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Arabinogalactan-proteins (AGPs) are a diverse class of
plant cell surface proteoglycans implicated in a range of
fundamental processes associated with plant cell develop-
ment. Anti-AGP monoclonal antibodies have been used
extensively for the investigation of the developmental reg-
ulation of AGPs although virtually nothing is known about
the structure of the carbohydrate epitopes recognised by
these antibodies. In this report, a series of methyl glyco-
sides of monosaccharides and a range of oligosaccharides
that are elements of the carbohydrate component of AGPs
have been investigated for recognition by previously de-
rived anti-AGP monoclonal antibodies. No clear evidence
was obtained for the involvement of terminal arabinofura-
nosides, nor of the galactan backbone, in the recognition
of the glycan structure of AGPs by any of the antibodies
used in this study. Interestingly, the most effective inhibitor
of the binding of the monoclonal antibodies MAC207,
JIM4 and JIM13 to exudate gum antigens was an acidic
trisaccharide, isolated from a partial acid hydrolysate of
gum karaya which has the structure: GlcA/3(l —> 3)
GalAa(l —* 2)Rha, determined by a combination of
FAB-MS, GC-MS and NMR spectroscopy.
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Introduction

Arabinogalactan-proteins (AGPs) are a class of abundant
proteoglycans found at the plant cell surface and are
predominantly associated with the plasma membrane and
extracellular secretions. Although the functions of AGPs
are unknown it has been speculated that they may have
roles as lubricants, in nutrition or in some aspect of
plant cell recognition (Clarke et ai, 1979; Fincher et ai,
1983; Chasan, 1994). The addition of isolated AGPs
to carrot cell cultures has been reported to influence
development (Kreuger and van Hoist, 1993), and AGPs
have been implicated in the control of plant cell prolifera-
tion (Basile and Basile, 1993; Serpe and Nothnagel,
1994). The generation and use of monoclonal antibodies

recognizing arabinogalactan-proteins has demonstrated
the extensive regulation of AGP carbohydrate epitopes
in relation to early stages of cell development in roots,
shoots and embryos further implicating this class of plant
cell surface molecule in aspects of plant cell development
(Knox et ai, 1989; Pennell and Roberts, 1990; Stacey et
ai, 1990; Knox et ai, 1991; Pennell et ai, 1991; Schindler
et ai, 1995).

The arabinogalactan component of AGPs is known to
contain a range of complex oligosaccharide structures in-
volving not only arabinose and galactose but also other
sugars. The structure of these arabinogalactans, known as
type II, generally consists of a /3(1 —» 3)-linked galactan
backbone with /3(1 —» 6)-linked branches consisting of
/3(1 —> 6)-galactan chains which can be heavily 3-substi-
tuted with arabinose residues and also substituted with
other sugars including xylose, rhamnose, fucose, glucuronic
acid, galacturonic acid and uronic acid 4-O-methyl deriva-
tives (Clarke et ai, 1979; Fincher et ai, 1983; Saulnier et
ai, 1992). Certain anti-AGP monoclonal antibodies are
known to recognize carbohydrate containing epitopes as
demonstrated by their sensitivity to periodate oxidation
and by the ability of certain monosaccharides to act as
hapten inhibitors (Pennell etai, 1989). In most cases, how-
ever, the characterization of epitope structures has pro-
gressed no further than the identification of these monosac-
charide haptens.

Recently, we have characterized the occurrence of epi-
topes for a panel of anti-AGP monoclonal antibodies in
samples of commercially available exudate gums—arabic,
karaya, ghatti and tragacanth (Yates and Knox, 1994), and
these gums are therefore a possible abundant source of
oligosaccharide fragments for the elucidation of epitope
structure (Stephen et ai, 1990). In addition, we have em-
barked on a programme aimed at the synthesis of potential
oligosaccharide components of the backbone, branch re-
gions and terminal structures of AGPs to aid epitope char-
acterization and for the preparation of novel immunogens.
Here, we report details of some of these compounds and
their efficacy as inhibitors of anti-AGP monoclonal anti-
body binding. Although arabinose is capable of inhibiting
the binding of monoclonal antibodies MAC207, JIM14 and
JIM15, none of the corresponding methyl glycosides of
arabinose are, and an a-L-arabinofuranosidase had no ef-
fect on the binding of these antibodies to gum arabic. We
also report the isolation and structural characterisation of
an acidic trisaccharide from gum karaya which acts as the
most effective inhibitor of binding of the monoclonal anti-
bodies MAC207 (Pennell et ai, 1989), JIM4 (Knox et ai,
1989) and JIM13 (Knox et ai, 1991) so far characterized.
These results represent the first step towards a full elucida-
tion of the complex oligosaccharide structures recognized
by these antibodies.
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Table I. Concentrations (mg/ml) of haptens required for a 50% reduction in monoclonal antibody binding as determined in a competitive
inhibition ELISA assay with gum arabic as immobilized antigen

Hapten Concentration for 50% inhibition of binding of McAb

MC207 JIM4 JIM13 JIM14 JIM15 LM2

(1) L-Ara
(2) L-Araf-a(l-O-Me)
(3) L-Araf-/3(1-O-Me)
(4) L-Arap-a(l-O-Me)
(5) L-Arap-/3(1-O-Me)

(6) D-GlcA
(7) D-GlcpA-/3(l-O-Me)

(8) D-Galp-/3( 1 -6)-D-Galp-/3( 1 -O-Me)
(9) D-Galp-/3( 1 -3)-D-Galp-/3( 1 -O-Me)

(TO) L-Araf-a(I -3)-D-Galp-/3( 1 -O-Me)
(11) L-Arap-a(l-3)-D-Galp-/3(l-O-Me)

(X) D-GlcpA-/3(l-3)-D-GalpA-a(l-2)-L-Rha

0.6 >5 >5

1.7
0.3

1.0
0.08

1.1
0.07

0.002 0.003 0.002

A dash in the above table signifies that the compound exhibited no inhibition of antibody binding at concentrations up to 10 mg/ml; >5 indicates
that there was some inhibition of antibody binding by the compound at concentrations greater than 5 mg/ml. The binding of monoclonal
antibodies J1M8 and JIM16 was not inhibited by the presence of any of the compounds listed in this table.

Results
Mono- and disaccharide methyl glycosides as haptens for
anti-AGP monoclonal antibodies
A series of anti-AGP monoclonal antibodies has pre-
viously been characterized. These are MAC207 (Pennell
etai, 1989);JIM4(Knoxefa/., 1989), JIM13, JIM14, JIM15
and JIM16 (Knox et al., 1991); and LM2 (Smallwood el
al., 1996). The binding of these antibodies to their diverse
antigens in plant tissues and exudate gums is sensitive to
periodate oxidation indicating the recognition of carbohy-
drate epitopes.

L-Ara and D-GlcA are effective haptens for the anti-
AGP monoclonal antibody MAC207 (Pennell et al., 1989),
and at higher levels Ara is also capable of the inhibition
of binding of JIM14 and JIM15 (Table I). D-GlcA is a
more effective hapten for JIM15 than L-Ara and D-G1CA
alone is an effective hapten for LM2 (Table I). The binding
of the anti-AGP monoclonal antibodies JIM4, JIM13 and
JIM16 cannot be inhibited by any monosaccharide haptens
so far tested. In an attempt to determine further details
of the epitope structures recognized by these AGPs methyl
glycosides of L-Ara and D-G1CA were obtained or synthe-
sized and their effectiveness to act as competitive inhibitors
in ELISA assays determined. The results, shown in Table
I, indicated that, surprisingly, none of the methyl-L-arabi-
nosides were recognized by MAC207, JIM14, or JIM15
even though Ara could inhibit binding of these antibodies
when present at high levels. In contrast, the )3-methyl-D-
glucuronoside was more effective than GlcA in the inhibi-
tion of binding of MAC207, JIM15 and LM2.

Disaccharide elements of the /3(1 —* 3)-galactan back-
bone and the (3(\ —» 6)-galactan side chains, characteristic
of the glycan structure of AGPs were also synthesised
chemically and found to be ineffective haptens for the
antibodies (Table I). Furthermore, disaccharides con-
taining L-arabinopyranoside and L-arabinofuranoside a(\
—> 3) coupled to methyl galactoside were also ineffective
haptens (Table I).

To explore further the apparent lack of involvement of
the methyl-arabinosides in antibody recognition an a-L-
arabinofuranosidase was used to treat the immobilized an-
tigens of gum arabic in an ELISA assay prior to incubation
with anti-AGP monoclonal antibodies. No decrease in
binding of anti-AGP monoclonal antibodies to gum arabic
was observed, while an anti-hydroxyproline-rich-glycopro-
tein antibody, JIM11 (Smallwood et al., 1994) showed a
strong reduction in binding (data not shown).

These observations indicate that terminal arabino-L-fu-
ranosides are not a major component of the epitopes recog-
nized by the anti-AGP monoclonal antibodies MAC207,
JIM4, JIM13, JIM14, JIM15 and JIM16. The significance
of the inhibition of binding of three of the antibodies by
Ara is uncertain.

An oligosaccharide (X), isolated from a partial acid
hydrolysate of gum karaya, is recognized by MAC207,
JM4 and JIM13
The monoclonal antibodies are reactive with samples of
the exudate gums (Yates and Knox, 1994). Partial acid
hydrolysates of gum arabic and gum karaya were also ac-
tive in competitive inhibition assays (data not shown). A
preparation obtained by partial acid hydrolysis of gum
karaya (Aspinall and Nasir-ud-din, 1965; Aspinall and
Sanderson, 1970) was found to contain a component that
was an effective inhibitor of three of the antibodies. This
component, which was designated oligosaccharide X, was
purified to one peak by HPAEC-PAD chromatography
and was found to be an effective inhibitor of the binding
of the monoclonal antibodies MAC207, JIM4 and JIM13,
as determined by competitive inhibition ELISA assays as
indicated in Table I. Total hydrolysis of a sample of oligo-
saccharide X followed by HPAEC-PAD chromatography
indicated the presence of Rha, GalA and GlcA as deter-
mined by co-chromatography with authentic samples of
the three monosaccharides (data not shown). The structure
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Fig. 1. Positive FAB spectrum of perdeuteroacetylated derivative of oligosaccharide X. Matrix derived peaks are marked
mlz 343 is consistent with an A-type fragment ion Hex% probably derived from a minor contaminant.

850 900 m/z

with a cross. The peak at

of the purified oligosaccharide was determined by a variety
of techniques.

FAB-MS of oligosaccharide X
Oligosaccharide X was perdeuteroacetylated and sub-
jected to positive fast atom bombardment mass spectrome-
try (FAB-MS) (Figure 1). Major signals at m/z 831 [M +
NH4]

+ and m/z 751 (A-type fragment ion) are consistent
with an oligosaccharide of composition (HexA)2Deoxy-
Hex in which one HexA is lactonised after derivatisation.
Lactonisation of acidic sugars is commonly observed dur-
ing the derivatisation procedure (Khoo et al., 1993). The
signals at m/z 249 and 515 are assigned to A-type fragment
ions of composition HexAL

+ and HexALHexA+ respec-
tively (where the subscript L designates the lactone). Addi-
tional fragment ions at m/z 503 and 531 correspond to
beta-cleavage and ring cleavage ions, respectively, arising
from loss of the lactonised HexA from m/z 751.

The perdeuteroacetylated sample was also analysed by
FAB-MS in the negative mode (data not shown). A major
signal was observed at m/z 812 consistent with the [M-H]~
molecular ion of composition HexALHexADeoxyHex. A
major peak was present at m/z 564 consistent with loss of
HexAL by beta cleavage suggesting that the lactonised
HexA occupies a terminal position in the derivatised oligo-

saccharide. The strong negative spectrum and the observa-
tion of [M-H]~ rather than [M+anion]~ indicates that the
deuteroacetylated sample still retains a functional group
which can lose a proton readily, thus providing further
evidence for the presence of HexA.

Oligosaccharide X was perdeuteromethylated and run
in the positive FAB-MS mode. A major signal at m/z 709
was present consistent with [M+Na]+ of (HexA)2Deoxy-
Hex (data not shown).

GC-MS analysis of oligosaccharide X
The monosaccharide composition of oligosaccharide X was
established by gas chromatography-mass spectrometry of
trimethylsilyl (TMS), methyl glycoside derivatives. By
comparison of both retention time and El-mass spectra
the DeoxyHexose component of the acidic trisaccharide
was identified as Rha and the two Hexuronic acids were
identified as GlcA and GalA (Table II).

Taken together the FAB-MS and GC-MS data suggest
the sequence (GlcA, GalA)-Rha for oligosaccharide X.

Determination of rhamnose linkage by periodate
oxidation/FAB-MS
Oligosaccharide X was deuteroreduced and subjected to
mild periodate oxidation followed by reduction and per-
methylation. The FAB spectrum of the products gave a
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strong signal at m/z 589 which is consistent with the ammo-
niated molecular ion of (HexA)2 attached to a three carbon
fragment derived from rhamnitol (Figure 2). This is the
result expected when periodate cleaves between the vicinal
hydroxyls of carbon 3 and carbon 4 of 2-linked rhamnitol.
A-type fragment ions for (HexA)2

+ and HexA+ are also
present at m/z 451 and 233, respectively.

Table II. Monosaccharide composition of oligosaccharide X. Major
peaks recorded in the total ion chromatogram were identified by
retention time and the diagnostic fragment ions of their El spectra

Retention time (min)

10.42

15.92*
16.12
16.27

16.63
16.70
16.87*
17.00

Diagnostic fragment ions

204, 290, 305

159, 204,217, 331
159, 204,217, 331
159, 204, 217, 331

159, 204, 217, 331
159. 204, 217, 331
159,204,217, 331
159, 204, 217, 331

; Monosaccharide

Rhamnose

Galacturonic acid
Galacturonic acid
Galacturonic acid

Glucuronic acid
Glucuronic acid
Glucuronic acid
Glucuronic acid

*Major peak.

FAB-MS study of anomeric configurations
Anomeric configurations were investigated using chro-
mium trioxide oxidation monitored by FAB-MS (Khoo
and Dell, 1990) after protection of the carboxyl groups by
esterification. To facilitate spectral interpretation esterifi-
cation was carried out using a 1:1 (v/v) mixture of
methanol/deuteromethanol. The spectrum of the oxidised
product was dominated by a cluster of A-type fragment
ions at m/z 620, m/z 623, and m/z 626 (1:2:1) which
corresponds to (HexA)2

+ which has been oxidised at a
single site only (data not shown). No signals were observed
for the A-type for non-reducing HexA, either oxidised or
unoxidised. These data suggest that oxidation had taken
place at the non-reducing HexA but not at the penultimate
residue, a result that would be expected if the terminal
HexA has the configuration /3 and the internal HexA has
the configuration a. The FAB results are consistent with
the results from the NMR experiments.

NMR spectroscopy of oligosaccharide X
The 'H NMR spectrum of oligosaccharide X, shown in
Figure 3, was assigned by a combination of TOCSY and
DQF COSY spectra using the anomeric and methyl signals
(from Rha) as points of entry into the spectra (Figure 3).

iCDHOMe

[HexA]2-O-^CH
I

3CH2OMe

440 460 480 500 520 540 560 580 600 6^0 640
0.0E0

m/z

Fig. 2. Positive FAB spectrum of oligosaccharide X after mild periodate cleavage. The sample was deuteroreduced prior to periodate treatment to
introduce a D atom at Cl of rhamnitol. Matrix derived peaks are marked with a cross. The peaks at mlz 445, 459 and 489 are unassigned and
probably arise from minor contaminants.
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The TOCSY spectrum revealed the spin systems belonging
to the constituent monosaccharides and the connectivity
within each spin system was then traced through the DQF
COSY spectrum to allow the 'H assignment to be com-
pleted (Table III). The 13C spectrum was assigned by an
inverse detected 'H/'3C shift correlation method, once the
full 'H spectrum had been assigned, employing hetero-
nuclear multiple quantum coherence spectroscopy
(HMQC) (van Halbeek, 1990). Anomeric configurations
were determined by measurement of 3JHm2 coupling con-
stants. Measurement of 3JHI.H2 (Table III) indicated the a
and /3 configurations for the HI signals of Rha, the a
configuration for GalA and (1 configuration for GlcA. The
two signals for HI and H2 of a-GalA corresponding to
the a and j8 anomers of the reducing end residue were
assigned on the basis of their relative intensities. In the
case of the HI signal from GlcA, which lay under the
HOD peak at 30°C the temperature was raised to 40°C,
separating the signal from the HOD peak and allowing
the coupling constant to be measured (Table III). As ex-
pected this signal integrated for one proton.

Analysis of the 13C spectrum (Table IV) revealed three
highly shifted resonances which are unambiguously as-
signed as C2 of Rha (for both the a and /3 anomers at the
reducing end) and C3 of GalA indicating the positions of

the glycosidic linkages. In addition, the 'JC, H coupling
constant for the a rhamnose anomer was 171 Hz in
agreement with reported value of 170 Hz (Colquhuon et
al., 1990).

Two sets of signals, for HI to H6(CH3) in the 'H spec-
trum and for Cl to C6 in the 13C spectrum, are observed
for Rha indicating that this is the reducing end residue
(corresponding to a and /3 anomers) and two sets of signals
are observed for HI and H2, and Cl and C2 of GalA
indicating that this is the residue adjacent to the reducing
end residue. Only one set of signals is observed for the
non-reducing terminal GlcA. The pattern of chemical shifts
for Cl signals is consistent with this sequence.

The positions of coincident signals (H3, H5 from a-Rha,
H3, H4 from /3-Rha, and H3, H4 from /3-GlcA) are all
clearly indicated in the TOCSY spectrum by an apparent
lack of signals and in the DQF COSY spectrum. The con-
nectivity was traced from HI to H2 to H3 and from CH3
to H5 to H4 in a-Rha to reveal H3 and H5 as coincident
and the integration of these signals is consistent with this.
As expected, H4 showed connectivity to the H3/H5 posi-
tion but showed no connectivity with either HI, H2 or
CH3. Furthermore, the I3C signals for these positions (C3,
C5) could not be resolved but corresponded to a broad,
intense signal in the 'H/'3C shift correlation spectrum. In
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Table III. 'H Chemical

a-Rha (RE)

/3-rha (RE)

a-GalA (a at RE)

a-GalA (/3 at RE)

0-GlcA (NRE)

shift assignments (ppm)

HI

5.248
(1.53)
4.951

5.088
(3.97)
5.208

(3.66)
4.724

(7.90)**

and selected 3JHH

H2

3.999

4.069

4.011

4.027

3.440

coupling constants

H3

3.891*

3.670*

4.145

4.145

3.537*

(Hz) of oligosaccharide X

H4

3.523

3.670*

4.564

4.564

3.537*

H5

3.891*

3.377

4.676

4.676

3.738

H6, 6', 6"

1.332

1.302

—

—

*, Indicates that resonances are coincident.
RE and NRE signify reducing end residue and non-reducing end residue, respectively.
**, This coupling constant was measured at 40°C and the two reducing end forms (a and /3 Rha) for the HI signal of GlcA could be resolved.

the case of/3-Rha, the connectivity was traced from HI to
H2 to H3 to H4 and from CH3 to H5 to reveal H3 and H4
as coincident. In this case, the 'H/13C correlated spectrum
showed two cross peaks (C3, C4) which could not therefore
be unambiguously assigned. For /3-GlcA, the connectivity
was traced from HI to H2 to H3 and from H5 (a doublet)
to H4 to reveal H3 and H4 as coincident, and therefore
the two cross peaks in the 'H/BC shift correlation are also
ambiguously assigned.

These results are also consistent with spectra of other
rhamnose and uronic acid containing compounds and with
the spectrum of Rha (King and Bishop, 1974; de Bruyn et
al. 1976; McNeil et al. 1984; Cassels et al. 1990; Colquhoun
et al. 1990; Livant et al., 1992).

In summary, the analyses indicated that oligosaccharide
X is a trisaccharide with the structure GlcA/3(l —> 3)
GalAa(l -» 2)Rha.

Discussion

While Ara at high levels leads to a reduction in binding
of MAC207, JIM14 and JIM15 to gum arabic, none of the
corresponding methyl arabinosides, which may reasonably
be expected to serve as more realistic models of the ring
forms of Ara present in AGPs, showed any inhibition of
antibody binding at up to 10 mg/ml. Furthermore, gum
arabic which is known to contain terminal a-L-arabinofura-
nose residues (Stephen et al., 1990) showed no reduction
in its affinity for the anti-AGP monoclonal antibodies when
treated with an a-L-arabinofuranosidase and maintained
considerable capacity to interact with the antibodies after
partial acid hydrolysis (data not shown). These observa-
tions indicate that terminal Ara/ residues appear to play
little role in the binding of the panel of antibodies to AGPs.
The significance of the ability of Ara to inhibit the binding
of three of the antibodies, and the role for Ara in epitopes
recognized by the anti-AGP antibodies used in this report,
therefore remains uncertain.

In contrast, the capacity of GlcA to inhibit the binding
of antibodies MAC207, JIM15 and LM2 was substantiated
by the relative increased effectiveness of methyl-/3-glucuro-
noside to act as a hapten inhibitor (Table I).

The involvement of uronic acid in the epitope recognized
by MAC207 was further implicated by the structural eluci-
dation of an effective hapten oligosaccharide isolated from

Table IV. 13C Chemical shift assignments/ppm for oligosaccharide X.

Cl C2 C3 C4 C5 C6

a-Rha (RE) 94.6 79.2 71.7 76.6 71.7 19.9
/3-Rha (RE) 97.2 82.9 60.5* 75.4* 74.8 19.9
a-GalA (a at RE) 100.7 71.7 82.5 73.3 74.9 n.m.
a-GalA (0 at RE) 104.2 70.1 82.5 73.3 74.9 n.m.
/3-GlcA (NRE) 106.7 76.3 74.9* 78.0* 80.3 n.m.

*, Indicates that the assignment may need to be reversed because the
proton signals are coincident.
n.m. indicates that these resonances were not measured.

gum karaya that has been determined to have the structure
GlcA/3(l -»3)GalAa(l -»2)Rha. This acidic trisaccharide
is the most effective hapten inhibitor of MAC207 so far
characterized and, furthermore, is the first identified hap-
ten inhibitor of binding of the monoclonal antibodies JIM4
and JIM13. This acidic trisaccharide has previously been
identified as a component of gum karaya (Aspinall and
Nasar-ud-din, 1965; Aspinall and Sanderson, 1970). In ad-
dition, the structure of the acidic trisaccharide contains
similar structural features to the repeating unit of a muci-
lage from Abroma augusta which has recently been re-
ported (Nakar et al., 1994). It is not yet known which
structural features of this trisaccharide are responsible for
interaction with the antibodies. As the GalAa(l —» 2)Rha
linkage is characteristic of the pectic polysaccharides
(McNeil et al., 1984) and the AGP antibodies do not recog-
nize pectic polysaccharides the GlcA/3(l —» 3)GalA com-
ponent may be important for recognition. This is likely in
the case of MAC207 which is also inhibited by GlcA and
Me-/3-GlcA. It is however, of interest that JIM15 and LM2
which are both inhibited by GlcA and Me-/3-GlcA are not
inhibited by this trisaccharide, perhaps indicating that in
the epitope recognised by these antibodies the putative
GlcA is not attached to a further uronic acid.

The antibodies MAC207, JIM4 and JIM13 recognize
distinct epitopes at the plant cell plasma membrane. This is
most clearly demonstrated by their recognition of different
patterns of cells at the carrot root apex. MAC207 binds
to the plasma membrane of all cells, JIM4 binds to only
two sets of double-layered pericycle cells and JIM13 binds
to cells in the region of the developing xylem (Knox et al.,
1989, 1991). The work reported here suggests that these
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