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Automated glycan assembly of galactosylated
xyloglucan oligosaccharides and their recognition
by plant cell wall glycan-directed antibodies†

Pietro Dallabernardina,a,b Colin Ruprecht,a Peter J. Smith,c Michael G. Hahn, c
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We report the automated glycan assembly of oligosaccharides

related to the plant cell wall hemicellulosic polysaccharide xylo-

glucan. The synthesis of galactosylated xyloglucan oligosacchar-

ides was enabled by introducing p-methoxybenzyl (PMB) as a tem-

porary protecting group for automated glycan assembly. The gen-

erated oligosaccharides were printed as microarrays, and the

binding of a collection of xyloglucan-directed monoclonal anti-

bodies (mAbs) to the oligosaccharides was assessed. We also

demonstrated that the printed glycans can be further enzymati-

cally modified while appended to the microarray surface by

Arabidopsis thaliana xyloglucan xylosyltransferase 2 (AtXXT2).

Xyloglucan (XG) is the most abundant hemicellulosic polysac-
charide in the primary cell walls of higher plants.1 By hydro-
gen bonding to cellulose microfibrils, a cellulose-XG network
is formed that provides the cell wall with both strength and
flexibility.2,3 Xyloglucans are composed of a β-(1,4)-D-glucan
backbone decorated with α-D-xylopyranosyl (Xylp) residues at
O-6, which are often further extended by addition of galactosyl
and fucosyl substituents. To date, 24 different naturally occur-
ring xyloglucan side-chain structures have been identified.4

Despite this diversity, galactose substitution at O-2 of one or
more of the xylose residues is present in all plant species,
suggesting that this modification plays an important structural
or functional role in the plant cell wall.5,6

Distinct glycan epitopes in structurally different XGs can be
localized in plant cell walls by performing fluorescent
microscopy of plant material after staining with cell wall
glycan-directed monoclonal antibodies.7 Many antibodies are

available that recognize different molecular structures in
XGs.8–10 However, the limited information that is available on
their epitope specificity prevents a comprehensive interpret-
ation of the differential binding patterns obtained with XG-
directed antibodies. To determine the precise epitopes bound
by these antibodies, well-defined oligosaccharides are required
that can either be obtained by purification from plants11 or by
chemical synthesis. Unlike the preparation by enzymatic
hydrolysis of natural XG, chemical synthesis can provide XG
oligosaccharides whose diversity is not limited by the specifici-
ties of hydrolytic enzymes.

Despite their importance as tools for plant cell wall biology,
only a few examples of syntheses of XG oligosaccharides have
been reported. The only chemical solution-phase synthesis of
XG oligosaccharides beyond tetrasaccharides was reported by
Sakai et al., and in this case a XG nonasaccharide was
assembled based on a block coupling approach using glyco-
sylimidate donors.12 Libraries of larger XG oligosaccharides
have been prepared by chemo-enzymatic synthesis using
glycosynthase enzymes.13 However, the diversity of accessible
products was limited by the substrate specificity of the
glycosynthases and the availability of oligosaccharide starting
materials obtained by enzymatic digestion of XG polymers.

We recently reported the synthesis of xyloglucan oligosac-
charides15 using automated glycan assembly,16 a powerful
technology for the synthesis of plant cell wall
oligosaccharides.17–21 The oligosaccharides were printed as
microarrays22 and the epitopes for several antibodies recogniz-
ing XG were partially determined.23 However, our original col-
lection did not contain galactosylated oligosaccharides; there-
fore, no galactose-specific antibodies could be identified.
Herein, we report the automated glycan assembly of a new
glycan collection, including the synthesis of two galactosylated
XG oligosaccharides and their use in a microarray-based assay
to investigate the epitopes for a number of additional XG-
directed antibodies.

We selected building blocks (BBs) 1–4 for automated glycan
assembly of the XG oligosaccharides (Fig. 1). While the selec-
tion of BBs 1 and 4 as typical monosaccharide BBs was
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straightforward, we decided to introduce the xylosyl residues
using disaccharide BBs 2 and 3. Our previous work has shown
that it is advantageous to avoid difficulties in the stereo-
selective formation of α-xylosidic linkages by using disacchar-
ide BBs where this challenging linkage has been preinstalled.
Both disaccharide BBs were equipped with a temporary levinu-
loyl protecting group for chain elongation. In BB 3, an
additional temporary protecting group was installed at the C2-
position of the xylopyranose to enable attachment of an
additional galactose residue. We chose p-methoxybenzyl
(PMB)24 as a non-participating protecting group, as opposed to
2-naphthylmethyl (NAP), which was previously used in auto-
mated glycan assembly of xylan oligosaccharides,20 since we
had observed the occasional loss of primary benzyl groups
during oxidative cleavage of NAP ethers. To ensure β-selectivity
in the glycosylation reactions, all BBs were equipped with
benzoyl esters (Bz) in the C2-position. Dibutyl phosphate was
used as the leaving group for all BBs because they resulted
in improved conversion compared with the corresponding

Fig. 1 Schematic representation of the hemicellulosic polysaccharide
xyloglucan and the monosaccharide building blocks required for the
automated assembly of representative oligosaccharide fragments.

Scheme 1 Automated glycan assembly of XG oligosaccharides 6–11. Reagents and conditions: (a) 1 or 2 × 3.7 equiv. BB 1, TMSOTf, CH2Cl2, −30 °C
(5 min) → −15 °C (30 min) or 2 × 3.7 equiv. BB 2, TMSOTf, CH2Cl2, −35 °C (5 min) → −15 °C (35 min); 2 × 3.7 equiv. BB 3, TMSOTf, CH2Cl2, −35 °C
(5 min) → −10 °C (35 min) or 2 × 3.7 equiv. BB 4, TMSOTf, CH2Cl2, −35 °C (5 min) → −20 °C (40 min) (Module A); (b) 3 cycles of 20% NEt3 in DMF,
25 °C (5 min) (Module B); (c) N2H4·OAc (155 mM) in pyridine/AcOH/H2O 4 : 1 : 0.25, 25 °C (30 min) (Module C); (d) 1 cycle DDQ (0.1 M) in DCE/
MeOH/H2O 64 : 16 : 1, 40 °C (20 min) (Module D); (e) CH2Cl2, hν (305 nm); (f ) NaOMe, THF/MeOH, 12 h; (g) H2, Pd/C, EtOAc/MeOH/H2O/HOAc,
12 h. 6: 14%; 7: 10%; 8: 36%; 9: 42%; 10: 13%; 11: 8% (yields are based on resin loading). The letter code below the structures refers to a common
nomenclature of XG oligosaccharides.14
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thioglycoside donors (see ESI†). BBs 1–4 were synthesized as
previously reported or in analogy (see ESI†).15,19

The automated glycan assembly of cellulose and XG oligo-
saccharides 6–9 was performed by iterative addition of BBs 1
and 2 to linker-functionalized resin 5,25 UV-induced cleavage
of the photo-labile linker, and subsequent global deprotection
to remove all remaining benzoyl ester and benzyl ether protect-
ing groups (Scheme 1). To obtain galactosylated XG oligo-
saccharide 10, the oligosaccharide backbone was assembled
using BBs 1 and 3, followed by oxidative cleavage of the PMB
group, then glycosylation of the resulting free hydroxyl with
galactose BB 4. For removal of the PMB group, a single incu-
bation cycle with 0.1 M DDQ was sufficient, while six cycles of
DDQ treatment are normally required to remove NAP groups
on the solid phase.20 During the glycosylation reaction with BB
3, we observed small amounts of side products that resulted
from the loss of the PMB group under the acidic glycosylation
conditions followed by glycosylation of the free hydroxyl with
additional equivalents of disaccharide BB 3. Consequently,
further experiments suggested that the formation of these
side products can be suppressed using lower glycosylation
temperatures.

For assembly of XG oligosaccharide 11, two different reac-
tion sequences are conceivable: (i) the galactose is attached to
the fully assembled oligosaccharide backbone or (ii) the PMB
group is cleaved immediately after glycosylation with disac-
charide BB 3 and the resulting free hydroxyl at the xylose
residue is galactosylated with BB 4 followed by Lev cleavage
and final glucosylation with BB 1. Initially, we tested the
second approach but did not observe any conversion to the
desired compound. This might result from steric hindrance by
the galactose, preventing further extension of the backbone.
Fortunately, when the full oligosaccharide backbone was
assembled first, we were able to obtain the desired XG oligo-
saccharide 11 in satisfactory overall yield.

We printed the newly synthesized compounds, together
with the previously prepared XG oligosaccharides, on microar-
ray slides and probed the binding specificities of 23 xyloglu-
can-directed mAbs. Using this approach we identified nine
mAbs that bind to galactosylated XG oligosaccharides (Fig. 2).
Strong binding of most of these antibodies suggests that a
single galactosyl residue β-1,2-linked to xylose is sufficient for
these antibodies to bind. While the galactosyl moiety was
essential for these mAbs to bind, we were able to further
characterize mAb CCRC-M87, which also displays weak
binding to several XG oligosaccharides that lack galactose sub-
stitution (Fig. 2).

Although it was previously shown that the 23 mAbs evalu-
ated in this study bind non-fucosylated natural xyloglucan
polymers in ELISA experiments,10 many of the mAbs did not
recognize any of the printed XG oligosaccharides (ESI Fig. 1†).
In contrast to natural XG polysaccharides in which the galac-
tose substituents are located at defined xylose residues of a
highly xylosylated glucan backbone, the synthetic glycans con-
tained only single side chains; therefore, we hypothesized that
more complex substitution patterns might be required for

recognition for a subset of the mAbs. To enzymatically attach
additional xylosyl residues to the chemically synthesized XG
oligosaccharides, we incubated the glycan microarray with
Arabidopsis thaliana xyloglucan xylosyltransferase 2 (AtXXT2)
and UDP-xylose.26,27 AtXXT2 is an α-1,6-D-xylosyltransferase
that transfers a xylosyl residue from UDP-xylose to the glucan
backbone of XG.

Expression of the soluble catalytic domain of AtXXT2
was achieved by transient transfection of suspension culture
HEK293 cells using a strategy similar to prior studies on
glycosyltransferases involved in hemicellulosic polysaccharide
biosynthesis.28,29 Incubation of the glycan array with AtXXT2
resulted in strong mAb-binding to the linear tetra- and penta-
glucosides (compounds 6 and 13, Fig. 3), indicating successful
transfer of a xylosyl residue to these compounds. Triglucoside
12 was too short to be utilized as a substrate by AtXXT2, based
on the observation that no (CCRC-M86) or only very weak
(CCRC-M100) fluorescent signals were observed after the
AtXXT2 reaction. Unfortunately, we did not identify additional
antibodies that recognize the galactosylated XG oligosacchar-
ides (ESI Fig. 1†). This is likely because either the enzymatic
transfer of xylose to compounds 10 and 11 was too inefficient
(detected with CCRC-M100, Fig. 3), or the remaining mAbs
recognize epitopes that have not been generated.

In conclusion, we have prepared six cellulose and XG oligo-
saccharides with and without galactose substitution using
automated glycan assembly. The syntheses were enabled by
using PMB for the first time as a non-participating protecting
group in solid-phase oligosaccharide synthesis. The procured

Fig. 2 Plant cell wall directed monoclonal antibodies (mAbs) bind to
xyloglucan fragments 6–18. (A) Microarray scans showing binding of
selected antibodies to xyloglucan oligosaccharides. Each compound
was printed in four concentrations as indicated on the right. (B) Binding
of mAbs specific to galactosylated xyloglucan. The obtained fluor-
escence values were normalized against the highest value on the micro-
array and are displayed as percentages. To remove background signals,
only values above 4% are displayed. The complete list of investigated
xyloglucan-directed mAbs can be found in ESI Fig. 1.†
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compounds have been printed, together with previously syn-
thesized XG oligosaccharides, as microarrays and screened
against 23 anti-xyloglucan mAbs. We were able to partially
characterize the binding specificities for a number of mAbs
that recognize galactosylated XG structures. Furthermore, we
successfully used a xyloglucan xylosyltransferase, AtXXT2, to
enzymatically add additional xylosyl residues to the printed XG
oligosaccharides. When used in combination with cell wall-
directed antibodies, our glycan microarray platform has thus
great potential for characterizing glycosyltransferases of
unknown function.
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