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Monoclonal antibodies (McAbs) generated against rhamnogalac- 
turonan I (RC-I) purified from suspension-cultured sycamore maple 
(Acer pseudoplafanus) cells fall into three recognition groups. Four 
McAbs (group I) recognize an epitope that appears to be immu- 
nodominant and is present on RC-I from maize and sycamore 
maple, pectin and polygalacturonic acid from citrus, gum traga- 
canth, and membrane glycoproteins from suspension-cultured cells 
of maize, tobacco, parsley, bean, and sycamore maple. A second 
set of McAbs (group I I )  recognizes an epitope present in sycamore 
maple RC-I but does not bind to any of the other polysaccharides 
or glycoproteins recognized by group 1. Lastly, one McAb, CCRC- 
M1 (group III), binds to RC-I and more strongly to xyloglucan (XC) 
from sycamore maple but not to maize RC-I, citrus polygaladu- 
ronic acid, or to the plant membrane glycoproteins recognized by 
group 1. lhe epitope to which CCRC-M1 binds has been examined 
in detail. Ligand competition assays using a series of oligosaccha- 
rides derived from or related to sycamore maple XC demonstrated 
that a terminal a-(142)-linked fucosyl residue constitutes an es- 
sentia1 part of the epitope recognized by CCRC-M1. Oligosaccha- 
rides containing this structural motif compete with intact sycamore 
maple XC for binding to the antibody, whereas structurally related 
oligosaccharides, which do not contain terminal fucosyl residues 
or in which the terminal fucosyl residue is linked a-(1+3) to the 
adjacent glycosyl residue, do not compete for the antibody binding 
site. lhe ligand binding assays also indicate that CCRC-M1 binds 
to a conformationally dependent structure of the polysaccharide. 
Other results of this study establish that some of the carbohydrate 
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epitopes of the plant extracellular matrix are shared among differ- 
ent macromolecules. 

The plant extracellular matrix comprises a complex array 
of polysaccharides, glycoproteins, phenolics, and possibly 
other macromolecules (see reviews by McNeil et al. [1984] 
and Carpita and Gibeaut [1993]). It has become increasingly 
clear that this macromolecular complex is a dynamic structure 
that plays important roles in plant growth and development 
(Roberts, 1990) and in the interactions of plants with other 
organisms and the environment (Hahn et al., 1989). Thus, it 
is important not only to elucidate the chemical structures of 
the macromolecular components of the plant extracellular 
matrix, but also to determine how these components are 
organized within the matrix and how their structures and 
interrelationships change with time and in response to dif- 
ferent stimuli. Molecular probes of known specificity are 
powerful tools with which to address these questions. 

The number and diversity of molecular probes available 
for studies of the plant extracellular matrix are limited (re- 
viewed by Hoson [1991] and Knox [1992]). Lectins and gly- 
cosylhydrolases have been of some value in localizing com- 
ponents in the extracellular matrix. However, the variety and 
specificity of such probes have been insufficient to localize 
a11 molecules present in plant cell walls. The potential of 
antibodies as specific molecular probes for analyzing the 
plant extracellular matrix has long been recognized (Roberts 
et al., 1985). A number of antibody probes have been utilized 
recently in plant studies to demonstrate cell type- and devel- 
opmental stage-specific changes in the distribution in plant 
tissues of the epitopes recognized by these antibodies (Staf- 
strom and Staehelin, 1988; Knox et al., 1989, 1990, 1991; 

Abbreviations: DP, degree of polymerization; Fab, monovalent 
antibody fragment; IC,,, concentration of a competitor required to 
inhibit the binding of an antibody to its ligand by 50%; McAb, 
monoclonal antibody; MeBSA, methylated bovine serum albumin; 
RG-I, rhamnogalacturonan I; TBS, 50 m Tris-HC1, pH 7.6, contain- 
ing 500 m NaCl; XG, xyloglucan. 
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Stacey et al., 1990; Pennell et al., 1991, 1992; Lynch and 
Staehelin, 1992; Vian et al., 1992). Antibodies have also been 
used to observe these epitopes in the biosynthetic and secre- 
tory machinery of plant cells (Moore and Staehelin, 1988; 
Northcote et al., 1989; Moore et al., 1991; Zhang and Stae- 
helin, 1992). The interpretation of these localization studies 
is limited by the extent to which the specificities of the 
antibodies have been characterized. 

Knowledge of the structures in plant complex carbohy- 
drates that are recognized by the antibodies generated thus 
far is limited. The binding specificities of polyclonal sera 
(Danielson and Gray, 1986; Moore et al., 1986; Hoson and 
Nevins, 1989; Northcote et al., 1989; Sone et al., 1989a, 
1989b; Vian et al., 1992; Kikuchi et al., 1993) are inherently 
difficult to define due to the heterogeneous nature of the 
antisera. Most of the McAbs generated against plant extra- 
cellular matrix components bind the immunodominant ara- 
binogalactan and/or arabinogalactan glycoprotein epitopes 
(Anderson et al., 1984; Knox et al., 1989, 1991; Pennell et 
al., 1989, 1991). The epitope structures recogiized by these 
antibodies have not been detennined in detail (Anderson et 
al., 1984; Brewin et al., 1985; Norman et al., 1986; Villanueva 
et al., 1986; Hahn et al., 1987; Knox et al., 1989, 1991; 
Pennell et al., 1989, 1991; Horsley et al., 1993). McAbs have 
also been generated against homogalacturonans (Liners et al., 
1989; Knox et al., 1990), callose [(1+3)-@-glucan)] (Meikle et 
al., 1991), and a mixed linkage glucan (Meikle et al., 1994). 
There remains a need for well-characterized McAbs directed 
against components of the plant extracellular matrix. 

We have initiated a research program to generate a library 
of McAbs that recognize diverse epitopes in plant cell-wall 
polysaccharides and to characterize, in as much detail as 
possible, the epitope structures recognized by those antibod- 
ies. The studies reported here focus on the pectic polysaccha- 
ride RG-I. RG-I is a large polysaccharide (Mr around 200,000) 
present in the primary cell walls of many plants (McNeil et 
al., 1980), and is probably a component of the walls of a11 
higher plants. RG-I has a backbone consisting of altemating 
a-2-linked L-rhamnopyranosyl and a-4-liked D-galactopyr- 
anosyluronic acid residues (Lau et al., 1985). Some of the 
rhamnosyl residues have side chains of diverse structures 
attached to 0-4  (McNeil et al., 1982; Lau et al., 1985, 1987; 
Ishii et al., 1989; Thomas et al., 1989). 

RG-I has been used previously to generate a polyclonal 
antiserum, albeit of low titer (Moore et al., 1986). Those 
studies demonstrated that RG-I is immunogenic. We report 
here the generation of the first stable hybridoma cell lines 
that secrete McAbs against RG-I. The reactivities of these 
McAbs with severa1 different plant cell-wall polysaccharides 
are described. In addition, we describe the characterization 
of the epitope structure recogruzed by CCRC-M1, an anti- 
RG-I McAb that binds even more strongly to XG, a hemicel- 
lulosic polysaccharide present in primary plant cell walls. 

MATERIALS AND METHODS 

Oligo- and Polysaccharides 

RG-I, purified as described (Lau et al., 1985; Lerouge et al., 
1993) from the mixture of pectic polysaccharides released by 

endopolygalacturonase from the cell walls of suspension- 
cultured sycamore maple (Acer pseudoplutanus) cells, was 
provided by D. Gollin and A. Whitcombe of this laboratory. 
XGs, prepared as described (York et al., 1990) from tamarind 
(Tumarindus indicus) seed and rapeseed (Brassica napus), were 
donated by W.S. York of this laboratory. XG from sycamore 
maple was purified as described (York et al., 1985) from the 
mixture of extracellular polysaccharides present in the me- 
dium of suspension cultures of these cells. RG-11, prepared 
as described (York et al., 1985; Marfá et al., 1991) from the 
mixture of pectic polysaccharides released by endopolygalac- 
turonase from the cell walls of suspension-cultured sycamore 
maple cells, was obtained from A. Whitcombe (of this labo- 
ratory) and covalently coupled, as described (Smith and 
Ginsburg, 1980), to ovalbumin by W. Steffan of this labora- 
tory. Arabinoxylan from wheat flour was obtained from 
Megazyme (North Rocks, Australia). Larchwood arabinoga- 
lactan, gum arabic from Acacia senegal, gum tragacanth from 
Astrugalus gummifer, and polygalacturonic acid (sodium salt) 
were purchased from Sigma. A mixture of 8-glucan fragments 
(“Void glucan” elicitor) was prepared by E. Bucheli of our 
laboratory from acid hydrolysates of the mycelial wails of 
Phytophthora megasperma f .  sp. glycinea (Hahn et al., 1992). 
The mo1 wt estimates used to calculate molar concentrations 
of the above polysaccharides are: XG = 100,000; RG-I = 
200,000; funga1 0-glucan = 100,000; and wheat arabinoxylan 
= 100,000. 

The structures of the oligosaccharides used in this study 
are shown in Figure 1. Oligosaccharides 1 and 2, and a 
mixture of octasaccharides 3 and 4, which were purified from 
endoglucanase digests of rapeseed and tamarind seed XGs 
(York et al., 1990), were the gift of W.S. York of this labora- 
tory. Compounds 5 and 6 were synthesized (Sakai et al., 
1990) and donated by T. Ogawa and his colleagues (RIKEN, 
Laboratory of Synthetic Cellular Chemistry, Wako, Japan). 
Oligosaccharide 7 was synthesized and donated by P. Sinay 
and his colleagues (École Normale Supérieure, Laboratoire 
de Chimie, Paris, France). Trisaccharide 8, L-FUC, L-rhamnose, 
D-Gal, 2-deoxy-~-Gal, and p-lactose were purchased from 
Sigma. Trisaccharides 9 and 10 and disaccharide 11 were 
obtained from BioCarb Chemicals (Lund, Sweden). 

Chemicals and Other Supplies 

A11 reagents used were of the highest grade available. p-  
Nitrophenyl phosphate and 3,3 ’,5,5’ -tetramethylbenzidene 
were from Pierce (Rockford, IL). 4-Chloro-l-naphthol, poly- 
L-LYS (Mr 70,000-150,000), ovalbumin, BSA (fatty acid free), 
and MeBSA were purchased from Sigma. Horse serum was 
from HyClone Laboratories (Logan, UT). Flat-bottom micro- 
titer plates, either polystyrene (Nunc) or Immulon 2 (Dyna- 
tech), were obtained from VWR Scientific (Marietta, GA) and 
Fisher Scientific (Pittsburgh, PA), respectively. Hybond-N’ 
nylon membranes were purchased from Amersham. Nitro- 
cellulose (BA85) was purchased from Schleicher & Schuell. 

Plant Materials 

Bean (Phaseolus vulgaris L. cv Pinto) seeds, obtained from 
a local seed merchant, were planted and grown as described 
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Figure 1. Structures of oligosaccharides used as competitive ligands for CCRC-M1. 

(De Lorenzo et al., 1990), except that the plants were grown 
in continuous darkness for 6 d. Bean hypocotyls were har- 
vested, sliced into small sections (1 cm), frozen in liquid 
nitrogen, and stored at -7OOC. 

Liquid cell-suspension cultures of maize (Zea mays L. cv 
Black Mexican Sweet), rice (Oyza sativa L. cv Yamabiko), 
and sycamore maple (Acer pseudoplatanus L.), which had 
been grown as described (Doares et al., 1989), were obtained 
from S. Doares of this laboratory. A liquid cell-suspension 
culture of parsley (Petroselinum hortense L.), which had been 
grown as described (Ragg et al., 1981), was obtained from J.- 
J. Cheong of this laboratory. A cell-suspension culture of 
tobacco (Nicotiana tabacum L.) was obtained from C.J. Lamb 
(Salk Institute, La Jolla, CA) and was maintained as described 
(Norman et al., 1986). Cells from actively dividing cultures 
were harvested by filtration on a porous glass filter, air dried 
for 2 min under suction on the filter, and frozen in liquid 
nitrogen. Frozen cells were stored at -7OOC until needed. 

Membrane Preparation 

Total membrane fractions were prepared from frozen bean 
hypocotyl sections or suspension-cultured cells of various 
plants by grinding frozen tissue to a powder in liquid nitrogen 
using a mortar and pestle. Homogenization buffer (25 m~ 
Tris-HC1, pH 7.4, containing 250 mM SUC, 3 mM EDTA, and 
5 mM DTT) was added to the frozen cell powder (3 mL/g 
fresh weight of cells) and the resultant slush was allowed to 
come to 4OC. A11 subsequent steps were camed out at 4OC. 
The cell homogenate was then filtered through a double layer 
of Miracloth and the filtrate was centrifuged at 2,OOOg for 10 
min. The pellet resulting from the low-speed centrifugation 
of bean hypocotyl extracts was retained and stored at -7OOC 
('bean cell wall"). The supematants from the low-speed cen- 
trifugations were decanted and centrifuged at 100,OOOg for 1 
h. The supematants were discarded and the membrane pel- 
lets were resuspended in homogenization buffer and stored 
at -7OOC until needed. Protein concentrations of the mem- 

brane preparations were estimated by the Bio-Rad Protein 
Assay based on the method of Bradford (1976) using bovine 
y-globulin as the standard. 

Glycosyl Residue Composition Analysis 

Glycosyl residue composition analyses were performed 
using the alditol acetate method as described (York et al., 
1985). 

Antibodies 

The generation and characterization of McAbs MH 3.2B4, 
MH 4.2A5, MH 4.3E5, and MH 4.4E4 have been described 
elsewhere (Hahn et al., 1987). McAbs PN 16.1B3 and I" 
16.1B4, originally generated from mice immunized with 
membranes prepared from suspension-cultured cells of Ni- 
cotiana glutinosa (Norman et al., 1986), were obtained from 
C.J. Lamb (Salk Institute, La Jolla, CA). Goat anti-mouse Ig 
conjugated to horseradish peroxidase was purchased either 
from Bio-Rad or from Pierce. Goat anti-mouse Ig conjugated 
to alkaline phosphatase was from Pierce. Goat anti-mouse K 

light chain-specific antibody coupled to horseradish peroxi- 
dase was purchased from Fisher Scientific. Antibody-enzyme 
conjugates were used in solution as supplied or reconstituted 
with deionized water according to the suppliers' instructions. 

Generation of Hybridomas 

Immunogen was prepared essentially following a protocol 
that was first used to generate antibodies against acidic alga1 
polysaccharides (Vreeland, 1970) and that had also been used 
to generate a polyclonal antiserum against RG-I (Moore et 
al., 1986). The RG-I was mixed with an equal amount (weight 
basis) of MeBSA in distilled water. The polysaccharide/ 
MeBSA mixtures were injected into female Balb/c mice (ob- 
tained from Harlan-Sprague Dawley, Indianapolis, IN) ac- 
cordmg to one of the three immunization schedules described 
below. 
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Schedule A (three mice) consisted of one intraperitoneal 
injection of a mixture of 100 p L  containing 100 pg each of 
RG-I and MeBSA and 100 pL of complete Freund’s adjuvant 
(Freund, 1956). The initial injection was followed 4 weeks 
later by an intraperitoneal injection of the same amount of 
immunogen with incomplete Freunds adjuvant (Freund, 
1956). A final injection of 50 pg of RG-I and 50 pg of MeBSA 
in 50 p L  of sterile water was given intravenously 4 d later. 
Splenectomy was performed 3 d after the final immunization. 

Schedule B (three mice) consisted of one intraperitoneal 
injection of a mixture of 100 pL containing 100 pg each of 
RG-I and MeBSA and 100 pL of complete Freunds adjuvant. 
The initial injection was followed by four weekly intraperi- 
toneal injections of the same amount of immunogen with 
incomplete Freund’s adjuvant. A final injection of 50 pg of 
RG-I and 50 pg of MeBSA in 50 1 L  of sterile water was given 
intravenously 3 d prior to splenectomy (32 d after initial 
injection). 

Schedule C (two mice) consisted of one intraperitoneal 
injection of a mixture of 500 pL of PBS (10 mM sodium 
phosphate, pH 7.2, containing 150 mM NaCI) containing 70 
pg each of RG-I and MeBSA and 500 pL of complete Freund’s 
adjuvant. The initial injection was followed 2 weeks later by 
an intraperitoneal injection of the same amount of immuno- 
gen with incomplete Freund’s adjuvant. A third intraperito- 
neal immunization with the same amount of immunogen in 
1 mL of PBS, but without adjuvant, followed 10 weeks later. 
Another injection with 25 pg of RG-I and 25 pg of MeBSA 
in 1 mL of PBS was given 2 weeks later. This injection was 
repeated twice more at 2-week intervals and splenectomy 
was performed 4 d after the final immunization. 

Fusions were performed using freshly isolated splenic lym- 
phocytes from one mouse each from the schedule A and B 
immunizations, and two mice from the schedule C immuni- 
zations. Lymphocytes were fused with a murine myeloma 
cell line (SP2/0-Ag14 [Shulman et al., 19781 for A and B, and 
X63-Ag8.653 [Kearney et al., 19791 for C) and the resulting 
hybridomas were grown as described (Pratt, 1984; Zola, 1987; 
Harlow and Lane, 1988). Hybridoma culture supematants 
from initial hybridoma colonies were screened for antibodies 
against sycamore maple RG-I using a dot-blot immunoassay. 
Positive cell lines were expanded, cloned by limiting dilution, 
cryopreserved, and at least 1 L of their culture supematants 
was collected for further analyses. 

lmmunoassays 

Do t-  Blo t Assa y 

A piece of nitrocellulose membrane was prewetted in TBS 
and placed in a dot-blot manifold (Bio-Rad). Polysaccharide 
antigen solutions (50 pL), made up in deionized water, were 
applied to the membrane (20 pg/dot). The antigen solutions 
and a11 subsequent solutions, with the exception of the 
washes, were allowed to filter through the membrane by 
gravity flow. After washing the dots with TBS (200 pL), 
nonspecific antibody-binding sites were blocked with 5 % 
(v/v) horse serum in TBS (200 pL). The dots were then 
washed with TBS containing 0.1% (v/v) horse serum. Hy- 
bridoma culture supematants (50 pL) were applied to the 

dots. After the antibody incubation, the dots were washed 
with TBS containing 0.1% horse serum (3 X 200 pL) and 
then treated with goat anti-mouse Ig-horseradish peroxidase 
conjugate (diluted 1:3000 in TBS containing 0.1% horse 
serum). After another washing cycle with TBS containing 
0.1% horse serum, the membrane was removed from the 
manifold and bound antibodies were visualized with 4- 
chloro-1-naphthol as described (Hahn et al., 1987). Color 
development was stopped by washing the membrane in 
deionized water. 

Competitive dot-blot immunoassays with CCRC-M1 were 
camed out as described above except for the following mod- 
ifications. Hybond-N+ nylon membranes were used as the 
solid support. Sycamore maple XG (about 0.25 pmol/dot [25 
ng/dot]) was used as the immobilized antigen. CCRC-Ml 
hybridoma culture supematant (100 pL) was preincubated 
with various concentrations of the oligosaccharide or poly- 
saccharide competitors in TBS for 4 h at 37OC prior to 
application to the dots. Control hybridoma culture supema- 
tant was preincubated under the same conditions in the 
absence of competitors. Dot intensities were quantified with 
two-dimensional densitometric scans using a Bio-Rad video 
densitometer and software provided by the manufacturer. 
Background readings for dots without sycamore maple XG 
that had been incubated with untreated CCRC-Ml hybrid- 
oma supematant were subtracted from a11 values. Competitor 
inhibition of antibody binding to the immobilized XG is 
reported as a percentage of the signal obtained with the 
antibody in the absence of competitors. 

ELlSA 

Solutions (50 pL) of polysaccharides were prepared in 20 
mM potassium phosphate, pH 7.8, unless otherwise indicated, 
and applied to the wells of a flat-bottom microtiter plate. The 
polysaccharide solutions were allowed to evaporate to dry- 
ness overnight at 37OC. AI1 subsequent operations were car- 
ried out at room temperature. Nonspecific antibody binding 
sites were blocked by incubation for at least 1 h with 1% 
(w/v) ovalbumin in TBS (200 pL). Solutions were removed 
from the wells at the end of incubations by flicking the plate 
over a sink and blotting residual solution droplets adhering 
to the plate on a paper towel. Hybridoma culture supematant 
solutions (50 pL) were added to the wells and incubated for 
1 h. The wells were then washed with TBS containing 0.1% 
(w/v) ovalbumin (3 X 200 pL). McAb binding was detected 
using one of the following two secondary antibody-enzyme 
conjugates. Wells were incubated for 1 h with 50 pL of goat 
anti-mouse Ig-alkaline phosphatase conjugate (diluted 
1 : lOOO in TBS) and then washed with TBS (5 X 200 pL). The 
alkaline phosphatase activity was measured using p-nitro- 
phenyl phosphate as substrate (50 pL of a 1 mg/mL solution 
in 100 mM sodium bicarbonate, pH 9.5, containing 1 II~M 
MgCI2). The alkaline phosphatase was inactivated after 30 
min by addition of 3 N NaOH (50 pL). The p-nitrophenol 
liberated was quantified by measuring the difference in A405 
versus A492 using a microplate reader (Flow Laboratories, 
McLean, VA) interfaced with a computer (software supplied 
by Lee Pratt, Department of Botany, University of Georgia). 
Altematively, goat anti-mouse Ig-horseradish peroxidase 
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conjugate (1:5000 dilution in TBS) was used. The wells were 
washed as above. Peroxidase was assayed with 3,3’,5,5’ 
tetramethylbenzidene (100 pL of a 0.1 mg/mL solution in 50 
mM sodium phosphate, pH 5.0, containing 24 m~ citric acid 
and 0.03% H202) as substrate. The peroxidase was inacti- 
vated after 4 min by addition of 0.5 N H2S04 (100 pL) and 
the difference in A450 versus A620 was measured as above. 

Competitive ELISAs were camed out as above except for 
the following modifications. Sycamore maple XG (about 0.25 
pmol [25 ng]/well) was immobilized on the bottom of poly- 
L-Lys-coated microtiter plate wells as described (Ohbayashi 
et al., 1989). CCRC-Ml hybridoma culture supematants were 
preincubated with different concentrations of oligo- or poly- 
saccharides in TBS for 4 h at 37OC prior to application to the 
wells. Calculations for competitor activities were analogous 
to those described above for the competitive dot-blot assay. 

Western Blots 

Total cellular membranes (1 mL, containing 6-12 mg of 
protein) were diluted with 2 mL of 50 mM Tris-HC1, pH 7.4, 
containing 500 mM NaCl and 1% (w/v) 3-[(3-cholamidopro- 
py1)dimethylammoniol-1-propanesulfonate, and the result- 
ing suspension was gently stirred for 1 h at 4OC. Insoluble 
membrane debris was pelleted by centrifugation at 100,OOOg 
for 1 h. Solubilized membrane proteins (40 pg) were applied 
to a discontinuous SDS-polyacrylamide gel (5% acrylamide 
stacking gel, 10% acrylamide running gel) and electrophoresis 
was camed out in the presence of 0.1% (w/v) SDS as de- 
scribed (Laemmli, 1970). A sample of prestained mo1 wt 
standards (Bio-Rad) was also run on the same gel. Immuno- 
blotting of the separated proteins was camed out as described 
(Towbin et al., 1979; Hahn et al., 1987). 

lsotyping of McAbs 

The immunoglobin classes to which the various McAbs 
belonged were detennined using the HyClone Mouse Mono- 
clonal Sub-isotyping kit (HyClone Labs) according the in- 
structions supplied with the kit. 

Detection of Periodate-Sensitive Epitopes 

The periodate sensitivity of epitopes in RG-I recognized by 
various McAbs was determined as described (Woodward et 
al., 1985), except that the polysaccharide was attached to the 
microtiter plates and the ELISA was carried out as described 
above. 

Preparation of CCRC-M1 Fab 

CCRC-M1 was purified from hybridoma culture superna- 
tants using a Quick Mab antibody purification column (Ster- 
ogene Bioseparations, Inc., Arcadia, CA) according to the 
manufacturer’s instructions. Purified CCRC-Ml antibody (72 
pg) in 300 pL of digestion buffer (100 m~ sodium acetate, 
pH 5.5, containing 50 mM Cys and 1 m~ EDTA) was mixed 
with 100 pL of a 50% (v/v) suspension of immobilized papain 
(Pierce) in digestion buffer and incubated ovemight with 
constant mixing at 37OC. Proteolytic digestion was stopped 
by centrifuging the reaction mixture in a tabletop centrifuge 

and decanting the supematant. The degree of hydrolysis of 
CCRC-Ml was deterrnined by SDS-PAGE using a PhastGel 
gradient gel (10-15% acrylamide, Pharmacia) according to 
the supplier’s instructions. Protein bands were visualized by 
silver staining as described (Blum et al., 1987). No intact 
heavy chain was observed on the gel (data not shown), 
indicating that formation of the Fab had gone to completion. 

RESULTS 

Selection and Characterization of Hybridoma Cell Lines 
Secreting Antibodies against RG-I 

Dot-blot immunoassays were used to screen hybridoma 
culture supematants for antibodies reactive with sycamore 
maple RG-I. A total of 2085 hybridoma lines were screened, 
yielding 68 positive lines. Twelve of these 68 lines were 
cloned by limiting dilution. Ten of these 12 lines came from 
a single mouse from immunization schedule C. Of these 12 
lines, 7 were stable through cryopreservation, thawing, and 
recloning. The antibodies secreted by the hybridoma lines 
belong to one of two isotype classes: IgM (CCRC-M2, CCRC- 
M8, CCRC-M9) and IgG, (CCRC-M1, CCRC-M5, CCRC- 
M7, CCRC-M12). A11 light chains are of the K class. 

Effect of Periodate Treatment on the Binding of McAbs to 
Sycamore Maple RG-I 

Pretreatment of sycamore maple RG-I with 10 m~ period- 
ate under mildly acidic conditions abolishes more than 90% 
of the binding of six of the seven antibodies generated in this 
study, and 73% of the seventh (CCRC-M9). Under acidic 
conditions, periodate cleaves vicinal hydroxyl groups (Bob- 
bitt, 1956), such as those found in many carbohydrate struc- 
tures. The results of the periodate treatment provide evidence 
that the epitopes in RG-I recognized by the antibodies gen- 
erated in this study are at least in part carbohydrate in nature. 

Binding of the McAbs to Plant Cell-Wall Polysaccharides 

The ability of the antibodies obtained in this study to bind 
to plant cell-wall polysaccharides was tested in ELISAs. Sev- 
era1 McAbs previously generated against N .  tabacum meso- 
phyll protoplasts (MH series) (Hahn et al., 1987) or N. gluti- 
nosa membranes (PN series) (Norman et al., 1986) were also 
included in the screens. The seven antibodies generated in 
the present study fall into three groups based on their abilities 
to bind to different plant cell-wall polysaccharides (Fig. 2). 
Group I antibodies bind to RG-I from sycamore maple and 
maize and to gum tragacanth (Fig. 2A). The MH series McAbs 
and PN 16.1B3 also belong to this group. Group I1 antibodies 
bind only to sycamore maple RG-I (Fig. 2B). The group 111 
antibody binds strongly to XG and RG-I from sycamore 
maple (Fig. 2C). PN 16.4B4, a McAb that binds to an arabi- 
nogalactan glycoprotein in N .  glutinosa (Norman et al., 1990), 
binds, in our studies, only to gum arabic (data not shown). 

Binding of the McAbs to Detergent-Solubilized Plant 
Membrane Proteins 

The ability of one representative McAb from each group 
(see Fig. 2) to bind to proteins solubilized from plant mem- 
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Figure 2. Abilities of McAbs to bind to a variety 
of plant cell-wall polysaccharides in ELISAs. 
Polysaccharides tested were: sycamore maple 
XG (S-XG); tamarind seed XG (T-XG); sycamore 
maple RG-I (S-RG-I); maize RG-I (M-RG-I); sy- 
camore maple RG-ll-ovalbumin conjugate (S- 
RG-II-OVA); gum arabic; gum tragacanth; larch- 
wood arabinogalactan (L-AG); citrus pectin; 
and polygalacturonic acid (PGA). Polysaccha- 
rides (50 ng/well) were applied to lmmulon 2 
microtiter plates and ELlSAs were performed as 
described in “Materials and Methods.” All an- 
tibodies were tested at the same time and the 
assay was repeated three times. A representa- 
tive assay is shown. The numbers below each 
bar are the to A620 corrected for t h e  back- 
ground reading obtained without antigen. 
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brane preparations was detennined in protein immunoblots. 
The antibodies in groups I1 and 111 (represented by CCRC- 
M2 and CCRC-Ml, respectively) do not bind to the solubi- 
lized membrane proteins (Fig. 3). In contrast, CCRC-M7, a 
representative of group I, binds polydisperse species from 
several plants with M;s between 39,000 and 130,000. ELISAs 
confirmed that the McAbs in group I bind to epitopes present 
in the membranes of several species, whereas the group I1 
and group 111 antibodies do not (data not shown). 

Fuc Content of Cell-Wall Polysaccharides 

The Fuc contents of several cell-wall polysaccharides, given 
in Table I, correlate with the ability of CCRC-Ml to bind to 
the polysaccharides (see below). 

Binding of CCRC-M1 to Cell-Wall Polysaccharides 

The binding of CCRC-M1 to XGs from several sources and 
to sycamore maple RG-I was detennined first in indirect 
ELISAs. CCRC-Ml binds most efficiently to XGs from rape- 

seed and sycamore maple (data not shown). The detection 
range for rapeseed XG is between 0.03 and 20 ng/well, and 
for sycamore maple XG it is between 0.08 and 20 ng/well 
(half-maximum binding for both at 0.5 ng/well). Sycamore 
maple RG-I, the immunogen used to generate CCRC-M1, is 
recognized less efficiently by the antibody, having a detection 
range about 100 times higher (8-4000 ng/well). In contrast, 
the XG isolated from tamarind seed is very weakly detected 
by CCRC-Ml, binding maximally only about 10% as much 
of CCRC-Ml as the XGs from the other plants, and that only 
when at least 1000 times more tamarind seed XG is applied 
to the microtiter plate. 

The differences observed in indirect ELISAs in the binding 
of CCRC-Ml to the different polysaccharides could poten- 
tially have arisen from a differential ability of the polysac- 
charides to adhere to the microtiter plates. As a control for 
this possibility, competitive ELISAs were performed in which 
sycamore maple XG was used as the immobilized antigen 
and various polysaccharides were used to competitively in- 
hibit the binding of CCRC-Ml to the immobilized XG. All 
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1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7

Figure 3. Western immunoassay of binding of McAbs to detergent-
solubilized plant membrane proteins. Detergent-solubilized pro-
teins (14 Mg/lane for tobacco, 40 Mg/lane for all others) were sepa-
rated by SDS-PACE, and immunoblotting of the separated proteins
was carried out as described in "Materials and Methods." Samples
loaded were: lanes 1, tobacco; lanes 2, sycamore maple; lanes 3,
rice; lanes 4, parsley; lanes 5, bean cell wall; lanes 6, bean; lanes 7,
molecular mass standards. McAbs used as primary antibodies were
CCRC-M2 (A), CCRC-M1 (B), and CCRC-M7 (C). Positions of mo-
lecular mass markers are indicated.

three of the XGs tested, as well as sycamore maple RG-I,
competitively inhibit the binding of CCRC-M1 to immobi-
lized sycamore maple XG, albeit with different efficiencies
(Fig. 4). The most effective competitor is rapeseed XG. Syca-
more maple XG is 2-fold less effective, whereas sycamore
maple RG-I and tamarind seed XG are approximately 100-
and 1000-fold less effective as competitors, respectively
(Table I). An arabinoxylan from wheat and a fungal /3-glucan
preparation from P. megasperma, at the highest concentrations
tested (10 and 100 mg/mL, respectively), do not compete
with sycamore maple XG for binding to CCRC-M1 (Table I).

in Figure 1. Since attempts to bind the oligosaccharides
directly to insoluble supports (either nylon membrane or
plastic microtiter plate) failed, the relative affinity of CCRC-
Ml for the various oligosaccharides was investigated in com-
petitive ligand binding studies against sycamore maple XG.
Of the tested oligosaccharides released from XG by endog-
lucanase digestion (compounds 1-4), only nonasaccharide 1
competes with intact XG for antibody binding (Fig. 5). In fact,
nonasaccharide 1 is the most effective competitor of all the
oligosaccharides tested (/C50 =13 ^m) (Table II). Neither the
heptasaccharide (compound 2) nor a mixture of two isomeric
octasaccharides (compounds 3 and 4), which all lack the
terminal fucosyl residue, measurably inhibit binding of
CCRC-M1 to intact XG, even at the highest concentration
tested (500 ̂ M). These results confirm that the terminal
fucosyl residue is an essential structural element of the epi-
tope recognized by CCRC-M1.

A number of synthetic or commercially available Fuc-
containing oligosaccharides structurally related to XG were
tested for their ability to compete with intact XG for binding
to CCRC-M1 (Fig. 5). Those oligosaccharides that contain a
terminal fucosyl residue linked a-(l—*2) to a galactosyl resi-
due compete with intact XG in proportion to the size of the
oligosaccharide. Thus, hepta- and pentasaccharides 5 and 6,
which contain the complete Fuc-containing side chain of XG
plus four and two backbone glucosyl residues, are 2- and 3-
fold less efficient competitors than nonasaccharide 1 (Table
II). Trisaccharides 7, 8, and 10 are less effective competitors,
each having an /C50 about 100-fold higher than the nonasac-
charide. Disaccharide 11 has an 7C50 about 500 times higher
than the nonasaccharide 1. The only oligosaccharide exam-
ined that contains a terminal fucosyl residue but does not
competitively inhibit CCRC-M1 binding to intact XG over
the concentration range tested (<10 ITIM) is trisaccharide 9

Ligand Competition Immunoassays Using Oligo- and
Monosaccharides

The epitope on XG recognized by CCRC-M1 was further
characterized using the collection of oligosaccharides shown

Table I. Comparison of the Fuc content of selected polysaccharides
with their relative abilities to inhibit the binding of CCRC-M1 to
sycamore maple XC

Polysaccharide

Rapeseed XG
Sycamore maple XC
Sycamore maple RG-I
Tamarind seed XG
Fungal /3-glucan
Wheat arabinoxylan

/C50"
nM

0.49 ± 0.27
1.0 ±0.36
54 ±4.1

630 ± 44
>106

>105

Fucb

mo/ %

16
15
3.3
0
0

n.d.

' The /C50 is defined as the concentration of the polysaccharide
required to give 50% inhibition of the binding, in competitive
ELISAs, of CCRC-M1 to immobilized sycamore maple XC (see Fig.
3). Data are the averages of three replicates ± so. b Fuc content
determined using the alditol acetate method as described in the
text, n.d., Not determined.

100

co 75

0) 50

25

- 3 - 2 - 1 0 1 2 3 4

Competitor ( Log [ n9/mL ])

Figure 4. Competitive inhibition of the binding of CCRC-M1 to
sycamore maple XG by plant cell-wall polysaccharides. Sycamore
maple XC (5 nmol/well) was immobilized to the bottom of polyly-
sine-coated flat-bottom microtiter plates and nonspecific antibody
binding sites were blocked with BSA as described in "Materials and
Methods." CCRC-M1 hybridoma culture supernatants were prein-
cubated for 4 h at 37°C with various concentrations of another
polysaccharide prior to application to the plates. The ELISAs were
carried out as described in "Materials and Methods." The polysac-
charides tested as competitors were: rapeseed XC (•), sycamore
maple XC (D), tamarind seed XG (O), sycamore maple RC-I (•).
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Competitor ( Log [ pMollL ] ) 

Figure 5. Competitive inhibition by Fuc-containing oligosaccha- 
rides of binding of CCRC-M1 to sycamore maple XG. Sycamore 
maple XG (5 nmol/dot) was applied to a sheet of Hybond-N+ 
membrane and nonspecific antibody binding sites were blocked 
with horse serum as described in ”Materials and Methods.” CCRC- 
M1 hybridoma culture supernatants were preincubated with various 
concentrations of an oligosaccharide for 4 h at 37°C prior to 
application to the dots. The dot-blot assay was carried out as 
described in “Materials and Methods.” Competitors used were: 
nonasaccharide 1 (-+-), heptasaccharide 5 (-U-), penta- 
saccharide 6 (--O--), trisaccharide 7 (...O ...), trisaccharide 8 
(--A-), trisaccharide 10 (-O-), disaccharide 11 (-O--), and 
Fuc (-A-). The structures of the numbered oligosaccharides are 
shown in Figure 1. The competition curve for sycamore maple XG 
(--O-) is shown for reference. 

(Table 11), which contains a terminal fucosyl residue linked 
a-(1+3) to a glucosyl residue (Fig. 1). Lactose [P-Ga l - ( ld ) -  
Glu] i s  not recognized by CCRC-Ml, even at a concentration 
of 2.5 M (Table 11). 

Severa1 monosaccharides were tested for their ability to 
inhibit binding of CCRC-M1 to intact XG. L-FUC is the only 
monosaccharide tested that is able to inhibit binding of 
CCRC-M1 to XG (Fig. 5), although i t s  IC,, of 170 ITLM makes 
it roughly 105 times less effective than nonasaccharide 1 
(Table 11). 

Comparison of the Abilities of CCRC-M1 Fab and 
CCRC-M1 to Bind to Sycamore Maple XG 

The abilities of sycamore maple XG and XG nonasaccharide 
(compound 1) to prevent the binding of CCRC-Ml and the 
Fab derived from CCRC-Ml to immobilized sycamore maple 
XG were compared to estimate the binding constant for the 
CCRC-Ml binding site. CCRC-Ml and its Fab are equally 
inhibited f rom binding to immobilized XG by sycamore maple 
XG (Fig. 6). The apparent Ka for the binding of CCRC-Ml to 
XG is about 5 nM. Nonasaccharide 1 (Fig. 1) i s  about 10-fold 
more effective in inhibiting binding of the CCRC-M1 Fab to 
immobilized sycamore maple XG than in inhibiting binding 
of the intact antibody. 

DlSCUSSlON 

The McAbs described in this report fall into three groups, 
each w i th  a distinct pattern o f  recognition o f  different plant 
cell-wall polysaccharides. Two of these groups (groups 11 and 

Table II. Comparison of the relative abilities of mono- and 
oligosaccharides and sycamore maple XG to inhibit the binding of 
CCRC-MI to immobilized sycamore maple XG 

Compound“ /C.nb 

Sycamore maple XG 
XG oligosaccharides (DPs 17-22)c 
Nonasaccharide 1 
Heptasaccharide 5 
Pentasaccharide 6 
Heptasaccharide 2 
Mixture of octasaccharides 3 and 4 
Trisaccharide 10 
Trisaccharide 7 
Trisaccharide 8 
Disaccharide 11 
Trisaccharide 9 
L-FUC 
Lactose 
2-Deoxy-o-Gal 
L-Rhamnose 
o-Gal 

~~ 

ITlM 

0.000001 f 0.00000036 
0.0063 f 0.0003 

0.013 f 0.012 
0.027 f 0.023 
0.036 f 0.034 

>0.5 
>0.5 

1 
2 f 0.2 
2 f 0.2 

6.3 f 0.69 
>1 o 

170 2 40 
>2,500 
>3,300 

>10,000 
>10,000 

a Compound numbers refer to oligosaccharides whose structures 
are given in Figure 1. The IC,, is  defined as the concentration 
of a mono- or oligosaccharide required to give 50% inhibition of 
the binding of CCRC-M1 to immobilized sycamore maple XG (see 
Fig. 5). Competitive dot-blot assays were carried out as described 
in “Materials and Methods.” Data are the averages of three inde- 
pendent assays k SD, with the exception of compound 10, which 
was only assayed twice. Mixture of XG oligosaccharides re- 
leased from sycamore maple XG by endoglucanase digestion (His- 
amatsu et al., 1992). 

-1 O 1 2 3 4  5 

Competitor ( Log [ nMollL ] ) 

Figure 6. Competitive inhibition by sycamore maple XG and XG 
nonasaccharide of the binding of CCRC-M1 and its Fab to XG. 
Sycamore maple XG (50 ng/well) was immobilized on the bottom 
of poly-L-Lys-coated microtiter plate well as described in “Materials 
and Methods.” Purified CCRC-M1 (38 ng/mL) (O, O) and its Fab 
(380 ng/mL) (m, O) were preincubated for 3 h at 37°C with either 
sycamore maple XG (U, O) or nonasaccharide 1 (O, O) prior to 
application to the plate. Bound antibody and Fab were detected 
using goat anti-mouse K light chain-horseradish peroxidase conju- 
gate (1:2000 in TBS containing 0.2% ovalbumin) and tetramethyl- 
benzidene as the substrate as described in the text. Data are 
reported as a percentage of controls that had been preincubated 
in the absence of competitors. 
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111) have a pattern of reactivity (Fig. 2) that differs from a11 
McAbs against plant complex carbohydrates reported to date. 

The epitope in plant arabinogalactans recognized by the 
group I antibodies differs from epitope(s) recognized by 
McAbs against arabinogalactans obtained in other studies 
(Anderson et al., 1984; Hahn et al., 1987; Knox et al., 1989, 
1991; Pennell et al., 1989; Norman et al., 1990; Horsley et 
al., 1993). At least four of the previously generated anti- 
arabinogalactan antibodies bind to gum arabic (Knox et al., 
1989; Pennell et al., 1989, 1991), a polysaccharide that does 
not bind significantly to any of the antibodies described in 
the present study (Fig. 2). 

The group I1 McAbs ( e g  CCRC-M2 and CCRC-M5) are 
the first that bind to RG-I without binding to other pectic 
polysaccharides. There is only one known structural differ- 
ence between the RG-1s of cereals and dicots: the absence of 
fucosyl residues in cereal RG-I (Thomas et al., 1989). How- 
ever, the failure of the group I1 antibodies to bind other 
polysaccharides that have terminal fucosyl residues (Fig. 2B) 
makes it unlikely that the terminal fucosyl residues are a 
major part of the epitope recognized by these antibodies. 

CCRC-M1 is the first McAb that binds an epitope in XG, 
a hemicellulosic polysaccharide. It is noteworthy that CCRC- 
M1 binds to XG from sycamore maple but not to tamarind 
seed XG. The only known structural difference between the 
two XGs is the absence of terminal fucosyl residues in ta- 
marind seed XG (York et al., 1990). Terminal fucosyl residues 
are also present in sycamore maple RG-I (McNeil et al., 1980). 

Several workers have reported the generation of polyclonal 
antisera against XG using, as immunogen, either the intact 
polysaccharide (Moore et al., 1986; Vian et al., 1992) or XG 
oligosaccharides covalently linked to protein (Sone et al., 
1989a, 1989b). XG oligosaccharides have been used in com- 
petitive immunoassays to demonstrate the specificity of a 
polyclonal antiserum for xylose-containing epitopes in XG 
from tamarind seed (Sone et al., 1989a, 1989b). However, 
the ability of that antiserum to bind to other plant cell- 
wall polysaccharides was not examined. Another polyclonal 
antiserum against XG (Moore et al., 1986) binds to syca- 
more maple and tamarind XGs, to a graminaceous monocot 
o-( 1+3)-( 1-4)-linked glucan, and to solubilized but not to 
crystalline cellulose (Lynch and Staehelin, 1992). However, 
the epitopes recognized by the antiserum were not character- 
ized in greater detail. Thus, CCRC-Ml is the first well- 
characterized McAb that binds to XG. 

Ligand competition assays using defined oligosaccharides 
establish that a terminal fucosyl residue linked 4 + 2 )  to 
another glycosyl residue is an essential structural feature of 
the epitope recognized by CCRC-M1. All of the oligosaccha- 
rides tested that contain such a terminal fucosyl residue bind 
to the antibody (Fig. 5, Table 11). Furthermore, free Fuc is 
also able to compete for the antibody combining site, albeit 
only at millimolar concentrations (Fig. 5, Table 11). Oligosac- 
charides that lack a terminal fucosyl residue (i.e. compounds 
2, 3, and 4, and lactose) or in which the terminal fucosyl 
residue is linked differently to the adjacent glycosyl residue 
(compound 9)  are unable to compete for the antibody com- 
bining site (Table 11). In addition, purified sycamore laccase, 
a glycoprotein whose oligosaccharide side chains contain 
terminal fucosyl residues linked a-(1+6) and ~ ( 1 - 3 )  to N- 

acetylglucosaminyl residues (Takahashi et al., 1986), is not 
recognized by CCRC-Ml (our unpublished results). 

Several lines of evidence demonstrate that, although the 
terminal fucosyl residue is a dominant part of the epitope 
recognized by CCRC-M1, it is not the only structural feature 
in XGs recognized by this McAb. First, the ability of Fuc- 
containing oligosaccharides to compete for the CCRC-Ml 
combining site increases over 2.5 orders of magnitude of 
concentration as the size of the oligosaccharide increases. 
Disaccharide 11 is the least effective competitor tested that 
inhibits binding of XG to CCRC-M1, whereas a mixture of 
XG oligosaccharides having DPs of 17 to 22 is the most 
effective oligosaccharide competitor tested (Table 11). Such a 
size dependence would not be exhibited if the antibody were 
recognizing only the terminal fucosyl residue. Second, the 
best single oligosaccharide competitor tested, nonasaccharide 
1, is, nevertheless, about 10,000 times less effective than 
intact sycamore maple XG in competing for the antibody 
combining site. Even the mixture of larger XG oligosac- 
charides (DP 17-22) is 5000-fold less effective than the 
intact polysaccharide. Finally, tamarind seed XG, a polysac- 
charide that has no detectable Fuc (York et al., 1990) and 
confirmed here) is also a better competitor (20-fold) than 
nonasaccharide 1. 

Two possible explanations come to mind for the difference 
in the behavior of polymeric XG and XG oligosaccharides in 
the competitive binding assays. First, the superior ability of 
intact XG compared with XG oligosaccharides to compete for 
the antibody combining site could be a reflection of the 
antibody’s avidity for a multivalent antigen. A single mole- 
cule of CCRC-M1 might bind to a single molecule of XG 
using both of its combining sites (CCRC-Ml is an IgGl and 
thus has two binding sites), since the Fuc-containing side 
chain is present many times in intact XG. If CCRC-Ml binds 
simultaneously to two epitopes, the effective binding constant 
(or avidity) for XG would be approximately equal to the 
square of the binding constant for a single antibody combin- 
ing site binding to a single epitope. However, since the 
polysaccharide is a 1000-fold more effective competitor than 
the nonasaccharide for the single combining site of the Fab 
of CCRC-Ml (Fig. 6), the hypothesis that divalent binding 
sites account for the greater avidity of CCRC-M1 for the 
polysaccharide is ruled out. 

An alternative explanation is that CCRC-M1 recognizes a 
conformation that is favored in polymeric XG but that is only 
infrequently adopted by XG oligosaccharides of the sizes 
tested in this report. A XG dimer, formed by hydrogen 
bonding between the glucan backbones, is one possible con- 
formation of the polysaccharide that is not adopted by the 
oligosaccharides (Bauer et al., 1973; Valent and Albersheim, 
1974). Indeed, the most energetically favored conformation 
of oligomers of the sizes tested here (DPs 5 21) is thought to 
be one in which the backbone adopts a twisted conformation 
(Levy et al., 1991), a conformation that is not conducive to 
the formation of hydrogen bonds between the backbone 
chains. 

Evidence that XGs adopt different conformations as they 
increase in sue is demonstrated by their ability to bind iodine 
once their mo1 wt increases to 20,000 (Hayashi et al., 1984). 
Thus, CCRC-Ml might identify the size of XGs at which the 
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iodine-binding conformational transition occurs. Such a con- 
formationa1 transition may be relevant to the role of XGs in 
plant cell wall assembly and growth. 

The binding and ligand competition experiments may pro- 
vide additional insight into the nature of the polysaccharide 
binding site on CCRC-Ml. We propose that the binding site 
consists of a groove, into which the polysaccharide chain fits, 
with one or more pockets into which the terminal fucosyl 
residues fit. Groove- and pocket-type binding sites on anti- 
bodies have been previously proposed based on results from 
ligand binding and molecular modeling studies (Cisar et al., 
1975; Glaudemans, 1987; Oomen et al., 1991). X-ray crystal- 
lographic evidence of a pocket-type site on a McAb against 
a bacterial O-antigen oligosaccharide has been obtained (Cy- 
gler et al., 1991). We hypothesize that XG oligosaccharides 
having the terminal a-( 1+2)-linked fucosyl residue interact 
with both the pocket and groove, thereby interfering with 
binding of the polysaccharide. We propose that an oligosac- 
charide lacking the terminal fucosyl residue (e.g. oligosaccha- 
rides 2, 3, or 4) cannot bind to the antibody combining site 
because the interactions with the pocket are absent and the 
number of interactions with the groove are insufficient to 
hold the oligosaccharide. On the other hand, a polysaccharide 
that lacks the terminal fucosyl residues, such as tamarind XG, 
is bound despite the absence of contributions from the pocket 
sites because of the larger number of interactions with the 
groove. 

Knowledge of the epitope of CCRC-M1 will assist in the 
interpretation of studies directed toward the localization of 
this epitope on polysaccharides in plant cell walls and on 
biosynthetic intermediates of plant cell wall polysaccharides 
in Golgi cistemae (Zhang and Staehelin, 1992). However, it 
must be kept in mind that McAbs are epitope- and not 
necessarily antigen-specific, and that carbohydrate epitopes 
are frequently present on a spectrum of glycoconjugates. For 
example, CCRC-Ml can bind to both XG and RG-I in syca- 
more maple cells (Fig. 4), although RG-I is recognized about 
50-fold less effectively by the antibody (Table I). Thus, the 
ligand specificity results reported here suggest caution in the 
interpretation of localization results. 

The characterization of the specificities of the McAbs gen- 
erated in this study have revealed some interesting relation- 
ships between different glycoconjugates present in the plant 
extracellular matrix. The cross-reactivity of the group I McAbs 
with plant cell-wall polysaccharides and plant membrane 
glycoproteins (Figs. 2 and 3) provides unambiguous evidence 
that these different types of macromolecular glycoconjugates, 
both of which are present at the plant cell surface, share 
carbohydrate structures in common. Furthermore, the cross- 
reactivity of CCRC-Ml with RG-I and XG (Figs. 2C and 4) 
confirms that these two polysaccharides, which differ signif- 
icantly in structure and properties, have at least one structural 
feature in common, namely a terminal fucosyl residue linked 
4 1 4 2 )  to a galactosyl residue (Lau et al., 1987; York et al., 
1990). The occurrence of similar carbohydrate structures on 
different macromolecular glycoconjugates suggests that plant 
cells use a common biosynthetic pathway for the synthesis 
of these macromolecules (Driouich et al., 1993). 
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