack native and modified radish AGPs in an
exowise manner, liberating D-Gal and oligomers carrying an additional Gal residue at
the reducing ends, which are split off from the main chains. Thus, exhaustive 3-1,3-gal-
actanase digestion of native and o-L-Arafase-digested radish F-AGPs supplied neutral
and acidic oligomers, which are a prerequisite for the determination of complex side
chain structures, as well as for characterization of the strict acceptor specificities of
glycosyltransferases. For instance, AraGalGal, and -1,3- and B-1,6-galactooligomers
were used as valuable substrates for the enzymes to determine their participation in the
biosynthesis of F-AGPs (Tsumuraya ef a/ 1984b 1990, Misawa et al 1996).

Methylation of galactooligomers containing equal amounts of L-Fuc and L-Ara
demonstrated the attachment of L-Fuc to a terminal L-Araf residue at O-2, which
linked to O-3 of a 3-D-Gal residue in the side chains, and the linkage of a small
amount of L-Araf to O-5 of an adjacent a-L-Araf residue (Tsumuraya et al 1984b,
Ogura et al 1985). Likewise, methylation of carboxyl-reduced AGPs and
aldobiouronic acids revealed the attachment of GlcA and 4-O-Me-GIcA to the
terminal (-D-Gal residue of the side chains through (3-1,6-glycosidic linkage
(Tsumuraya et al 1984b 1988, Ogura et al 1985). Anomeric configurations of the
terminal sugars were determined by susceptibility of the glycosidic linkage to
specific glycosidases and by NMR. For instance, the cleavage of L-Fuc-containing
oligomers by the action of Charonia lampas or F. oxysporum a-L-fucosidases
strongly supports o-L-fucosidic linkage (Tsumuraya et a/ 1984b, Misawa et al
1996). Aspergillus niger B-glucuronidase purified from Pectinex Ultra SP-L (Novo
Nordisk Ferment), completely hydrolyzed aldobiouronic acids to uronic acids and
D-Gal, indicative of B-glycosidic linkage of the terminal GIcA or 4-O-Me-GIcA.

Figure 1 shows a proposed structure of the carbohydrate moiety of a radish leaf
AGP and the linkages susceptible to glycosidases used in structural analyses. The
structure L-Fuca(1—2)L-Arafo(1—>3)D-GalB(1—6)D-Gal(1—, which is respon-
sible for blood group H-like activity, closely resembles the H-antigenic structure
L-Fuca(1-2)D-Gal(1—-3)D-GlcNAcB(1— of human blood group O(H) substance
but is completely inactive as the antigen (Tsumuraya et a/ 1984a). The biological
significance of fucosylation is not feasible to surmise directly from the variable and
highly complex structures of AGPs. Conceivably, the attachment of auxiliary sugars
such as L-Araf, L-Fuc and GIcA to the side chains of the -3,6-galactan backbone
and methylation at O-4 of the terminal GlcA might play a crucial role in enhancing
the resistance of the carbohydrate moiety against the attacks of plant pathogens. It
has been accepted that pathogenic fungi and bacteria are able to excrete various
enzymes to destroy cell walls and matrix, thereby facilitating invasion of host plant
tissues. It is possible that fragile tissues of primary roots and frequent infection
through stomata in leaves induced cruciferous plants to develop a novel defense
system for AGPs, which involved both a unique enzyme catalyzing fucosylation of
a-L-Araf residues attached to the side chains and methylation of terminal GlcA at
O-4. Hence, organ-specific fucosylation of AGPs is likely to be an indispensable
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mechanism for the maintenance of the AGPs in biologically active forms, which are
operating in developing roots and leaves.

Furthermore, it can be anticipated that chemically and enzymatically modified
AGPs, and their degradation products such as neutral and acidic oligomers arising
from the side chains, may exert biological effects on cell proliferation, develop-
ment, growth and differentiation in organs. Exchange of the native AGPs in tissues
or proliferating cells with those of different structures by mild infusion facilitates an
extensive survey for biological effects of structurally modified AGPs on plants.
These approaches are important toward finding a clue for understanding the
biological role of the carbohydrate structures in AGPs.

3. BIOSYNTHESIS OF RADISH AGPS

From the structural data, it can be inferred that biosynthesis of the carbohydrate
moiety of F-AGPs proceeds on the basis of concurrent elongation and branching of
the B-1,3-galactan main chain, resulting in the formation of the 3-3,6-galactan back-
bone of F-AGPs to which such auxiliary sugars such as L-Araf, L-Fuc, and GIcA are
attached.
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Figure I. A proposed structure of the carbohydrate moiety of radish leaf AGP and the linkages
(arrows) susceptible to glycosidases used in structural analyses.

The a-L-fucosyltransferase activities in microsomes from different organs of the
growing radish plant after germination have been measured using L-Arafo(1—3)
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D-GalP(1—»>6)D-Gal (AraGalGal) and tamarind xyloglucan (XG). As a result, separate
enzymes for the two substrates were found to be expressed differently. Fucosylation of
AraGalGal occurred in leaves and primary root, although in the latter the enzyme
activity turned out to be undetectable toward maturation. In contrast, a-L-Fuc transfer to
B-D-Gal in tamarind XG was found in microsomes prepared from leaves, hypocotyls,
roots, and midribs in different stages of development, coincident with the ubiquitous
distribution of fucosylated XG in tissues.

Regarding these findings, Golgi membranes were fractionated from fragile primary
roots and used as the enzyme preparation because of the low contamination of
fluorescent materials in such roots. The enzyme assay was carried out by fluorometric
and radiolabeling methods using GDP-L-Fuc and the pyridylamino (PA)-deriv-
ative (AraGalGal-PA) as a fluorogenic substrate (Misawa et al 1996). Fluor-
escence (excitation at 320 nm, emission at 400) was recorded. A fluorogenic transfer
product, L-FucAraGalGal-PA, resulted and was characterized by stepwise action of
F. oxysporum o-L-fucosidase and R. flava o-L-arabinofuranosidase, followed by
identification of the resulting products upon HPLC, as well as by methylation and
liquid secondary ion mass spectrometric analyses, and measurement of blood group
H-like activity. The enzyme exhibits maximal activity at pH 6.8, 25°C when L-Fuc
transfer from GDP-L-Fuc to the standard acceptor AraGalGal was measured in the
presence of 5 mM Mn2+, 0.1% Zwittergent 3-16 or 0.1% Triton X-100, and
0.4 mM dithiothreitol. Relative activity (%) with various acceptors, taking
that for AraGalGal-PA as unity (100), are shown in parentheses: 4-O-Me-GIcAB
(1—>6)[L-Arafo (1>3)]D-Galp(1—->6)D-Gal(4-O-Me-GlcA(Ara)GalGal) (115), Galp-
(1-3)GIcNAc (7.5), D-Galp(1—3)D-GlcNAcB(1—3)D-GalB(1—->4)D-Glc (lacto-N-
tetraose) (6.1), tamarind XG (66.3), XG-oligomer 8 (Glc,Xyl;Gal;) (1), and XG-
oligomer 9 (Glc,Xyl;Gal,) (2.6). Radish root and seed AGPs were virtually inactive,
owing to their relative activities of 2.2 and 3.6% even after prolonged incubation for 20
hours. However, nine fractions of neutral and acidic L-Ara-containing saccharides were
resolved from an exo-f3-1,3-galactanase-digest of a radish root AGP upon gel
permeation chromatography and were shown to exhibit 6-80% of the acceptor activities
as measured by radiolabeling. In particular, neutral and acidic galactooligomers
containing 2 mol of L-Araf residues acted as excellent acceptors, whereas higher
molecular weight fragments were inactive. The Ky values (mM) for GDP-L-Fuc at
fixed concentrations of AraGalGal-PA (10 mM), AraGalGal (33 mM), and
4-0-MeGlcA(Ara)GalGal (30 mM) were determined to be 0.17 (0.08, radiolabeling
method), 0.08, and 0.04, respectively, on the basis of Hans-Woolf plots. Their
respective Ky values (mM) at a fixed concentration of GDP-L-Fuc (1 mM) were 4.50
(3.72, radiolabeling method), 16.3, and 2.47. These data indicate that
4-O-Me-GlcA(Ara)GalGal is a good substrate.

The two enzymes involved in fucosylation at O-2 of a-L-Araf in AGPs and
B-D-Gal in tamarind XG can be clearly discriminated from each other in the
following points: (1) the differential expression in organs and at the stages of
development, (2) strict acceptor specificity, (3) response to detergents, (4) kinetic
parameters, and (5) sensitivity to xylooligomers. Moreover, B-D-Gal(XG) :
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2-a-L-fucosyltransferases in primary root and hypocotyl microsomes are essentially
indiscernible from each other in their properties and kinetic parameters. Hence, it
became obvious that a novel enzyme designated o-L-Araf : 2-o-L-fucosyltransfer-
ase is specifically expressed in Golgi membranes of radish primary roots and
leaves, resulting in the biosynthesis of organ-specific F-AGPs. Consistent with their
contents of serologically active F-AGPs, appreciable activities (A, expressed as
specific activity, pmol min™' mg protein™) of this enzyme together with those (B,
specific activity) of B-D-Gal(XG) : 2-a-L-fucosyltransferase could be detected as
shown in the parentheses in primary root Golgi membranes of rape (A, 229; B, 471)
B. rapa var. hakubura (A, 239; B, 289), B. rapa var. perviridis (A, 167, B, 454) and
B. rapa var. chinensis (A, 586; B, 356).

[-Galactosyltransferases in Golgi membranes from radish primary roots have
been investigated relative to the synthesis of the [-3,6-galactan backbone of
F-AGPs. A [3-1,3-galactan, a Smith degradation product of Acacia gum, was used
as the standard substrate for B-D-Gal transfer from UDP-['*C]-Gal. The enzyme is
optimal at pH 6.0, 25°C, and requires Mn**, Triton X-100, and dithiothreitol for full
activity. B-1,3-Galactooligomers (DP = 2-5) are good substrates, and their relative
activities (%) increase remarkably with increasing chain lengths in the following
order; pentamer (160) > tetramer (151) > 3-1,3-galactan (100) > trimer (73) > dimer
(38). On the contrary, B-1,6-galactooligomers (DP = 2-6) were apparently inactive
as the acceptor because their relative activities remained in the range of 8-9 (that
for 3-1,3-galactan was 100%), regardless of their chain lengths. Lacto-N-tetraose,
lacto-N-neo-tetraose, and AraGalGal served as good acceptors with rates
comparable to that of the dimer. (-1,6-Galactobiose was identified as a major
labelled product in a (-1,3-Galase-digest of the transfer product of 3-1,3-galactan.
A radish mature root AGP is a poor acceptor but undergoes structural changes to be
labelled after successive digestion with a-L-Arafase and Trichoderma viride
endo-B-1,6-galactanase (B-1,6-Galase). The '*C-Gal incorporated into the modified
mature root AGP was recovered as '*C-B-1,6-galactobiose and a small quantity of
'*C-Gal from the B-1,3-Galase-digest of the labelled root AGP. This indicates
B-D-Gal transfer to O-6 or O-3 of the non-reducing terminal and the inner 3-D-Gal
residues, suggesting participation of 3-3-D- and 6-(-D-galactosyltransferase(s) in
elongation and branching of the main and side chains of the substrates. (3-1,4-Gal-
actooligomers (DP = 2-5) and soybean 3-1,4-galactan were labelled at similar rates
to those of the 3-1,3-isomers, and the transfer products formed were susceptible to
Penicillium citrinum endo-B-1,4-galactanase giving rise to '“C-B-galactobiose and
-triose as the breakdown products. From these results, it is evident that two or three
B-galactosyltransferases exist in radish primary root Golgi membranes and are
distinguishable from each other by their specificities.

B-Glucuronosyl transfer from UDP-["*C]-GlcA to O-6 of non-reducing terminal
-D-Gal residues by enzymes in radish primary root Golgi membranes has been
demonstrated by identification of "*C-aldobiouronic acid and the corresponding tri-
saccharide, which were isolated from (3-1,3-Galase-digests of labelled products
from (-1,3-galactan, and from an o-L-Arafase- and 3-1,6-Galase-digested product
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of a radish root AGP. Radish B-glucuronosyltransferase is maximally active at pH
6.5, 30°C, in a reaction mixture containing (3-1,3-galactan, Mn?**, Triton X-100, and
dithiothreitol. The reaction is inhibited by D-galacturonic acid, ATP, UDP and PP;.

A specific transfer of a-L-Ara from UDP-L-Ara to 3-1,6-galactobiose and
-triose was shown to occur in the Golgi membranes, indicating the occurrence of
the responsible a-L-arabinofuranosyltransferase for the peripheral structure of
AGPs.

From the data, it was found that glycosyltransferases capable of catalyzing
transfer of [B-Gal, a-L-Ara, a-L-Fuc, and B-GlcA to the structurally related
acceptors in AGPs are localized in Golgi membranes of primary roots and might be
involved in biosynthesis of the carbohydrate moiety. These findings are only the
first step to solving the biosynthetic pathway of highly branched carbohydrate
structures of AGPs from a biochemical point of view. More elegant approaches and
insights will be needed to break through the complex biochemical events.
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1. INTRODUCTION

Arabinogalactan-proteins (AGPs) are a family of plant Hyp-rich glycoproteins
containing Type II AG side chains (Fincher ef al 1983, Nothnagel 1997). Several AGPs
have been characterized over the years on the (glyco)protein level and, more recently,
on the molecular level. Collectively, these studies indicate that AGPs are a diverse
family that can be classified in one of two groups: the “classical” and the ‘“non-
classical” AGPs. Classical AGPs contain a polypeptide with at least three distinct
domains: an N-terminal secretion signal sequence; a central domain, which contains
most of the Pro/Hyp residues; and a C-terminal hydrophobic region, which is involved
in the attachment of a glycosylphosphatidylinositol (GPI) membrane anchor (Youl et al
1998). The classical designation is given when Pro/Hyp, Ala, Thr, and Ser represent the
most abundant residues in the encoded polypeptide, excluding the N-terminal signal
sequence; otherwise the non-classical designation applies. Clones corresponding to
non-classical AGPs specify N-terminal secretion signal sequences and various other
domains, including Pro/Hyp-rich, Asn-rich, Cys-rich, and Hyp-poor domains, but, to
date, do not specify any C-terminal hydrophobic domains. As additional structural data

Cell and Developmental Biology of Arabinogalactan-Proteins
Edited by Nothnagel et al., Kluwer Academic/Plenum Publishers, 2000 61



62 Chapter 6

are obtained on AGPs, this working classification system will undoubtedly be refined.
More importantly, additional structural data and the availability of purified AGPs will
help elucidate the function of these extraordinary plant glycoproteins.

Currently, AGPs are believed to function in various aspects of plant growth and
development (Nothnagel 1997). Much of this belief is based on studies performed using
monoclonal antibodies directed against AGP carbohydrate epitopes, which indicate that
AGPs are markers of cellular identity during development. Others have used certain
AGPs to induce or inhibit plant embryogenesis. Several other groups have used Yariv
reagent to perturb growth and development. For example, Serpe and Nothnagel (1994)
treated rose cell cultures with Yariv reagent and observed inhibition of cell growth.
Similar experiments using Yariv reagent to bind AGPs and perturb function resulted in
inhibition of lily pollen tube growth in vitro (Jauh and Lord 1996, Roy ef al 1998), in
inhibition of Arabidopsis root growth (Willats and Knox 1996), in blocking elongation
of suspension-cultured carrot cells (Willats and Knox 1996), and in the death of young
rose cells in culture (Langan and Nothnagel 1997).

In this communication we focus on the structure and localization of LeAGP-1, a
major AGP expressed in tomato cell cultures and plants. In addition, we present
data dealing with the production of transgenic LeAGP-1 antisense plantlets and the
utilization of Yariv reagent to induce programmed cell death (PCD) in cultured
cells. These later studies respectively represent our initial assault on elucidating the
function of LeAGP-1 and AGPs.

2. RESULTS AND DISCUSSION
2.1 Molecular and Biochemical Characterization of LeAGP-1

The LeAGP-1 was first identified by DNA cloning in tomato (Fig 1) (Pogson and
Davies 1995, Li and Showalter 1996). Verification that LeAGP-/ cDNA and genomic
clones encode an AGP core protein was accomplished by precipitating total AGPs from
tomato cultured cells and purifying the corresponding core proteins. Yariv reagent was
used to precipitate total AGPs from cultured tomato cells following homogenization or
sonication. Subsequently, anhydrous hydrofluoric acid was used to deglycosylate these
AGPs, and the resulting deglycosylated core proteins were separated by reverse phase
HPLC on an PRP-1 column. Each of the resulting core protein fractions was subjected
to amino acid composition analysis (Table 1). Although all four fractions had com-
positions consistent with classical AGPs, one fraction (HC-3) matched the composition
predicted by the LeAGP-1 cDNA clones the best. These fractions were also tested in
Western blot and gel blots for their ability to react with an antibody produced from a
synthetic peptide containing the Lys-rich subdomain, predicted by the LeAGP-1 DNA
clones, conjugated to keyhole lympet hemocyanin. Only fraction HC-3 reacted with this
so-called PAP antibody named with respect to the first three residues in the synthetic
peptide (see Fig 1). Fraction HC-3 was then subjected to trypsin digestion, and the
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resulting tryptic peptides were separated by reverse phase HPLC chromatography and
sequenced. Three peptide sequences were obtained: 1) Hyp-Ala-Ala-Ala-Hyp-Thr-Lys-
Pro-Lys, 2) Ala-Hyp-Ala-Ser-Ser-Hyp-Hyp-Val-GIn-Ser-Hyp-Hyp-Ala-Hyp-Ala-Hyp-
Glu-Val-Ala-Thr-Hyp-Hyp-Ala-Val..., and 3) Ala-Hyp-Ala-Ser-Ser-Hyp-Hyp-Val-
GIn-Ser-Hyp-Hyp-Ala-Hyp-Ala-Hyp-Glu-Val-Ala-Thr-Hyp-Hyp-Val-Ser-Thr-Hyp-
Hyp-Ala-Ala-Ala-(Xaa)-Val-Ala-Ala.... These sequences corresponded precisely to the
sequence predicted from the LeAGP-1 clones and further indicated which prolyl
residues were hydroxylated (Fig 1). It should be noted that two of these peptide
sequences overlap and that a predicted Ala residue is absent in the longer overlapping
sequence, indicating that LeAGP-1 isoforms exist or a minor amino acid sequencing
error occurred. Taken together, these data indicate that fraction HC-3 represents an
AGP core protein that corresponds to that predicted by the LeAGP-1 clones.

(a)
1 21 141 153

. signal peptide domain . highly basic subdomain
:j "elassical" AGP domain §§ C-terminal hydrophobic domain

(b)

MetAspArgLysPheValPheLeuValSerIleLeuCysIleValValAlaSerValThr 20
GlyGlnThrProAlaAlaAlaProValGlyAlaLysAlaGlyThrThrProHypAlaAla 40
AlaHypThrLysProLysThrProAlaProAlaThrAlaProAlaSerAlaProProThr 60
AlaValProValAlaProValThrAlaProValThrAlaProThrThrProvValvalAla 80
AlaProValSerAlaProAlaSerSerProProleulysAlaHypAlaSerSerHypHyp 100
ValGlnSerHypHypAlaHypAlaHypGluValAlaThrHypHypAlaValSerThrHyp 120
HypAlaAlaAlaProValAlaAlaProValAlaSerGluThrThrProAlaProAlaPro 140
SerLysGlyLysValLysGlyLysLysGlyLysLysHisAsnAlaSerProAlaProSer 160
ProAspMetMetSerProProAlaProProSerGluAlaProGlyProSerMetAspSer 180
AspSerAlaProSerProSerLeuAsnAspGluSerGlyAlaGluLysLeuLysMetLeu 200
GlySerLeuValAlaGlyTrpAlaValMetSerTrpLeuLeuPhe 215

Figure I. (a) Domain organization for the predicted LeAGP-1 core protein consists of an N-terminal
signal peptide, a central “classical” AGP domain sandwiching a highly basic subdomain, and a
C-terminal hydrophobic domain, which may allow for GPI-mediated plasma membrane association.
This modular organization was predicted by LeAGP-/ ¢cDNA and genomic clones. (b) Amino acid
sequence of LeAGP-1 as predicted by LeAGP-1 DNA clones and embellished with amino acid
sequencing data. A potential N-glycosylation site (Asn-X-Ser/Thr) appears immediately following the
basic domain and is italicized. A synthetic peptide encompassing the basic (Lys-rich) subdomain used
here for production of a LeAGP-1 antibody is underlined in medium boldface; the peptide and its
corresponding antibody are given a “PAP” designation in accordance with the first three residues of
this synthetic sequence. Peptide sequences elucidated by amino acid sequencing are underlined; Pro
residues found to be hydroxylated in these sequences are displayed as Hyp residues. Note that the Pro
(or Hyp) residue at position 125 was undetermined by amino acid sequencing and hence is indicated
with a dotted underline. The predicted site of C-terminal processing and GPI-anchor addition at Ser
192 is underlined in heavy boldface and discussed in the text.
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Table 1. Amino acid compositions® of AGPs isolated from tomato suspension-cultured cells (i.e., HC-
AGPs) compared with that predicted from LeAGP-/ DNA clones

AA LeAGP-1° LeAGP-1° HC-3 HC-1 HC-2 HC-4
Hyp - - 29 37 34 30
Pro 244 275 1 2 2 2
Asx 3.1 35 2 3 2
Thr 77 8.8 10 9 8 8
Ser 1.4 11.7 12 11 11 18
Gix 3.6 35 3 1 3 3
Gly 4.6 35 5 7 9 6
Ala 222 234 21 19 19 15
Val 8.2 8.2 9 3 4 7
Cys 0.0 0.0 0 0 0 0
Met 26 1.7 0 0 0 0
Ile 0.0 0.0 1 2 4 2
Leu 3.6 1.2 1 2 2 3
Tyr 0.0 0.0 0 0 0 0
Phe 0.5 0.0 1 0 0 ]
His 0.5 0.6 0 0 0 0
Lys 6.7 6.4 5 2 2 2
Arg 0.0 0.0 0 0 0 1
Trp 1.0 0.0 nd nd nd nd

® Expressed in mole %.

® LeAGP-1 excluding the N-terminal signal sequence.

¢ LeAGP-1 excluding the N-terminal signal sequence and the C-terminal hydrophobic domain
presumably removed during GPI attachment.

nd = not determined.

Several interesting features emerge from the LeAGP-1 core protein sequence
(Fig 1). First, its domain structure corresponds to other known classical AGPs; how-
ever, it 1s distinguished from them by the occurrence of the Lys-rich subdomain. This
subdomain represents a prime site for intermolecular interactions with negatively
charged cell surface molecules such as pectin. Second, this AGP is predicted to be
modified by the addition of a GPI anchor near its C-terminus as demonstrated in two
known classical AGPs (Youl et al 1998). The LeAGP-1 sequence contains the
consensus sequence for such a modification. In addition, it is interesting to note that this
consensus sequence (i.e., Ser-Gly-Ala) and C-terminal hydrophobic domain reside
exclusively in exon 2 of the LeAGP-] gene and represent a likely functional exon
domain (Fig 1) (Li and Showalter 1996). Third, a potential N-linked glycosylation site
is encoded by the LeAGP-1 clones and is located at the C-terminal side of the Lys-rich
subdomain; such sites are not typical for AGPs. We predict that if such an N-linked
glycan exists on LeAGP-1, then it will be in addition to numerous Type II AG side
chains as well as other short oligoarabinosides as demonstrated for sycamore AGPs,
gum arabic glycoprotein, and a maize AGP (Pope 1977, Qi et al 1991, Kieliszewski ef
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al 1992). Clearly, we now hope to verify the existence of a GPI anchor and conduct a
comprehensive carbohydrate analysis on LeAGP-1.

2.2 Localization of LeAGP-1

The PAP antibody was also used to immunolocalize LeAGP-1 in tomato cultured
cells and various plant organs at the light and electron microscope levels (Fig 2). These
data not only reveal where LeAGP-1 is located but also provide clues as to its functions.
In tomato cultured cells, LeAGP-1 was detected at the cell surface (Fig 2a).
Immunolocalization at the electron microscope level revealed that LeAGP-1 is located
in the cell wall (Fig 2b). It should be noted that additional biochemical analysis
indicated that LeAGP-1 exists as the major AGP in the media of cultured cells. The
LeAGP-1 was also immunolocalized in tomato stems and floral styles. In stems,
LeAGP-1 is prominently localized to developing metaxylem elements but is also found
in outer phloem and inner phloem (Fig 2c). Ultrastructurally, LeAGP-1 is located
primarily in the secondary cell wall of such developing metaxylem elements; however,
some staining of the primary cell wall was also observed (Fig 2d). The most intense
staining for LeAGP-1, however, was observed in the transmitting tissue of the style
(Fig 2e). Immunolocalization at the electron microscope level showed LeAGP-1 to be
copiously deposited in the intercellular spaces of transmitting tract cells as well as in
their thin cell walls (Fig 2f).

Thus, LeAGP-1 is found in and outside tomato cell walls. The question of whether
LeAGP-1 is also associated with the plasma membrane remains unanswered. Given
that LeAGP-1 contains a putative site for GPI anchoring, it should be at least temp-
orarily associated with the plasma membrane. We envision that LeAGP-1 moves from
the endoplasmic reticulum to the Golgi and then to the plasma membrane, where
processing of the GPI anchor occurs to release LeAGP-1 into the cell wall and space
beyond. The inability of our antibody to immunolocalize LeAGP-1 to the plasma
membrane may be due to a small pool of plasma membrane associated LeAGP-1 or to
the antigenic epitope being blocked or inaccessible in this microenvironment. We also
speculate that the amount of LeAGP-1 found beyond the wall is governed by the
particular composition and amounts of cell wall components that may serve as a satur-
able affinity column, as opposed to a more elaborate trafficking scheme. In this regard,
it will be extremely interesting to identify the cell surface components that interact with
LeAGP-1.
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(b)

cw

Figure 2. Immunolocalization of LeAGP-1 with the PAP antibody in tomato suspension-cultured
cells, young stem, and style at the light and electron microscope levels. (a) Whole mount of
suspension-cultured cells; (b) a portion of a suspension-cultured cell; (c) a portion of a cross-section of
a young stem; (d) a portion of a maturing metaxylem element in young stem; (e) cross-section of a
style; (f) neighboring transmitting tissue cells and their intercellular space; (a), (c), and (¢) were
immunolocalized at the light microscope level using FITC-conjugated secondary antibody, whereas
(b), (d), and (f) were immunolocalized at the electron microscope level using 10 nm gold-conjugated
secondary antibody. m, metaxylem element; ca, cambial zone; op, outer phloem; e, epidermis; p, stylar
parenchyma; tt, stylar transmitting tissue. cw, (primary) cell wall; scw, secondary cell wall; is,
intercetlular space. Bars in (), (c), and (¢) = 100 um. Bars in (b), (d), and (f) = 500 nm.
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23 Production of Transgenic Anti-Sense LeAGP-1 Tomato
Plantlets

As one approach to elucidate the function of LeAGP-1, we have produced trans-
genic LeAGP-1 antisense tomato plantlets. Here we used the 35S cauliflower mosaic
virus promoter to drive expression of a nearly full-length LeAGP-1 ¢cDNA in an anti-
sense orientation. The T-DNA transformed and untransformed tomato plantlets were
used as controls. We obtained only 15 independent antisense transformed plantlets in
contrast to hundreds of T-DNA transformed plantlets. Northern analysis and immuno-
cytochemical analysis indicated that LeAGP-I mRNA and LeAGP-1 protein were
severely down-regulated in comparison to the T-DNA transformed and untransformed
control plantlets (data not shown). Visual analyses of the antisense plantlets showed
them to be dramatically smaller than the control plantlets. Moreover, these antisense
plantlets would not root, and all but six have now died. Clearly, this experiment needs
to be repeated; however, if these initial results are correct, then the use of an inducible
promoter to drive antisense expression warrants serious consideration.

24 AGPs and Programmed Cell Death

Previous experiments by Serpe and Nothnagel (1994) and Langan and Nothnagel
(1997) demonstrated that Yariv reagent can cause growth inhibition and cell death in
cultured cells. However, it was not known whether these cells died by necrosis or by
PCD. Our initial studies in 1996 using tomato seedlings treated with 30 uM (B-D-Gal),
Yariv reagent showed ultrastructural changes characteristic of apoptosis in some cells at
the root tip. Apoptosis, a type of PCD, was first identified in animals (Wyllie 1980).
These changes included cyptoplasmic shrinkage, nuclear membrane blebbing, and
chromatin condensation; such changes were not observed in untreated control cells.
Subsequently, we hypothesized that Yariv reagent causes cultured cells to die a PCD. A
precisely controlled form of cellular suicide, PCD is characterized by internuclear DNA
cleavage and changes in cell morphology. To test our hypothesis, we used cell
suspension cultures of tomato and Arabidopsis thaliana and treated them for various
times and with various concentrations (B-D-Gal); and (a-D-Gal); Yariv reagents before
scoring them for PCD. Three criteria were used to determine PCD: 1) terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) of DNA
3’-OH groups, 2) internucleosomal DNA cleavage, and 3) structural changes in cell
morphology characteristic of PCD.

Although tomato cells were initially used in the TUNEL experiments and
demonstrated appreciable TUNEL positive nuclei, Arabidopsis was rapidly adopted
as our model system for this study, given the more robust nature of the TUNEL
response in these cells (Table 2). For example, 100% of the Arabidopsis cells
showed TUNEL positive nuclei when treated with 80 uM (B-D-Gal); Yariv reagent
for 72 hours in comparison with about 50% of the tomato cells. Note that untreated
cells and cells treated with (a-D-Gal); Yariv reagent [which does not react with



68 Chapter 6

AGPs but is nearly identical to (B-D-Gal); Yariv reagent] show very low percent-
ages of TUNEL positive nuclei (Table 2). Moreover, with increasing incubation
time, both the (a-D-Gal); Yariv reagent-treated cells and the untreated cells
demonstrated reduced percentages of TUNEL-positive nuclei. This observation
provides support to the idea of social control of PCD as promulgated by Barres et al
(1992) and Raff (1992) in animal cell cultures and by McCabe et al (1997) in plant
cell cultures, whereby neighboring cells grown at high density provide signal
molecules or growth factors that suppress PCD.

Table 2. Average percentage of apoptotic (i.e., TUNEL-positive) cells in Arabidopsis suspension-
cultured cells treated with Yariv reagent

50 uM S0 uM 80 uM 80 uM
Time (hr) Untreated (a-D-Gal), (B-p-Gal), (a-p-Gal), (B-D-Gal),
24 - 5.98 30.38 7.30 47.51
48 - 2.29 34.66 3.47 80.14
72 0.87 2.44 4543 4.52 100.00

Internucleosomal DNA fragmentation was detected in (B-D-Gal); Yariv reagent-
treated Arabidopsis cells, but not in (a-D-Gal); Yariv reagent-treated cells or in
untreated cells. Such fragmentation was both time and concentration dependent and
was detectable after 48 hours of treatment with 80 uM (B-D-Gal); Yariv reagent or after
72 h of 60 uM (B-D-Gal); Yariv reagent (data not shown). Such time-dependent
internucleosomal DNA fragmentation is characteristic of PCD in contrast to necrosis,
which is characterized by rapid cell death and non-specific DNA degradation.

Microscopic examination of Arabidopsis cells treated with (B-D-Gal); Yariv reagent
showed characteristic structural changes in cell morphology not observed in (a-D-Gal);
Yariv reagent-treated cells or in untreated cells (data not shown). At the light-
microscope level, cells treated with the 80 pM (B-D-Gal); Yariv reagent displayed
cytoplasmic shrinkage and condensation; this was also observed at the electron-
microscope level in addition to chromatin condensation and nuclear membrane
blebbing. Notably, other organelles (e.g., mitochondria) were intact. Such microscopic
changes are characteristic of animal apoptosis (Wyllie 1980). Some of these changes
are also recorded for plant PCD (McCabe et al 1997). Plant PCD research is beginning
to receive significant attention but currently comprises few studies, particularly at the
ultrastructural level.

On the basis of these three criteria, (B-D-Gal); Yariv reagent induces Arabidopsis
suspension cultured cells to undergo PCD. The precise mechanism whereby Yariv
reagent induces this process is unknown but clearly implicates AGP involvement. One
idea is that Yariv reagent serves to disrupt plasma membrane—cell wall interactions
involving AGPs, which initiates a PCD signal transduction cascade. Such a scenario is
hypothesized and supported in the case of an animal extracellular matrix-plasma mem-
brane interaction (Frisch and Francis 1994). Another related idea is that AGPs must be
present or assemble as multimeric complexes at the cell surface to relay signal trans-
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duction information. Disruption of such complexes or their assembly may prevent
growth signals from being relayed and thus trigger PCD.

3. CONCLUSIONS

—

LeAGP-1 is a novel classical AGP distinguished by its Lys-rich subdomain.

2. LeAGP-1 is the major AGP present in tomato cultured cells and media.

3. LeAGP-1 immunolocalizes in tomato to the cell walls of cultured cells, to the
primary, and especially the secondary, cell walls of developing metaxylem
elements of the stem and petiole, and to the cell walls and intercellular spaces
present in stylar transmitting tissue.

4. Transgenic LeAGP-1 antisense tomato plantlets were deficient in LeAGP-I
mRNA and LeAGP-1 protein and showed severe overall growth inhibition and
had difficulty rooting.

5. We speculate that LeAGP-1 is also associated with the plasma membrane via a
GPI anchor where it could interact with cell wall components (including itself)
and function as a cell adhesion molecule, possibly by regulating growth or PCD.

6. The ability of (B-D-Gal); Yariv reagent to trigger PCD implicates AGPs in this
process.

7. It is worth noting that xylem is produced as a result of PCD and that AGPs,

including LeAGP-1, are often expressed in such cells.
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Chapter 7

Cell Cycle Arrest by Perturbation of Arabinogalactan-
Proteins with Yariv Phenylglycoside

Johnica A. Eyvazzadeh and Eugene A. Nothnagel
Department of Botany and Plant Sciences, University of California, Riverside, CA 92521-0124

1. INTRODUCTION

Arabinogalactan-proteins (AGPs) have been found in essentially all angio-
sperms, gymnosperms, and lower plants that have been tested for the presence of
these proteoglycans (Jermyn and Yeow 1975, Clarke et a/ 1979, Basile and Basile
1990). Although the widespread occurrence of AGPs within the plant kingdom
implies that these macromolecules may have important functions, the precise
identities of these functions remain uncertain. Several lines of evidence suggest,
however, that these functions may be in plant development. Developmentally reg-
ulated expression of AGPs in tissues of plants has been demonstrated at the level of
the mature AGP by biochemical and immunological methods and at the level of the
mRNA encoding the core polypeptide by hybridization techniques (Knox 1995, Du
et al 1996, Nothnagel 1997, Serpe and Nothnagel 1999). Roles of AGPs in devel-
opment of somatic embryos in culture has been suggested by immunolocalization
studies that correlate particular AGP epitopes with embryogenic capacity and by
experiments showing that success in embryogenesis can be influenced by the ad-
dition of AGPs from exogenous sources (Kreuger and van Holst 1996, Toonen et al
1996, McCabe et al 1997).

Other studies have shown that AGPs may act at the level of fundamental cellular
processes that underlie plant development. Depending upon the experimental
system, roles of AGPs in control of cell division, cell expansion, and/or
programmed cell death have been suggested (Basile and Basile 1993, Zhu et al
1993, Dolan et al 1995, Schindler et al 1995). A particularly facile experimental
approach to investigating AGP function in fundamental cellular processes has

Cell and Developmental Biology of Arabinogalactan-Proteins
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involved the use of Yariv phenylglycosides. Certain members of this class of
synthetic, chromophoric molecules bind and aggregate AGPs. The most commonly
used Yariv phenylglycoside is 1,3,5-tri-(p-3-D-glucosyloxyphenylazo)-2,4,6-trihyd-
roxybenzene, or (3-D-Glc); (Yariv et al 1962). Applied to living cells or plants,
(B-D-Glc)s 1s a convenient probe for aggregating and presumably inactivating AGPs
(Serpe and Nothnagel 1994, Jauh and Lord 1996, Willats and Knox 1996, Ding and
Zhu 1997, Langan and Nothnagel 1997, Roy et al 1998, Thompson and Knox
1998). The specificity of the interaction and the attribution of the observed effects
to AGP inactivation can be checked with other Yariv phenylglycosides, such as
(a-D-Gal); and (B-D-Man);, which do not bind AGPs and are thus powerful
negative controls (Nothnagel 1997).

The present work is focused on the Rosa 57 line of suspension-cultured “Paul’s
Scarlet” rose cells from which results of experiments with Yariv phenylglycosides
have been interpreted in terms of a relationship between AGPs and regulation of
cell proliferation. Serpe and Nothnagel (1994) observed that growth of Rosa 57 cell
cultures was completely inhibited by 50 uM (B-D-Glc);. Growth was not inhibited
by (a-D-Gal); or (B-D-Man); Yariv phenylglycosides. The Rosa 57 cells remained
viable for at least 7 days in the presence of (B-D-Glc); and resumed growth at a
near-normal rate upon subsequent transfer to control medium without (B-D-Glc)s.
Analysis of cell size in cultures treated with (-D-Glc); and halted in growth for
7 days showed that the cells were of normal or slightly larger-than-normal size,
indicating that cell division had been blocked. Langan and Nothnagel (1997)
performed a cell cycle analysis on unsynchronized cultures of Rosa 57 cells treated
with (B-D-Glc); and blocked in cell division. The resulting histograms of
fluorescence from Hoechst 33258-stained nuclei showed that most of the
(B-D-Glc);-treated cells were arrested in G1 phase. Because even randomly dividing
control cultures always had at least 80% of the population in G1 phase, however,
the data were inadequate to statistically distinguish whether (B-D-Glc); blocked
only in G1 or at other points in the cell cycle as well.

The first goal of the present investigation was to synchronize cell divisions in
Rosa 57 cell cultures. Synchronization was expected to enable generation of
populations having much fewer than 80% of the cells in G1 phase. The second goal
was then to use synchronized cultures to determine whether (B-D-Glc); arrests Rosa
57 cells only in G1 or at multiple points in the cell cycle.

2. MATERIALS AND METHODS

2.1 Growth of Cell Cultures

The Rosa 57 line of suspension-cultured cells of “Paul’s Scarlet” rose (Rosa sp.)
was grown in the dark in minimal organic medium as described by Nothnagel and
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Lyon (1986). For the treatment flasks, the minimal organic medium was supple-
mented by the addition of (B-D-Glc); Yariv phenylglycoside (Yariv et al 1962) to
50 uM, a concentration shown to inhibit division of Rosa 57 cells completely but
reversibly (Serpe and Nothnagel 1994, Langan and Nothnagel 1997). Growth of the
cell cultures was monitored as increase in settled cell volume (Langan and
Nothnagel 1997).

2.2 Synchronization of Cell Cultures

The usual culture passage cycle period of 7 days was shortened to 3 or 4 days in
preparation for synchronization. At the time of passage, 1 ml of settled cells was
added to 19 ml of minimal organic medium in a 50-ml Erlenmeyer flask. Following
Sala et al (1986), synchronization of cell divisions was accomplished through
progressive additions of aphidicolin (Sigma Chemical Co., St. Louis, MO), a toxin
from the fungus Nigrospora sphaerica that specifically and reversibly inhibits DNA
polymerases a and 3. At 0, 22, and 46 hours after passage, aliquots of 10, 5, and
5 pl, respectively, from an aphidicolin stock solution of 40 mg/ml in dimethyl-
sulfoxide were added to produce a total added aphidicolin concentration of approxi-
mately 40 pg/ml in the 20-ml cell culture. At 70 hours after passage, the cells were
thoroughly washed four times in minimal organic medium without aphidicolin and
then resuspended in 19 ml of minimal organic medium. This washing defined the
0 hour of time in the subsequent experimental protocols and data collections.
Aliquots were withdrawn and fixed for nuclear DNA staining at 3-hour intervals
thereafter until 24 hours.

2.3 (B-D-Glc);-treatment of Synchronized Cells

Cells were transferred to 12 replicate flasks and treated with aphidicolin as
described in the previous section. At 0 hours (70 hours after the start of aphidicolin
treatment), the cells were washed four times and resuspended in 17.5 ml of minimal
organic medium. Each flask was then treated once with (3-D-Glc); during the next 22.5
hours. The treatment times occurred at 4.5-hour intervals from 0 to 22.5 hours, with two
flasks treated at each time point. The (3-D-Glc); was added as 1.5 ml from a 667 uM
stock solution in minimal organic medium. With 17.5 ml of medium, 1 ml of settled
cells, and 1.5 ml of (B-D-Glc); stock solution, the 50-ml Erlenmeyer flasks each
contained a suspension culture totaling 20 ml with 50 uM (B-D-Glc); concentration.
One of the two flasks treated with (3-D-Glc); at each time point was harvested by
fixation at 22.5 hours after addition of (3-D-Glc)s. The second flask was harvested by
fixation at a later time, at 72 hours after washing from aphidicolin.
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24 Fixation, Staining, and Fluorescence Microscopy of Cells

Cell fixation, softening with pectinase, and application of Hoechst 33258 dye for
fluorescence staining of nuclear DNA were as described by Laloue ef a/ (1980). Mitotic
indices were estimated by microscopically examining at least 625 cells for each
treatment and determining the proportion with partially or fully condensed chromo-
somes in any spatial distribution in the cell. Microfluorimetry of stained nuclei was
performed as described (Langan 1996, Langan and Nothnagel 1997), and each
histogram was generated from measurements of 300 nuclei. Statistical analyses of the
results were performed with the Instat computer program (GraphPad Software, San
Diego, CA).

3. RESULTS
3.1 Effect of Aphidicolin on Synchronization of Cell Divisions

Upon transfer of randomly dividing Rosa 57 cells to fresh minimal organic medium,
the first doubling of settled cell volume occurred within 73 + 22 hours (mean + standard
deviation). On the basis of this observation, a 70-hour treatment with aphidicolin was
used with the expectation that this period was sufficiently long that most of the cells in
the culture would have progressed to and halted at the G1/S interface. Figure 1 shows
that after washing aphidicolin from the medium, the mitotic index was initially 0% and
first became statistically greater than 0% at 18 hours. Most of the interphase cells in the
24-hour sample seemed to be in late-G2 phase. These cells had large, bright nuclei,
although little chromosomal condensation was evident.
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Figure 1. Onset of cell divisions as indicated by mitotic index in Rosa 57 cells after release from arrest
with aphidicolin. At time 0 hours on the abscissa, the cells were washed from aphidicolin-containing
medium into normal medium.
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3.2 Effect of (B-D-Glc); on Progression of the Cell Cycle

Growth of Rosa 57 cell cultures was strongly but reversibly inhibited by
(B-D-Glc)s, in agreement with previously reported results (Serpe and Nothnagel
1994, Langan and Nothnagel 1997). When cells were exposed to 50 uM (B-D-Glc);
for 7 days and then washed to minimal organic medium without (3-D-Glc)s, the first
doubling of settled cell volume occurred within 124 £ 14 hours after washing. Thus,
the Rosa 57 cells remained viable during prolonged exposure to (p-D-Glc)s,
although this first doubling time was somewhat longer than the 73 + 22 hours
observed with control cells.

The effect of (3-D-Glc); was studied during progression of the first cell cycle after
cells were released from arrest by aphidicolin. In these experiments, (3-D-Glc); was
applied at various times after washing aphidicolin from the medium. For each time of
(B-D-GIc), application, one fixation was made 22.5 hours later. This interval was
selected since Fig 1 showed that 22.5 hours was long enough for significant numbers of
cells to progress through S and G2 phases up to M phase. To test whether the cells
observed at the first fixation were actually arrested, rather than simply caught in a
“snapshot” of synchronous progression, a second fixation for each (B-D-Glc);
application was made at 72 hours after washing from aphidicolin. Unarrested cells
would have been able to complete a cell division cycle within about 72 hours, as judged
from the 73 + 22 hours first doubling time observed after passage of control cells. Thus,
if (B-D-Glc); arrested the cell cycle only in G1, then the fixations at 72 hours after
washing from aphidicolin would have been expected to reveal low mitotic indices,
indicating that most of the cells had completed the cell cycle and returned to G1 phase,
irrespective of (3-D-Glc); treatment.

Table 1 shows the mitotic indices resulting from these (B-D-Glc); treatments
after washing aphidicolin from the medium. Mitotic indices of approximately 5%
were observed when (3-D-Glc); was applied at or shortly after the washing from
aphidicolin (protocols 1, 2, 7, 8). Mitotic indices gradually increased as the
application of (3-D-Glc); was delayed up to 22.5 hours after washing from
aphidicolin (protocol 6). The two different fixations for each (3-D-Glc); treatment
seemed to reveal slightly different mitotic indices, although in most cases these
differences were not significant, as indicated by overlap of the 95% confidence
intervals for mitotic indices.

With all treatment protocols 1-12, most of the cells contributing to the mitotic
index (Table 1) appeared to be in early prophase. The chromosomes were usually
incompletely condensed, and arrangement of chromosomes in a pattern indicative
of metaphase or anaphase was rarely observed.
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Table I. Mitotic indices of synchronized cells treated with (3-p-Glc); Yariv phenylglycoside at var-
ious times after removal of aphidicolin. Cultures were treated with aphidicolin for the first 70 hours
after passage and then, at time defined as t = 0 hours, washed to fresh medium free of aphidicolin. The
washed cultures were treated with 50 pM (B-D-Glc); at later times and subsequently fixed for
microscopy at the indicated times.

Time of
(B-p-Glc), Time of Mitotic 95% Confidence
Protocol Number  Application (hr)  Fixation (hr) Index (%) Interval (%)
1 0 225 4.6 3.3-6.3
7 0 72.0 6.5 5.1-8.1
2 4.5 27.0 4.5 3.4-5.8
8 4.5 72.0 6.8 5.3-8.6
3 9.0 315 8.2 6.1-10.6
9 9.0 72.0 7.4 5.9-9.1
4 135 36.0 85 6.8-10.6
10 13.5 72.0 9.1 7.7-10.7
5 18.0 40.5 10.3 8.1-12.9
11 18.0 72.0 13.9 11.5-16.4
6 22.5 45.0 223 19.9-25.0
12 22.5 72.0 16.4 13.7-19.3

To facilitate interpretation of the mitotic index data, histograms of fluorescence
intensity from stained nuclear DNA were generated for cells processed through
some of the protocols. Figure 2 shows that cells processed through protocol 1
(Table 1) yielded a histogram containing a nearly symmetrical predominant peak.
Cells processed through protocol 6, however, yielded an asymmetrical distribution
with a higher frequency of more fluorescent nuclei.

4. DISCUSSION

A previous study examined the effects of (B-D-Glc); on progression of the cell
cycle in randomly dividing Rosa 57 cells (Langan and Nothnagel 1997). In that
work, cells were grown in a 7-day culture passage cycle, and histograms of
fluorescence from Hoechst 33258-stained nuclear DNA were presented for cells at
3, 5, and 7 days after transfer into control medium or into medium containing 50
UM (B-D-Glc);. Table 2 presents a quantitative summary of those six histograms.
For the control cells, the proportion of the population in S/G2/M was 17.7% at 3
days after passage and then gradually decreased to 11.0% at 7 days after passage.
These results seemed to indicate that, as expected, cell division was most frequent
at 3 days after subculture and then gradually became less frequent later in the 7-day
cell passage cycle. At 3 days after passage, fewer (B-D-Glc);-treated cells (13.0%)
than control cells (17.7%) were in S/G2/M, indicating some extent of arrest by
(B-D-Glc); in G1. The proportion of (B-D-Glc)s-treated cells in S/G2/M increased at
5 days to 17.0% and held there at 7 days, however, indicating that perhaps some of
the cells gradually slipped through the G1 checkpoint, only to be subsequently



7. Cell Cycle Arrest and AGPs 77

blocked at the G2/M checkpoint. Although this interpretation of blockage by
(B-D-Glc); at both the G1 and G2/M checkpoints seemed consistent with the data
(Langan 1996), the conclusion regarding G2/M was statistically weak because of
overlaps among 95% confidence intervals on S/G2/M proportions in comparisons

of the various treatments (Table 2).
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Figure 2. Histograms of fluorescence intensity from Hoechst 33258-stained nuclear DNA in Rosa 57
cells after washing from aphidicolin and treatment with (B-D-Glc); according to the protocols
described in Table 1. (a) Protocol 1. (b) Protocol 6. The G1 peak in (a) was centered at 113 relative
fluorescence units.
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Table 2. Proportion of population in S/G2/M phases in Rosa 57 cell cultures in various conditions.
Histograms of fluorescence from Hoechst 33258-stained nuclear DNA were divided at the midpoint
between the G1 and G2/M intensities. Cells with fluorescence less than this midpoint were classified
as G1/S, and cells with fluorescence greater than this midpoint were classified as S/G2/M.

Proportion 95% Confidence

Treatment Fixation Time or Protocol in S/G2/M (%) Interval (%)
Control® 3 days after passage 17.7 13.5-22.5

5 days after passage 14.0 10.3-18.5

7 days after passage 11.0 7.7-15.1
(B-p-Gle)® 3 days after passage 13.0 9.4-17.3

5 days after passage 17.0 12.9-21.7

7 days after passage 17.0 12.9-21.7
Aphidicolin/(B-p-Glc);* Protocol 1 9.0 6.0-12.8

Protocol 6 393 33.845.1

*Randomly dividing cells transferred into minimal organic medium and cultured for 7 days. Cell
population results calculated (Langan 1996) from histograms of Langan and Nothnagel (1997).

®Randomly dividing cells transferred into minimal organic medium containing 50 uM (B-p-Glc), and
cultured for 7 days. Cell population results calculated (Langan 1996) from histograms of Langan and
Nothnagel (1997).

“Experimental protocols as in Table 1. Cell population resuits calculated from histograms of Fig 2.

The first goal of the present investigation was to synchronize Rosa 57 cell cut-
ures to enable examination of populations with larger S/G2/M proportions, thereby
leading to data with greater statistical rigor. As a reversible inhibitor of DNA
polymerases o and 3, aphidicolin has proven to be widely effective in arresting
plant cell cycles at the G1/S interface (Sala et al 1986). Figure 1 shows that aphidi-
colin was similarly effective on Rosa 57 cells. Although the extent of synchron-
ization cannot be accurately determined from Fig 1, the data subsequently collected
(Table 1, Fig 2) show that the extent of synchronization was adequate to enable
examination of populations with reasonably large S/G2/M proportions.

Synchronization of Rosa 57 cells with aphidicolin facilitated the study of effects
of (B-D-Glc); on the cell division cycle. The 4.6% mitotic index observed with
protocol 1 cells (Table 1) was very similar to the mitotic index observed at the same
22.5-hour time in cells released from aphidicolin but not treated with (3-D-Glc);
(Fig 1). Although this coincidence might be interpreted as indicating that (B-D-Glc),
had no effect when applied at 0 hours, the histogram of Fig 2a showed otherwise. In
the experiment of Fig 1, only about 4.5% of the cells were mitotic at 24 hours, but
most of the interphase cells appeared to be in late G2 phase (see Section 3.1). In
contrast, only a few protocol 1 cells were in G2 phase (Fig 2a, Table 2). Thus, when
applied immediately upon washing aphidicolin from the medium, (B-D-Glc); was
quite effective in maintaining the arrest of Rosa 57 cells in G1. The 4.6% mitotic
index observed with protocol 1 might have arisen from cells that were already in S
phase when the aphidicolin was applied. These cells would have been unable to
complete S phase until the aphidicolin was removed, at which time they finished S
phase and progressed through G2 to M phase. The mitotic index observed at the
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later fixation (protocol 7) seemed slightly larger than that at the earlier fixation
(protocol 1), which might indicate slippage of a few cells through the G1 arrest by
(B-D-Gle)s. The increase in mitotic index from protocol 1 to 7 was not statistically
significant, however, since the 95% confidence intervals overlapped (Table 1).

Delaying the application of (B-D-Glc); until 4.5 hours after washing from
aphidicolin yielded the same results as applying (B-D-Glc); immediately after
washing from aphidicolin (Table 1, protocols 2, 8). As the delay between washing
from aphidicolin and applying (B-D-Glc); was increased beyond 4.5 hours,
however, a gradual increase in mitotic index resulted. We interpret this observation
as indicating that upon washing aphidicolin from the medium, a recovery period of
somewhat more than 4.5 hours was required before cells began to progress from G1
into S phase. By 9.0 hours after washing from aphidicolin, some of the cells were
progressing into S phase. Application of (3-D-Glc); at this time blocked the
departure of additional cells from G1. When the application of (B-D-Glc); was
further delayed, more cells departed G1 and contributed to the mitotic index at
fixation time. For most of the (3-D-Glc); application times from 4.5 to 18.0 hours,
the mitotic indices at the second fixation times (protocols 8, 9, 10, 11) were slightly
larger than at the first fixation times (protocols 2, 3, 4, 5), although none of these
differences were statistically significant (Table 1). The higher, or at least equal,
mitotic indices at the second fixation times were consistent with blockage by
(B-D-Glc); at another site besides G1. Since most of the cells blocked at this second
site had chromosomes that were only partially condensed and were rarely in
metaphase arrangement (see Section 3.2), this site of arrest was early in M phase,
probably at the G2/M checkpoint.

Although the progression of cells from G1 into S phase seemed to be gradual in the
time range between 4.5 and 18.0 hours after washing from aphidicolin, a much larger
portion of the population moved into S phase in the time range between 18.0 and 22.5
hours after washing from aphidicolin. This conclusion was based on the high mitotic
index of 22.3% observed with protocol 6 (Table 1) and was confirmed by Fig 2b, the
corresponding histogram of nuclear fluorescence intensity. The S/G2/M proportion of
39.3% (Table 2) and the shape of the histogram were consistent with the presence of
some S- and G2-phase cells in addition to those contributing to the 22.3% mitotic
index. The statistically significant decrease in this mitotic index between the first
fixation (protocol 6) and the second fixation (protocol 12) might indicate slippage of
some cells through the G2/M arrest by (B-D-Glc)s. Alternatively, this decrease in
mitotic index might indicate that some of the mitotic cells observed in protocol 6 had
already passed the G2/M checkpoint and were able to complete mitosis and return to
G1 before the fixation for protocol 12.

The results of this study with synchronized Rosa 57 cells support the earlier, but
at that time statistically weak, conclusion that (3-D-Glc); causes a primary arrest of
the cell cycle at the G1 checkpoint and a secondary arrest at the G2/M checkpoint
(Langan 1996, Langan and Nothnagel 1997). The mechanisms through which
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perturbation of AGPs with (B-D-Glc); causes these blockages remain to be
elucidated. The cell division cycle can be halted at these classical checkpoints by
various general problems, such as lack of sufficient cell size, lack of a favorable
environment or, in the case of G2/M, lack of completely replicated DNA (Jacobs
1995). Perturbation of AGPs with (3-D-Glc); may be interpreted by the cell as one
of these general problems, such as lack of favorable environment. On the other
hand, perturbation of AGPs might result in generation of a highly specific signal.
Recent work has shown that AGPs in Rosa 57 cells are synthesized with
glycosylphosphatidylinositol lipid anchors (Svetek ez al 1999). Schultz et al (1998)
have suggested that such anchors have important implications for signaling through
interactions with other plant cell membrane proteins or through phospholipase
cleavage of the anchor to release intracellular messengers such as phosphatidyl-
inositol. Some phosphatidylinositols are cleaved to release inositolphosphates and
diacylglycerol, both of which function in signal transduction pathways in some
organisms. Release of diacylglycerol from rose AGPs seems unlikely, since the
glycosylphosphatidylinositol anchors on rose AGPs have been shown to contain
ceramide-class lipids principally composed of phytosphingosine and tetracosanoic
acid (Svetek et al 1999). In yeast and animal cells, however, ceramides have been
shown to have a role in mediating responses to extracellular stimuli leading to
various events, including growth arrest, programmed cell death, and differentiation
(Saba et al 1996).
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1. INTRODUCTION

Arabinogalactan-proteins (AGPs) were initially defined as Hyp-containing, highly
glycosylated glycoproteins or proteoglycans. They contain arabinogalactan chains, and
the linkage between the carbohydrate and protein is normally through Gal-Hyp. The
protein is generally neutral to acidic and frequently contains Hyp/Pro-Ala motifs.
However, the discovery of a number of developmentally important proteins showing
hybrid features has broadened the definition (Sommer-Knudsen et al 1998). Some
examples are those that contain Cys-rich domains at the C-terminus (Du et al 1996,
Schultz ef al 1997). Similarly, hybrid solanaceous lectins such as that from potato have
an extensin-like domain at the N-terminus and a Cys-rich C-terminus, which contains
chitin-binding domains analogous to other chitin-binding lectins (Allen et al 1996). A
major chitin-binding extracellular protein of French bean has been identified and shows
similar hybrid features with a Cys-rich C-terminal domain, but the N-terminus is that of
a Pro-rich protein in its repeat sequence (Bolwell 1986 1987, Millar et al 1992). This
French bean protein has been classified as a proline/hydroxyproline-rich glycoprotein
(P/HRGP) (Sommer-Knudsen ez al 1998), but it also shows some features common to
AGPs. Further properties of this protein suggest an important role in defense against
pathogen attack. In terms of this work, the protein has been defined as a chitin-binding
Pro-rich protein (CBPRP; Brown et al 1998).

Cell and Developmental Biology of Arabinogalactan-Proteins
Edited by Nothnagel et al., Kluwer Academic/Plenum Publishers, 2000 83
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2. IDENTIFICATION AND CHARACTERIZATION OF M,
42,000 CHITIN-BINDING GLYCOPROTEIN FROM
FRENCH BEAN

The M, 42,000 glycoprotein from French bean was first identified as the major
target for arabinosylation in microsomal membranes from suspension-cultured cells of
French bean incubated with UDP-[’H]-arabinose (Bolwell 1986 1987). It could be
purified from microsomal membranes by affinity chromatography on immobilized tri-
N-acetylchitotriose and thus has lectin-like properties. It was subsequently found to be
the major secreted glycoprotein in suspension-cultured cells and was present in the cell
walls and medium (Millar ef al 1992). It was purified to homogeneity and analyzed
(Millar et al 1992). The M of the glycosylated protein was estimated by SDS-PAGE as
42,000 and the deglycosylated protein as 30,000. Amino acid analysis showed the
presence of Hyp as 6.6%. Analysis of the derivatized deglycosylated protein showed
the presence of 6.8% Cys. Estimating the core protein to be 300 amino acids implies the
presence of approximately 70 arabinose and 60 galactose residues per mature
glycosylated protein. These structural features provide one rationale for possibly
classifying this protein as a PPHRGP (Sommer-Knudsen et a/ 1998). In addition to the
expected O-glycosylations of Hyp, probably 3-5 N-glycosylation sites are also present.
The N-terminus of the deglycosylated protein was determined as
NYDKPOVEKPOVYKPOVEKPOVYKPOVEKPOVYK, where O represents Hyp
(Millar et al 1992). This repeat sequence would classify it as a Pro-rich protein (PRP).
However, there must be a second domain, which is Cys-rich, and which probably
accounts for its chitin-binding properties. Thus, the French bean 42-kDa CBPRP
resembles solanaceous lectins in its domain structure but differs from potato lectin,
which has an extensin-like N-terminus (Allen ef al 1996). It also differs in its location
from potato lectin. Association of the CBPRP with the plasmalemma-wall interface in
vascular cells (Millar et al 1992) is more consistent with an AGP. It also cross-reacts
with monoclonal antibodies MCA 203 (D. J. Millar and G. P. Bolwell, unpublished
data) and 265 (Millar et al 1992), which recognize other AGPs. The CBPRP is
therefore at the limits of possible classification as an AGP but at the very least is an
interesting variant reflecting the evolution of these hybrid-type glycoproteins, of which
a number have now been described (Schultz ef al 1997, Sommer-Knudsen ef al 1998).

Evidence from biochemical and ultrastructural localization studies suggests that
prolyl hydroxylation is completed before glycosylation of the 42-kDa CBPRP in the
Golgi stack. Prolyl 4-hydroxylase was immunolocalized to pre-Golgi vesicles
(Wojtaszek et al. 1999), whereas arabinosylated 42-kDa CBPRP can be first detected
traversing the Golgi stack (Bolwell 1993). If ZM 226681 is used to inhibit prolyl
hydroxylation and thus the subsequent arabinosylation and presumably galactosylation,
then the 42-kDa CBPRP is retained in the microsomal fraction (Wojtaszek et al 1999).
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3. MOLECULAR CLONING OF 42-kDa CBPRP

Several properties of the 42-kDa CBPRP have made it a difficult candidate for
molecular cloning. The AGPs and other Hyp-rich glycoproteins have previously proved
difficult to clone (Schultz et al 1997). Underlying reasons include excision of sequences
by the bacterial host and recombinational events during cloning. We successfully
isolated cDNAs using an oligonucleotide to the N-terminal sequence NYDKP, and
using these cDNAs for subsequent re-screening of a cDNA library, we detected elicitor-
induced mRNAs. It was not possible to improve the match between the amino acid
sequences determined directly from the protein and predicted by the cDNAs, however,
since it proved impossible to acquire internal protein sequence (Trethowan 1997). The
42-kDa CBPRP was refractory to trypsin, V8 protease, and lysC protease, even when
the Cys residues were derivatized to prevent refolding. The protein seems remarkably
stable.

Figure 1 shows the sequence of the longest clone obtained that had the N-terminal
sequence of the native protein. This cDNA (D31) was apparently nearly full length for
the open reading frame since it contained a leader sequence similar to that found for
soybean PRP, but it lacked a 5’ untranslated region. Expression of the mRNA corres-
ponding to this cDNA was rapidly up-regulated by elicitation of suspension-cultured
cells (Fig 2). This transcript was 1.4 kb in length. Hybridization to the identical band
was observed using three separate probes with identical sequence to the repeat region
(Z2C12, 350bp; AS52, 600bp; D31, 958 bp). Multiple transcript sizes were not observed,
which might have been expected if there was a PRP equivalent to that in soybean, in
addition to the 42-kDa protein, and which cross-hybridized. The absence of multiple
transcripts suggests that the longest clone, D31, codes for the N-terminus of the 42-kDa
CBPRP. The question remains as to whether D31 has been subjected to recombination
and lost some of the C-terminal Cys-rich domain, the remains of which do not contain
an open reading frame. Excision of sequence has been a common feature in efforts to
clone these cDNAs. The A52 and D31 clones both diverge in a similar position around
the sequence PSTN. A possibility remains that the Asp has some significance in that
there are examples of proteins splicing at this residue in some lectins and storage pro-
teins in legumes. A remote possibility exists that both domains are translated separately
and spliced.

We can speculate on domain structure of the native protein, taking into account
possible artefacts in the cDNA cloning or a possible protein-splicing mechanism. In
this model the arabinose and galactose would be attached to the Hyp residues near
the N-terminus. Such glycosylation would be reportedly unusual for PRP domains,
since those for the soybean PRP are not thought to be glycosylated (Sommer-
Knudsen et al 1998). The PRP domain would be 190 amino acids. The N-
glycosylation sites would be in the C-terminal domain, which would also contain
the Cys-rich chitin-binding sites. The Cys-rich domain would be ~110 amino acids
for a 30-kDa core protein. This length would be sufficient to carry chitin-binding
regions.
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1 GGAATTCCGGCTTCCTTAAGCTCCCTAGTTCTGCTTCTTGCAGCTCTGCTTCTCTCCTCA 60
1 G I PASL S SL VL L L AATLTULTUL S S8 20

61 CAAAGGCTTGCTAACTATGACAAGCCCCCAGTAGAAAAACCTCCAGTTTACAAGCCCCCA 120
21 Q R L ANYDI KU PUPVETZ KU PUPUV Y K P P 40

121 GTTGAGAAACCACCAGTGTACAAGCCCCCAGTAGAGAAGCCACCAGTTTACAAGCCCCCA 180
41 VE X PP VY KPPV E K PP V Y K P P 60

181 GTTGAAAAACCACCAGTGTACAAGCCCCCAGTAGAGAAGCCACCAGTGTACAAGCCCCCA 240
61 VE X P P VY K P P V E KPP V Y K P P 80

241 GTTGAAAAACCACCAGTTTACAAACCCCCAGTAGAGAAGCCACCAGTGTACAAGCCCCCA 300
81 WV E K P P V Y K P P V E K P P V Y K P P 100

301 GTTGAGAAACCACCAGTTTACAAGCCCCCAGTTGAGAAGCCACCAGTTTACAAGCCCCCA 360
101 VE XK P PV Y K P P V E K P P V Y K P P 120

361 GTAAAGAAGCCACCAGTGTACAAGCCCCCAGTTGAGAAACCACCAGTTTACAAGCCCCCA 420
121 V X X P P VY K P P V E KPP V Y K P P 140

421 GTAGAGAAGCCACCAGTTTACAAGCCCCCAGTTGAGAAACCACCAGTTTACAAGCCACCA 480
141 V E X P P VY K P P V E K P P V Y K P P 160

481 GTGGAGAAGCCACCAGTGTACAAGCCCCCAGTTGAGAAGCCTCCGGTGTACAAGCCCCCA 540
161 V E XK P P V Y K P P V E K P P V Y K P P 180

541 GTTGAGAAGCCTCCGGTGTACAAGCCACCAGTAGAGAAGCCACCGGTTTACCAGCCACCA 600
181 V E K P PV Y K P PV E K P P V Y Q P P 200

601 TACGGGAAGCCACCTCACCCAAAGTACCCTCCAAGCACCAACTGAGTATACACGCCATTC 660
201 Y G K P P H P K Y P P S TN * 220

661 TGAAGTATGTTAAGAGTTGTATCTGAAGTATATGATAAATAAAAGTTGTAGGTACTTTAC 720
721 CATTGTCATAGTCAGAGATGTAGTTTACTTACAAATCATTTGTTTACAGTGTTGTGGCCG 780
781 AGATAAGAGTGTAATGGATGCATGTAAAACGACAAACAGAGGTATGGTTTTTTTTTTGAA 840
841 AGCTATGGATAATAGAAGTTTATGATTTTGATATTAAAAAAAAAAAAAAARAAAAAAAAAA 900

901 AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 950

Figure I. Sequence analysis of a cDNA that codes for the N-terminus of the 42-kDa CBPRP. The
nucleotide sequence of clone D31 is shown. A second clone, A52, corresponded to nucleotides 370
820 and was 98% homologous. A third clone, ZC12, corresponded to nucleotides 190-540. The
translational open reading frame is shown. Both D31 and A52 have a stop codon after N214 in D31.
However, there is no open reading frame that is Cys-rich. If sequence has been deleted, it is probably
in this region of N214. The leader sequence (amino acids 1-24) has high homology to the leader
sequence of soybean PRP. The mature protein starts at N25.
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1 2 3 4 5 6 7 8

Figure 2. Northern blot analysis of the expression of the mRNA corresponding to the cDNA coding
for the N-terminus of the 42-kDa CBPRP. Total RNA was isolated from unelicited cell culture (1) and
from cultures following the addition of elicitor and harvested at 1.5 hours (2), 3 hours (3), 4.5 hours
(4), 6 hours (5), 9 hours (6), 12 hours (7) and 24 hours (8). Blot (a) was probed with **P-labelled-D31,
blot (b) with *2P-labelled-A52.

4. CHITIN-BINDING PROPERTIES OF 42-kDa CBPRP

The 42-kDa CBPRP may function in two possible aspects of the response to
pathogens. Firstly, it could be responsible for the perception of pathogen-derived chitin
oligosaccharides. Such oligosaccharides have been shown to elicit the oxidative burst
but not Phe ammonia-lyase in suspension-cultured cells of French bean (Wojtaszek et
al 1995; Trethowan 1997). Figure 3 shows the binding properties of cells and purified
42-kDa CBPRP using equilibrium dialysis with radiolabeled chitin oligosaccharides.
Both the cells and the 42-kDa CBPRP bound N-acetyl chitooligosaccharides rapidly
with high affinity, but the binding was more reversible with the cells than the CBPRP.
Scatchard analysis of this data gave a similar K; of ~100 pM. This affinity would be in
the range of a receptor, and the similar constant value suggests that the 42-kDa CBPRP
could be responsible for much of the chitin-binding exhibited by the plant cells.
However, it is difficult on the basis of its structure and its abundance to consider that the
42-kDa CBPRP is the chitin-binding receptor, as there is little to suggest that there are
signal transduction domains in CBPRP. This paradox may change if full-length clones
are ever established with certainty.

A second function could be related to the potential ability of 42-kDa CBPRP to
bind to pathogens of French bean. It has been shown to bind to growing hyphal tips
of the pathogen Colletotrichum lindemuthianum in culture (Millar ef al 1992). In
principle, CBPRP could be the first host molecule to function in this way and form
a potential nucleation center for the deposition of other host-derived molecules, es-
pecially if it does prove to be esterified with ferulic acid (see below), a well-ex-
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plored cross-linking agent in the primary wall. This ability was explored in elicitor-
treated suspension cultures and in infection sites in the plant.
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Figure 3. Chitin-binding properties of suspension-cultured French bean cells and the 42-kDa CBPRP.
Chitin-binding properties were determined by equilibrium dialysis with [’H]-N-acetylchito-
oligosaccharides and unlabelled N-acetyl chitooligosaccharides of mean degree of polymerization = 7.
(2) Time course of binding and reversibility of binding of radiolabeled chitooligosaccharides to 20 ml
of suspension-cultured cells in the absence (#) or presence of unlabelled oligosaccharides added in
excess at zero time ( m non-specific binding) or 15 min ( A competitive binding). (b) Time course of
binding and reversibility of binding of radiolabeled oligosaccharides to 10 mg CBPRP in the absence
(#) or presence of unlabelled oligosaccharides added in excess at zero time ( ® non-specific binding)
or 15 min ( A competitive binding). (c) Saturation curve of binding of radiolabeled oligosaccharides
(cpm) to 20 ml of cells. (d) Saturation curve of binding of radiolabeled oligosaccharides (cpm) to 10-
mg CBPRP.

S. ELICITOR-INDUCED OXIDATIVE CROSS-LINKING
IN VITRO AND IN PLANTA

The 42-kDa CBPRP was found to be the major immobilized protein in walls of
elicitor-treated suspension-cultured cells of French bean, the other abundant
immobilized proteins being two extensins and a PRI-like extracellular protein
(Wojtaszek et al 1995). Subsequently, conditions for the cross-linking of the 42-kDa
CBPRP were determined in vitro (Wojtaszek et al 1997). Cross-linking requires
extracellular alkalinization, the presence of a 46-kDa cell wall peroxidase (FBP1) and
production of a substrate/reductant to be used for the generation of hydrogen peroxide
by the peroxidase (Bolwell 1996). Hydrolysis of the product of cross-linking of the 42-
kDa CBPRP followed by amino acid analysis is shown in Fig 4. We were unable to
conclusively demonstrate the presence of iso-dityrosine, which has often been
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Figure 4. Amino acid analysis of monomeric and cross-linked CBPRP.
Monomeric (a) and cross-linked (b) CBPRP were hydrolyzed and subjected to
amino acid analysis on an Alpha Plus Analyzer (LKB, Sweden) and compared

with authentic iso-dityrosine (a kind gift of Professor S. C. Fry, Edinburgh
University, UK). No peak in either (a) or (b) corresponds exactly to the retention
time of iso-dityrosine (peak 6 in c). The unusual peaks at position 1 in (a) and (b)
are cysteic acid and those at 3 and 4 in (a) and (b), respectively, are Hyp. These
amino acids are characteristic of the CBPRP domains.
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postulated as the residue responsible for the cross-linking of HRGPs. Hydrolysis of the
42-kDa CBPRP, however, does show the presence of a blue fluorescent compound
when analyzed by TLC (Bolwell 1986). We are currently investigating whether this
compound is ferulic acid esterified to the arabinose residues. The FBP1 peroxidase
shows high specificity for the formation of ferulic acid dimers (Zimmerlin ef al 1994).

Evidence was obtained for the cross-linking of the 42-kDa CBPRP in planta in
response to elicitation with chitooligosaccharide fragments (Fig 5). Tissue prints
showed that following elicitor action the 42-kDa CBPRP could not be efficiently
transferred to the nitrocellulose paper, suggesting it was immobilized. Furthermore,
extracts of elicitation sites probed with anti-(bean 42-kDa CBPRP) serum on
western blots showed that the protein was not extractable after elicitation. In
extracts of unelicited hypocotyls the protein was detected as its monomer.
However, in intercellular washing fluid the protein appears as a dimer. This
propensity for dimerization was described previously (Bolwell 1987). Cross-linking
could also be demonstrated in intercellular washing fluid when mixed with
apoplastic fluid from elicited suspension cultured cells. The apoplastic fluid
contains the substrate required for the generation of hydrogen peroxide (Wojtaszek
et al 1997), and this substrate is presumably used by the peroxidase in the
intercellular washing fluid to cross-link the CBPRP.

6. FUNCTION OF 42-kDa CBPRP IN THE DEFENSE
RESPONSE

The function of the 42-kDa CBPRP in the defense response in vivo has been further
investigated by immunolocalization. This technique has demonstrated that wounding of
hypocotyls leads to increased abundance of CBPRP in the cortex, epidermis and
vascular tissue immediately below the cut site (Millar ez a/ 1992). The CBPRP was also
identified as one of the components of papilla formation in bacterial infection sites
(Brown et al 1998). Co-localization with the 46-kDa peroxidase, callose, and callose
synthase was demonstrated in the cell wall and paramural deposits (Brown et al 1998).
Figure 6 shows staining for the production of hydrogen peroxide in bacterial infection
sites. The initial burst of peroxide surrounds the bacteria, and a later stage shows much
more extensive staining along the wall. The peroxidase was co-localized with the areas
of H,0, production, consistent with a dual role in both generation and use of peroxide
in cross-linking of proteins and phenolics during the construction of papillae. The
CBPRP appears to be secreted into this region and is an important contribution to
papilla structure. In the case of fungi species with chitinaceous cell walls, this role could
be elevated in importance, since the CBPRP would actually bind to the penetrating
hyphal tips. Cross-linking to host wall components would be very effective in
immobilizing the pathogen so it could be attacked by active defense components such
as reactive oxygen species, enzymes and low-molecular-weight compounds such as
phytoalexins and other phenolics. Owing to the difficulty in “capturing” such fungal
infection sites during sectioning, we have not yet been able to produce images of the
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quality that we have achieved with bacterial infection sites using immunogold labelling.
However in preliminary studies of fungal penetration by Colletotrichum
lindemuthianum, the CBPRP can be observed binding to hyphal tips precisely in a way
that would predict a major role in anchoring fungal pathogens to the initial site of the
interaction (P. Wojtaszek and G. P. Bolwell, unpublished data).

(a) No elicitor With elicitor

@) <42xDa LF

Figure 5. Immobilization of 42-kDa CBPRP in planta. (a) Tissue prints of hypocotyls of French bean
mock treated with water droplets or with droplets containing chitooligosaccharides (1 pg/ml) at 1-cm
intervals and incubated for 48 hours. Prints were developed with anti-(CBPRP) serum, which localizes
to epidermis, cortex and vascular tissue (Millar ef al 1992). Note inoculation site (arrowed) and that
less CBPRP is transferred after elicitor treatment, showing it is immobilized. (X10) (b) Western blot
of whole extracts of treated sites as in (a). Extracts were made in SDS-PAGE loading buffer, separated
by SDS-PAGE and blotted onto nitrocellulose membrane. (1) Extracts from elicitor-treated
hypocotyls, which show high-molecular-weight complexes only. (2) Extracts from water-treated sites
showing predominantly monomeric CBPRP. (c) Cross-linking of CBPRP in intercellular washing
fluid (IWF). Batches of untreated hypocotyls were vacuum infiltrated and gently centrifuged to isolate
IWF. One batch of IWF was left untreated; a second was mixed with apoplastic fluid from elicitor-
treated suspension-cultured cells, which supports oxidative cross-linking in vitro of the 42-kDa
CBPRP (Wojtaszek et al 1997). Proteins were separated by SDS-PAGE, blotted and analyzed by
Western blotting with anti-(42-kDa CBPRP) serum. (1) Untreated IWF, showing that the CBPRP is
mainly dimer in this compartment. (2)Treated IWF, showing that the treatment with apoplastic fluid
leads to high-molecular-weight complexes, which fail to enter the gel. The CBPRP has been cross-
linked by the peroxidase also present in the IWF.
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Figure 6. Co-localization of peroxidase and 42-kDa CBPRP in bacterial infection sites. (a) Staining
for hydrogen peroxide using cerium chloride at an early stage in bacterial infection. (b) More
extensive staining along the wall at a late stage in the defense response. (c) Immunogold localization
of the 46-kDa peroxidase that generates the oxidative burst in French bean. The peroxidase has accum-
ulated in the wall and extracellular matrix in the area of the bacteria, probably by directed secretion.
(d) Immunogold localization of the 42-kDa CBPRP (arrows show examples of gold particles). The
CBPRP has been secreted into developing papillae in the paramural deposits where it is cross-linked
and associated with callose and phenolic deposition. For a more detailed description and analysis see

Brown et al (1998). B, bacteria.
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Chapter 9

Arabinogalactan-Proteins and Cell Development
in Roots and Somatic Embryos

Clare G. Steele-King, William G.T. Willats and J. Paul Knox
Centre for Plant Sciences, University of Leeds, Leeds LS2 9JT, United Kingdom

1. ARABINOGALACTAN-PROTEINS AND PLANT
CELL DEVELOPMENT

The cellular basis of plant development and the need for cell-to-cell
interactions to direct the differentiation of cells is well established. However, our
understanding of the molecular mechanisms of cell-to-cell interactions within a
developing plant organ is limited. The occurrence of the structurally complex class
of arabinogalactan-protein (AGP) proteoglycans at the surface of all plant cells has
led to much speculation on their function(s) during development and their possible
involvement in interactions between cells (Clarke et a/ 1979, Fincher et al 1983,
Basile and Basile 1993, Knox 1995, Kreuger and van Holst 1996, Du et al 1996,
Nothnagel 1997, Schultz et a/ 1998, Pennell 1998). Structural aspects of the
complex carbohydrates of AGPs, the variability and diversity of the protein core
and details of their location and attachment at plasma membranes and cell walls
are discussed elsewhere (Clarke et al 1979, Fincher et al 1983, Du et al 1996,
Nothnagel 1997, Schultz et a/ 1998). The biochemical complexity of AGPs, their
heterogeneity and their range of physical properties have led to suggestions that
they may function as lubricants, adhesion molecules or nutrients. It has also been
proposed that they in some way encode information at cell surfaces that is utilized
during development. Given such apparent complexity, several diverse
experimental approaches to AGP function are applicable and useful. These varied
approaches have begun to focus attention on AGPs in relation to particular cellular
processes. The AGPs are now implicated in the three fundamental cellular
processes that are coordinated to produce the plant body: cell proliferation, cell
expansion and cell differentiation.

Cell and Developmental Biology of Arabinogalactan-Proteins
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This chapter focuses on two approaches to understanding AGP function during
cell development in roots and somatic embryos. The first of these approaches is
the generation and use of monoclonal antibodies to the glycan components of
AGPs. Such antibodies are powerful tools for investigating AGPs in a
developmental context. Second, we consider aspects of the biological activities of
the AGP-binding 3-glycosyl Yariv reagents, which have emerged as a novel class
of synthetic plant growth inhibitors. The term AGP is broad, as currently used, and
is likely to include a range of structures and functions. Throughout, we indicate
progress towards identifying AGPs associated with specific functions in root and
somatic embryo development.

2. INSIGHTS FROM ANTI-AGP GLYCAN
MONOCLONAL ANTIBODIES

The preparation of monoclonal antibodies to glycan components of AGPs has
been discussed extensively elsewhere (Knox 1997, Nothnagel 1997). These anti-
bodies have been widely used, and here we are predominantly concerned with
recent observations. The important features of the anti-AGP monoclonal
antibodies currently in use are that, first, they recognize the carbohydrate
components of AGPs, and, second, they indicate that the carbohydrate components
of AGPs are developmentally regulated within organs. In most cases this
developmental regulation means that an antibody binds to the surface, most often
the plasma membrane, of a subset of cells within a developing structure. The
subset of cells relates to particular cell types or, in cases of very early cell
development, to cell position. (See Knox [1997] for a detailed summary of AGP
epitope occurrence in relation to cell development.)

The AGPs are widespread and are likely to occur in all plants. Most studies
have focused on AGPs in higher plants, although considerable work has indicated
a role for AGPs in controlling cell proliferation in liverworts (Basile and Basile
1993). The consideration of any differences between species in AGPs or the
patterns of antibody binding is an important point, because they may indicate some
taxonomic significance of the epitopes or antigens.

2.1 AGP Epitopes and Cell Development in Roots

In higher plants, primary roots have often been a focus for the study of the
patterns of occurrence of AGP and other cell surface epitopes since the first report
of a developmentally regulated plasma membrane AGP epitope (Knox et al 1989).
Although such antibody studies have only been applied to a small number of
species and families, some preliminary observations can now be drawn together to
indicate trends. For example, the binding of the monoclonal antibody designated
JIM13 was associated with xylem cells, but not phloem, in the roots of a range of
dicotyledons, including carrot (Knox et al 1991), pea (Rae et al 1991, Casero et al



9. AGPs in Roots and Somatic Embryos 97

1998), Arabidopsis (Dolan et al 1995), and radish (Casero et al 1998), whereas the
binding of the same antibody was associated with phloem cells, but not xylem, in
the monocotyledons onion (Casero ef al 1998) and maize (Samaj et al 1998).
Within the dicotyledons, however, there are subtle differences in the details of the
occurrence of epitopes, indicating that the sequential appearance of an epitope
does not always reflect developmental events in different species in the same way.
For example, in radish and carrot the appearance of the JIM13 epitope correlates
with xylem maturation, occurring first in the outer protoxylem and then appearing
in association with inner metaxylem elements (Casero ef al 1998). In contrast, in
the Arabidopsis root, JIM13 binding occurs initially to a central xylem initial and
then, as the root body develops, extends out to the protoxylem and parenchyma
cells on either side of the xylem axis, and also ultimately to all the endodermal
cells (Dolan et al 1995). In this latter case, the appearance of the JIM13 epitope
reflects the emerging pattern of xylem cells rather than xylem cell maturation.

In roots, developmentally regulated AGP epitopes appear in files of cells
during patterning events close to the meristem. The patterns mostly reflect
differentiation outside the region of meristematic initials, and no AGP epitopes
have yet been shown to be solely associated with cell proliferation at a root apical
meristem. One possibility is that subsets of AGPs, as identified by epitopes, are
involved in the control or suppression of cell proliferation (see Basile and Basile
[1993], and work on liverworts), and the epitope patterns may reflect the transition
from proliferation to differentiation. In several cases, patterns of AGP epitopes
have been observed within the outer layer of the vascular tissue known as the
pericycle. The pericycle is a meristematic tissue and is the site of origin of lateral
roots. Root pericycle cells undergo defined patterns of cell division well before the
emergence of lateral roots (Casero et al 1996). An epitope (recognized by a
monoclonal antibody designated JIM4) appears sequentially in adjacent cells of
the developing pericycle of carrot just before the cells undergo distinctive oblique
divisions (Knox et al 1989, Casero et al 1998), suggesting a connection between
an AGP and a tissue-specific proliferation. In this case, the JIM4 AGP epitope
appears in two groups of cells opposite the xylem, and AGP epitope patterns
within the pericycle generally reflect the radial symmetry of the vascular tissues.
However, patterns of antibody binding to pericycle cells opposite the phloem or
xylem do not appear to correlate with the sites of origin of lateral roots, which also
occur in relation to the vascular pattern (Casero ef a/ 1998).

In addition to extending the survey of epitope occurrence in a range of species,
anti-AGP antibodies are also useful for the study of developmental mutants. For
example, JIM13 has been used in a study of a mutation in Arabidopsis that causes
an altered root anatomy. The mutation in the SCARECROW gene results in the loss
of a cell layer between the epidermis and the pericycle of the Arabidopsis root
(Laurenzio et al 1996). The one cell layer that replaces the cortex and the endoder-
mis had cell surface characteristics of both cortical and endodermal cells, the bind-
ing of JIM13 being taken as an indicator of an endodermal character. These obser-
vations indicated that a heterogenous cell type was formed because of the absence
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of a crucial lineage-forming asymmetric division (Laurenzio et al/ 1996). Such
observations also indicate the potential difficulties in ascribing causes and effects
to AGP molecules. Is the JIM13 epitope in the Arabidopsis endodermis a marker
of endodermis characteristics (i.e., associated with endodermis differentiation), or
alternatively is it in some way a developmental marker of tissue or cell boundaries
associated with the cell layer adjacent to the pericycle?

2.2 AGPs and Cell Dynamics During Carrot Somatic
Embryogenesis

Primary roots have the advantage for experimental analysis of concurrent spatial
and temporal development sequences within one organ. Carrot somatic embryogenesis
is a powerful experimental system with the advantage that it is possible to dissect the
development of tissue systems, several organs, and root and shoot meristems. Somatic
embryo culture systems can be readily accessed and are open to manipulation. In this
system, AGP epitopes are also developmentally regulated, reflecting the earliest cell
distinctions within the embryo (Stacey et a/ 1990). Furthermore, AGPs have been
shown to influence the progress of carrot somatic embryogenesis when added to the
culture medium. Distinct populations of AGPs, sorted using monoclonal antibodies,
have been shown to promote or inhibit somatic embryogenesis, suggesting that AGP
epitopes are associated with distinct activities (Kreuger and van Holst 1995 1996).
Several studies have focused on the occurrence of one epitope, recognized by a mono-
clonal antibody designated JIMS, in the cell cultures beginning at the early stage, when
embryogenic potential is developing, and continuing through the formation of carrot
somatic embryos. The JIM8 antibody binds to the outer surface of the cell wall of
living cells in embryogenic cultures, and observations indicate that the occurrence of
the JIM8 cell wall epitope is dynamic, occurring in only a proportion of the cell
population (Toonen et al 1996, McCabe et al 1997). The epitope appears to be lost
from the cell wall before embryo formation, but such non-JIM8-binding cells require
the presence of JIM8-binding cells to develop (McCabe et al 1997). Furthermore, a
soluble signal obtained from JIM8-binding cells can substitute for these cells, although
whether this signal is one of the JIM8 antigens occurring in the active extracts is not
yet determined. These observations indicate that differences in cell populations
parallel differences in the occurrence of the JIM8 epitope and suggest the possible
involvement of the JIM8 cell wall antigen in cell-to-cell interactions that underpin cell
development (McCabe et al 1997).

2.3 AGP Glycan Epitope Structure

The monoclonal antibody JIM8 can bind to plasma membrane AGPs (Pennell et al
1991), but some JIM8-reactive material in the cell walls of carrot cells appears to be
related to pectic polysaccharides (McCabe et al 1997). It is an often overlooked
complication that the type of arabinogalactan occurring in AGPs, known as Type II
arabinogalactan (Clarke ef a/ 1979), may also occur as minor components and as side
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chains of pectic polysaccharides (Guillon and Thibault 1989, Renard et al 1991). The
observations with JIM8 highlight a major obstacle to progress in studies with the anti-
AGP glycan monoclonal antibodies, and this obstacle is the lack of understanding of
AGP glycan epitope structure. To some extent the preparation of the monoclonal
antibodies previously mentioned (JIM4, JIM13 and JIMS) was fortuitous in that they
were selected subsequent to immunization with complex immunogens (see Knox
[1997] for a full discussion). An attempt has been made to address the question of
epitope structure for these antibodies, and the indications (from studies using hapten
inhibition of antibody binding) are that some developmentally regulated epitopes
contain arabinose or glucuronic acid and are likely to be side chains and terminal
oligosaccharides on the (1—3)-B-(1—>6)-p-galactan core structure of the AGP glycan
(Yates et al 1996). However, we still have no knowledge as to whether the observed
patterns of antibody binding reflect the highly regulated and directed insertion of
AGPs at the cell surface or patterns of alteration and processing following
incorporation at the cell surface. One possible mechanism for the latter could be the
processing of membrane-bound forms into soluble forms by cleavage of
glycosylphosphatidylinositol anchors (Schultz et a/ 1998). The unattached soluble
forms of AGPs may not be as securely fixed in to the plant material by aldehyde
fixatives as their membrane-bound counterparts prior to immunocytochemistry.
However, this is perhaps unlikely, as most regulated epitopes appear during
development, rather than disappear. We currently have few clues to synthetic or
degradative enzymes involved in generating the oligosaccharides that form the
epitopes and that could be targets for addressing epitope function. Furthermore, the
biochemistry of the relationships and links between constitutive AGP epitopes (that
occur at the surface of all cells in a developing organ) and developmentally regulated
epitopes is still almost entirely unknown (Knox et al 1991, Smallwood et al 1996).

An alternative approach to understanding the developmental regulation of AGP
glycan structure is the preparation of antibodies to defined oligosaccharide structures
(which probably need to be at least three residues in size to ensure antibody
specificity). A defined antisera has been made for a tetrasaccharide of the (1—6)-B-
galactan of AGPs, and immunolocalization studies have indicated that the epitope
occurs at all cell surfaces in radish and flax roots (Kikuchi et al 1993, Vicré et al
1998). However, the full range of oligosaccharide structures occurring in AGPs is not
known, and many appropriate oligosaccharides would be difficult to obtain from plant
material in amounts and purity sufficient for the covalent coupling to protein to
produce immunogens. The preparation of defined anti-glycan probes for the pectic
polysaccharides has progressed further than that for AGPs because of an increased
availability of appropriate oligosaccharides for immunogen preparation, and
monoclonal antibodies recognizing fully defined epitopes of pectic (1-—>4)-B-galactan
and (1-»5)-a-arabinan have been generated (Jones et al 1997, Willats et al 1998). The
chemical synthesis of oligosaccharides occurring in AGPs is also time-consuming and
difficult (Valdor and Mackie 1997).
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3. INSIGHTS FROM STUDIES OF THE BIOLOGICAL
ACTIVITIES OF B-GLUCOSYL YARIV REAGENT

The work with monoclonal antibodies is important in indicating the extensive
developmental regulation of AGPs. It is also of considerable interest to test
directly the function of particular AGP structures. The demonstration that -
glucosyl Yariv reagent (BGlcY), a synthetic phenylglycoside, could reversibly
inhibit the proliferation of cultured plant cells (Serpe and Nothnagel 1994) led to a
dramatic change in the way this class of compounds is viewed, adding biological
action to an AGP-specific probe previously used for diagnostic, isolation and
localization purposes.

The nature of the interaction of BGlcY with AGPs is not fully understood but
probably requires a self-associated polymeric form of BGIcY, and a recent review
is provided by Nothnagel (1997). A B-linkage of the glycoside to the phenyl group
is known to be required for interaction with AGPs, and the non-AGP-binding
a-galactosyl Yariv reagent (aGalY) is often used as a control Yariv reagent. Al-
though a recent report indicates that BGIcY can also associate with non-AGP cell
wall macromolecules, including cellulose, the interaction with cellulose requires
high levels of BGIcY and has no stereoselectivity in that aGalY interacts in an
equivalent manner to BGlcY (Triplett and Timpa 1997). It is therefore important
for all studies involving the use of BGIcY to probe AGP function, that aGalY or
another non-AGP-binding Yariv reagent is used as a control.

The initial observation of the biological activity of BGlcY on proliferation in cell
cultures has now been extended to other systems, including tip-growing pollen tubes
(Roy et al 1998). Here we focus on the use of BGlcY to probe AGP function during
carrot somatic embryogenesis and during root growth in Arabidopsis seedlings. The
action of BGIcY in these complex systems reveals more subtle and specific effects
than those observed upon proliferating cell cultures, in that certain cells appear to be
targeted by BGIcY with consequent disruptions of balanced growth patterns. These
observations raise the possibility that in certain systems BGIcY interacts with specific
populations of AGPs, probably restricted to the surface of a group of cells within an
organ.

3.1 BGIlcY and Carrot Somatic Embryogenesis

The application of BGIcY to proliferating rose cells in culture resulted in the
cessation of proliferation, indicating a role for AGPs in cell proliferation (Serpe
and Nothnagel 1994, Langan and Nothnagel 1997). How the binding of BGIcY to
AGPs results in the reversible blockage of proliferation is not yet known. Such
effects may be direct and act upon cell proliferation or indirect and disrupt other
cell processes. In a cell culture system that can be switched from cell proliferation
to cell elongation (by removal from the culture medium of the synthetic auxin 2,4-
D), the application of BGlcY resulted in a blockage of cell elongation (Willats and
Knox 1996). This observation could indicate that cell expansion is disrupted
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during the cell cycle or that BGlcY has a widespread, non-specific effect on cell
functioning, albeit a reversible one. As indicated above, carrot somatic
embryogenesis is a powerful experimental system, and studies indicate that BGlcY
can perturb the developing embryos and does not have a global inhibitory effect.

The first of these observations is that the application of BGIcY during the early
stages of somatic embryogenesis resulted in the disruption of root-shoot coordination.
When BGIcY, at concentrations as low as 5 uM (~5 pg/ml), was supplied to the liquid
medium at the time of transfer of embryogenic cells from maintenance medium (with
24-D) to induction medium (without 2,4-D), it resulted in the subsequent
development of roots, rather than somatic embryos (Thompson and Knox 1998). A
direct effect of BGlcY promoting root growth cannot be ruled out, but a more plausible
interpretation is that fGIcY specifically blocks shoot development, and this allows or
promotes extensive root growth. Shoot development was also blocked and root
development continued when globular-stage embryos were transferred to medium
containing PGIcY, although some radial expansion of the shoot apex occurred
(Thompson and Knox 1998). It is known that roots of carrot somatic embryos elongate
rapidly when the shoot apex end is surgically removed, an effect that can be inhibited
by the application of auxin (Schiavone and Racusen 1990). If BGIcY binds to a subset
of cells at the shoot end of developing globular embryos, preventing proliferation and
development, then this may result in the disruption of auxin flow within the
developing embryo. Possible candidates for the target cells and target AGPs in this
system are the AGPs and cells identified by the monoclonal antibody JIM4. This
antibody binds specifically to the plasma membrane of cells of the protoderm at the
shoot apex end of a carrot globular embryo (Stacey et a/ 1990). It is possible that it is
cell proliferation that is blocked by BGIcY at the shoot end of the embryos, as there is
no extensive cell expansion occurring at this stage. When GlcY was applied to later,
torpedo-stage carrot somatic embryos, an inhibition of growth was observed, which
appeared to be largely due to reduced cell expansion (Thompson and Knox 1998). It is
also of interest that the effect of BGlcY on carrot somatic embryo development is
similar to the effect of mutations in the GURKE gene on embryo development in
Arabidopsis, in that they result in reduced or no shoot development but have no effect
on root development (Torres-Ruiz et al 1996).

A further intriguing effect of BGIcY on embryogenic carrot cell cultures results in
growth promotion. When clumps of proembryogenic masses, up to 1 mm in diameter,
were isolated from an embryogenic culture and placed on solid media containing 5
MM BGIcY there was a three- to fourfold increase in the fresh weight of material when
examined after 32 days and compared with cells placed upon media without BGlcY
(Thompson and Knox 1998). This effect was not observed if 30 pM BGIcY was
supplied in the media, nor if the media contained 2,4-D (i.e., if cells were grown on a
maintenance rather than induction media [Thompson and Knox 1998]). So how does a
low level of BGIcY have a growth promotion effect in this case? After 30 days, plant
material grown on maintenance media was undifferentiated callus, whereas that grown
on induction medium was largely plantlets and not callus. It therefore appears that the
asymmetric application of 5 pM BGIcY to developing proembryogenic masses some-
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how resulted in a growth promotion of developing cells and the resulting plantlets, but
had no effect on cells that were just proliferating. Plantlet number and the proportions
of root, hypocotyl and shoot in the plantlets resulting from treatment and nontreatment
have not yet been examined in detail, and this may provide some insight. It is likely
that only a few cells of the proembryogenic masses were in direct contact with the
surface of the media and accessible to BGIcY in this system. The growth promotion
may indicate that the BGlcY disrupted some interactions, possibly inhibitory, between
cells in the clusters, but that at the same time the flow of nutrients from the media to
these cells was not impeded. As discussed above, subsets of AGPs (sorted by mono-
clonal antibodies) have been shown to have inhibitory or promotive effects on carrot
somatic embryogenesis (Kreuger and van Holst 1996). The diverse responses to the
application of different concentrations of fGlcY may reflect interaction with different
populations of AGPs.

3.2 BGIcY and Arabidopsis Seedling Root Growth

The germination and growth of Arabidopsis seedlings in solid media
containing 30 uM BGIcY results in a specific effect: germination is unaffected,
proliferation within the root meristem appears to be unaffected, but cells proximal
to the meristem do not elongate in a manner equivalent to wild type (Willats and
Knox 1996). In addition, root epidermal cells bulge outwards in a manner
equivalent to that observed in reb mutants (Baskin et al 1992). In BGlcY-treated
roots all post-meristematic root body cells have longitudinal axes less than 50% of
the length of those occurring in untreated seedlings. We have interpreted the
bulging of epidermal cells as an indirect effect due to an inhibition of internal
load-bearing cell layers, although clearly BGIcY can also access the outer cells
(Willats and Knox 1996). For a discussion of the evidence that the load-bearing
cell layer controlling root growth is not the epidermis but an internal layer, see
Pritchard (1994). Although the BGIcY does not appear to occur beyond the
root/hypocotyl boundary in treated seedlings, shoot growth is also reduced, most
likely as an indirect effect of reduced root growth. These effects have been
confirmed by Ding and Zhu (1997), who have interpreted the induced bulging of
the epidermal cells as a direct effect. These authors have also shown that the reb/-
I mutant, with bulging epidermal cells, has a reduced level and an altered profile
of BGlcY-reactive AGPs occurring in its roots (Ding and Zhu 1997). Does BGlcY
have this regulatory effect on root growth in other systems? In the authors’
laboratory we have germinated carrot seedlings on artificial media in the presence
of 30 uM BGIcY. In this case, highly BGlcY-reactive and abundant AGPs
associated with the root cap bind to most of the BGIcY supplied, and there are no
effects on root growth rate or epidermal cell morphology (S.E. Marcus and J.P.
Knox, unpublished observations).

In our laboratory, we have used the defined effect of BGlcY on Arabidopsis
root growth as the basis of a screen for mutants that have altered AGPs. Such
mutants will be powerful tools to investigate AGP function. We have developed
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T-DNA and EMS mutants are

|‘TI o o . e TIT" grown to 14 days in solid

medium containing

30 uM RGIcY.
Seedlings that show an unusual
response to RGIcY are selected.
| x X | Selected mutants are grown in
solid medium without RGlcY
for 7 days.

Seedlings that recover in the
absence of RGICY are selected.

Selected mutants are
self-fertilised and grown for
harvesting.

Mutant seed is collected and
plated out on solid medium with
and without RGIcY for 14 days.

| Is the mutant BGIcY-phenotype
consistent?

| ‘ Do mutant seedlings grown in
the absence of BGIcY look like
wild type?

Figure 1. Schematic outline of a strategy used to screen for altered growth responses to
BGlcY and to select mutant seedlings of Arabidopsis thaliana with altered AGPs.

2 P Sty Y S G (U Gy QU B o

procedures to screen populations of T-DNA-inserted mutants and EMS-treated
seed for germination and growth on media containing BGlcY, and our strategy is
shown schematically in Fig 1. The outlined procedures will be used to isolate
mutant seedlings that appear to be insensitive or supersensitive to 3GlcY. An
important aspect of any supersensitive mutants will be the reversibility of any response
to BGIcY, which will indicate that they are likely to be AGP mutants. Selected mutants
may have directly altered AGPs that disrupt or enhance interaction with BGIcY.
Alternatively, modified aspects of root structure or cell wall architecture may alter the
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ability of BGIcY to enter the root and interact with AGPs. In addition to any mutants
selected from these screens, it is also of interest to examine AGPs in other established
growth mutants of Arabidopsis using GlcY and anti-AGP monoclonal antibodies.
Although in most of these cases the genetic lesions are unlikely to affect AGP
structure directly, they may provide insight into AGP function within pathways
directing and controlling cell expansion and other aspects of growth and development.
For example, an extreme dwarf phenotype results from mutations in the DIMINUTIO
gene, which encodes an enzyme involved in brassinosteroid biosynthesis (Klahre et al
1998), and mutant plants have reduced levels of BGlcY-reactive AGPs in their
hypocotyls (Takahashi ef al 1995).

BGlcY
Gl
4 |
/
/
BGlcY
A B C

Figure 2. Diagrammatic representation of the proposed action of BGIcY resulting in indirect growth
effects. A. Inhibition of cell elongation in the Arabidopsis seedling root resulting in bulging of
epidermal cells. B. Inhibition of shoot (s) apex development in the carrot somatic embryo with

consequent promotion of root (r) development. C. Growth promotion of proembryogenic masses
placed on solid media containing BGlcY. The shaded arrow in each case indicates
disruption/influence extending from the proposed site of action of BGIcY.

4. A WAY FORWARD

The AGPs are biochemically complex and appear to have patterns of expres-
sion at plant cell surfaces reflecting the cell patterning and cell differentiation
events that occur in developing organs. An important next step is to characterize
and dissect AGPs within a single developmental system in more detail. This will
involve integration of the structural characterization of individual AGPs or
populations of AGPs (protein core and carbohydrate analysis, immunoblotting and
two dimensional gel analysis) with a precise knowledge of the developmental
regulation of the structure. The disruption of the development of the system by
BGIcY will also be a powerful tool with which to focus on a set or sets of AGPs
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and their involvement in a specific process (e.g., the BGlcY-binding AGPs and cell
expansion of the Arabidopsis seedling root). In this chapter we have highlighted
three experimental systems where BGlcY appears to disrupt specific cell processes
and result in indirect effects, as shown schematically in Fig 2. In two cases, the
response to BGIcY involves growth promotion, and this may reflect a disruption of
cell-to-cell interactions. Systems such as these should provide the opportunity to
focus on specific AGPs that are targets for BGlcY and also to determine the
consequence of BGIcY binding on cell wall architecture and cell processes in
general. Knowledge of individual AGPs, integrated with observations on AGPs in
growth and developmental mutants of Arabidopsis, should lead to the placing of
particular AGPs, and their associated functions, within pathways and networks
that underlie plant cell development.
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1. INTRODUCTION

The process of somatic embryogenesis is interesting in several ways. Because it
takes place in liquid cultures, it provides an opportunity to study the development of
embryos completely free from surrounding structures such as the seed. Although differ-
ences in morphology are quite frequently observed, it has been established that somatic
embryos are quite similar, in molecular and physiological aspects, to zygotic embryos
in developing seeds. For means of plant propagation, somatic embryos offer a way of
cloning that can be applied on a large scale and at relatively low cost. Both aspects have
attracted scientists over the years, and a wealth of literature is available on the subject.

Making plant cells from every crop embryogenic in tissue culture is a wish of many
businessmen in the propagation industry. As many scientists in the same industry know,
this is not always easy to achieve. Classical growth regulators, especially auxin, stress
and/or other factors are well known to induce embryogenic capacity. What is also
known is that these factors alone do not guarantee successful induction of embryogenic
potential. Other factors, such as the state of the explant or the medium composition, can
also be decisive and are much harder to grasp. This difficulty may have contributed to
the fact that today still only a few crops are considered as model systems for somatic
embryogenesis. The search for “regeneration powder”, the “Holy Grail” of somatic
embryologists, is still underway but never accomplished. Of the many non-classical
growth regulators known to influence somatic embryogenesis, arabinogalactan-proteins
(AGPs) are an attractive candidate to perhaps at least fill up the long-sought Holy Grail.
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In this chapter, several of the experiments that suggest an important role of
AGPs in somatic embryogenesis will be discussed. The system that has been
studied most frequently thus far is carrot suspension cultures. Important effects of
AGPs on this system have been observed by at least three different laboratories, all
using different sources, preparations, cultures and assay procedures. Thus, it
appears now well established that AGPs are important molecules in somatic
embryogenesis. Unfortunately, their mode of action, as well as whether the reported
effects are to be attributed to single AGPs, mixtures of AGPs, the entire intact
molecule or AGP fragments only, remains unclear.

2. EMBRYOGENESIS IN PLANTS

Before embarking on a discussion of the role of AGPs, it appears appropriate to
sketch a few aspects of embryogenesis to provide a backdrop for the particular
aspects of embryogenesis in which AGPs may be involved. In seed plants, pollen
transfer from anther to stigma initiates sexual reproduction. One of the two sperm
cells carried by the pollen grain fertilizes the egg cell in the flower's carpel, giving
rise to a fertilized egg cell or zygote. Zygotic embryos develop through a series of
characteristic morphological stages, which, in dicots, are the globular, heart, tor-
pedo, and bent-cotyledon stages. During this development, all distinct organs and
tissues present in the seedling are arranged in their proper positions, a process
called pattern formation. Along the apical-basal or longitudinal axis, the pattern
consists of the shoot apical meristem, cotyledons (embryonic leaves), hypocotyl
(embryonic stem) and radicle (embryonic root), including the root cap and root
meristem. Along the radial axis, another pattern is apparent as a concentric
arrangement of tissue types from outside to inside: the epidermis, ground tissue, and
central vascular system. In the model plant Arabidopsis (wall cress), the sequence
of cell divisions during zygotic embryogenesis is highly invariant, so the origin of
seedling organs and tissues appears traceable to specific cells in the early embryo.
However, except for the early epidermal cell fate, no clonally transmitted lineages
appear to be instrumental in pattern formation. Currently, numerous studies focus
on the molecular events underlying early plant embryo development, with the final
aim of understanding the molecular mechanisms that plants employ to generate
axes of polarity. Several studies involving mutants have emphasized that signaling
between the apical and basal compartments of the early zygotic embryo may be an
important mechanism employed by plants to set up and maintain an axis of polarity.
This hypothesis is of special relevance, because certain studies hint at a role of
AGPs in such apical-basal signaling in somatic embryos, resulting in change and/or
maintenance of different cell fates.

Like many, but not all, plant species, carrot (Daucus carota L.) and Arabidopsis
always form the apical-basal axis of the embryo in the same orientation relative to
the surrounding embryo sac. This orientation can be dependent on the
morphological polarity of the unfertilized egg cell, or imposed by the polar
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organization of the surrounding maternal tissues. Maize zygotes formed by in vitro
fusion of isolated egg and sperm cells acquire normal polarity in the absence of
maternal tissue (Breton et al 1995). Egg cells of certain plant species appear apolar,
or their polarity is reversed upon fertilization (Johri 1984), suggesting that axes of
polarity in plant cells do not generally require strict maternal control.

Examples of the ability in plants to reset axis formation are the formation of sec-
ondary embryos from suspensor cells if the primary embryo is aborted or arrested in
development (Schwartz et a/ 1994, Vernon and Meinke 1994, Yadegari et al 1994,
Yadegari and Goldberg 1997). This observation suggests that the apical part of the
embryo normally inhibits an “embryo” fate in suspensor cells. In twin2 (fwn2) mutants,
the development of the apical daughter cells of the zygote arrests after one or two
zygotic divisions, and subsequently multiple embryos are formed from suspensor cells
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