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Abstract—Xyloglucan was isolated from xylem-differentiating zones of Cryptomeria japonica. Endo-1,4-8-
glucanase digestion of the xyloglucan gave a series of oligosaccharides. These oligosaccharides were purified
by gel permeation chromatography and normal-phase HPLC. Glycosyl-residue composition and glycosyl-
linkage composition analyses, 'H NMR spectroscopy and FAB-mass spectrometry of the oligosaccharides
showed that the xyloglucan was composed of five kinds of oligosaccharide. These oligosaccharides are com-
monly found in xyloglucan from dicot plants and are characterized as XXXG, XXLG, XXFG, XLLG and
XLFG. These results suggest that xyloglucan from gymnosperms has similar structure to that of dicots.

© 1998 Elsevier Science Ltd. All rights reserved

INTRODUCTION

Xyloglucan is the hemicelulosic polysaccharide, com-
monly found in the primary cell walls of higher plants
[1]. Its structure, metabolism and physiological roles
in cell walls have been studied [1]. There are many
publications about the chemical structure of xyl-
oghucan isolated from the storage polysaccharides of
seeds [2], primary cell walls of intact herbaceous plants
[3-6] and of cultured cells [7-9]. The basic unit of
xyloglucan, according to the nomenclature for xyl-
oglucan oligosaccharides established by Fry et al. {10].
is a heptasaccharide (XXXG) composed of a 1,4-8-D-
glucan backbone with three «-D-xylosyl residues
attached to 0-6 of separate glucosyl residues. In most
dicots, the basic unit is more complex, consisting of
octa- (XXLG), nona- (XXFG, XLLG) and deca-
saccharide (XLFG), in addition tc XXXG, having
a galactosyl residue, a 2-O-a-fucosyl galactosyl, two
galactosyl or a galactosyl and a 2-O-a-fucosyl gal-
actosyl residues, respectively, attached to the O-2 pos-
ition of xylosyl unit of XXXG by a j3-linkage [1, 4-8].
Recently, xyloglucans containing arabinosyl residues
were isolated from tobacco and characterized [9]. In
contrast, monocot xyloglucan is reported to contain
fewer substituted xvlosyl residues than that from
dicots [1, 3, 11].

In dicots, it has been reported that xyloglucan plays
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an important role during auxin-induced elongation
growth [12-14]. Xyloglucan is tightly bound to cellu-
lose microfibrils by hydrogen bonds and forms a cellu-
lose-xyloglucan network. Degradation and recon-
struction of xyloglucan molecules, catalysed by
enzymes, such as endo-1,4-f-glucanase [15], endo-xyl-
oglucan transferase [16] and xyloglucan endo-trans-
glycosylase [17], regulate the ability to loosen the net-
work in the cell wall and the cells to expand and/or
elongate during growth.

Structural studies of cell wall polysaccharides in
woody plants have been focused extensively on lig-
nified secondary cell walls {18-20]. Recently, the struc-
ture of cell wall polysaccharides from woody plants
have been elucidated using suspension cultured cells
{7, 21]. However, we have little knowledge about the
chemical structures of polysaccharides in the primary
cell walls of intact woody plants, especially gymno-
sperms. In previous work, we have reported the
characterization of the main structural poly-
saccharides [22] and of pectic polysaccharides of sugi
[23]. In this study, xyloglucan has been isolated from
xylem-differentiating zones of Japanese red cedar
(Cryptomeria japonica) and its structure has been
determined.

RESULTS AND DISCUSSION

Purification of xyloglucan

Xyloglucan was extracted from de-pectinated cell
walls isolated from xylem-differentiating zones with 1

767



768 K. KAKEGAWA ef al.

600

Rl response

E
400
. B C
200
f A D
0 v v v T rA T v T T 7 = v T ¥ T
40 60 80

100

Retention time  (min)

Fig. 1. Normal-phase HPLC on an Amide-80 column of the endo-1,4-f-glucanase digested xyloglucan from Cryptomeria
Japonica.

M and 4 M KOH solutiors. Acidic polysaccharides
which contaminated the extracts were removed by
passage through a DEAE-Sephadex A-25 column.
Acidic polysaccharides werz absorbed onto the resin
and the non-bound material was collected as neutral
polysaccharide fractions. A sufficient amount of a
pure xyloglucan was obtained from the | M KOH
extract, while the 4 M KOH extract was a mixture of
xyloglucan and glucomannan. Xyloglucans obtained
from each extract had the same sugar compositions.
The M, of xyloglucan derived from the | M KOH
extract was lower than that of 4 M KOH (data not
shown). The 4 M KOH fraction was purified by the
1odine precipitation method and f-mannanase diges-
tion. The digested glucomannan was separated from
the xyloglucan by GPC. Xyloglucan fractions purified
by the above procedure were used for structural analy-
sis.

The xyloglucan was partially hydrolyzed by f-1.4-
glucanase and the digest separated into two oli-
gosaccharide fractions by Bio-gel P-2 column chro-
matography. The fraction in the higher M, region was
further separated by normal phase HPLC to give five
xyloglucan oligosaccharide fractions [Fig. 1(A-E)].
The lower M, fraction contained only one oli-
gosaccharide, which was identified as the same oli-
gosaccharide present in fraction A by HPLC.

Characterization of xyloglucan oligosaccharide in
fraction A4

Sugar composition analysis showed that fraction A
contained only xylosyl and glucosyl residues. From
FAB-mass spectral data, its M, was determined to be

1062 (Table 1). These results indicated that fraction
A consists of four glucosyl and three xylosy! residues.
Glycosyl linkage analysis showed that this fraction
included 4-, 6-, and 4,6-linked glucosyl residues and
terminal xylosyl residues, indicating the presence of a
1,4-linked glucan backbone and a single xylosyl side-
chain attached to the 0-6 of glucosyl residues. As
chemical shifts of anomeric protons of glucosyl and
xylosyl residues agreed with those of XXXG reported
by Guillén et /. [6]. glucosyl residues in the 1,4-linked
glucan backbone were determined to be f-anomer and
branched terminal xylosyl residues were a-anomer,
respectively (Table 2). Fraction A had the same reten-
tion time on normal phase HPLC as authentic XXXG
from tamarind (Tamarindus indica) seed xyloglucan
(data not shown). From these results, the structure of
fraction A was concluded to be XXXG [Fig. 2(A)].

Characterization of xyloglucan oligosaccharides in
other fractions

The structures of the four fractions [Fig. 1(B-E)]
were determined in the same manner as described
above. Fraction B was composed of glucosyl, xylosyl
and galactosyl residues (Table 3). The FAB-mass spec-
trum showed that the M, was 1224, indicating that
fraction B had one more galactosyl residue, in
addition to XXXG. Terminal galactosyl and 2-linked
xylosyl residues were detected by methylation analysis
(Table 4), showing that the galactosyl residue was
attached to the O-2 position of one of the xylosyl
residues. The chemical shift of anomeric proton of
this terminal galactosyl residue (Table 2) showed that
the galactosyl residue was attached to a xylosyl residue
by a f-linkage [6]. These results showed that fraction
B was XXLG [Fig. 2(B)].
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Table 1. Positive-ion mode FAB-MS of xyloglucan oligosaccharide isolated from
xylem-differentiating zones of C. japonica

Quasi-molecular ion (#/z2)

Fraction  [M+H]* [M+NHJ* [M+Na]* [M+K]* M,

A 1063 1080 1085 1101 1062
B 1225 1242 1247 n.d 1224
C 1371 1388 1393 n.d 1370
D 1387 1404 1409 n.d 1386
E 1533 1550 1555 n.d 1532

n.d: not detected.

Table 2. 'H-chemical shifts and coupling constants of anomeric protons of xyloglucan oligosaccharides isolated from xylem-
differentiating zones of C. japonica

Chemical shift (6) [coupling constant (Hz)]

Fraction
Residue* A B C D E
Glcol n.a. n.a, n.a. n.a. n.a.
B-Gle* 4.69 [8.1] 4.70 br 4.68 [1.5] 4.69[1.5] 4.69 {2.9]
B-GlcP 4.64 [8.1] n.a. 4.58 br 4.62 br 4.57 [1.9]
B-Glc* 4.60 [8.1] 4.64 br 4.60 br 4.60 br 4.59 (3.7}
a-Xyl* 5.00 [2.9] 522029 5.18 [2.9] 5.21[5.9] 5.18 [3.7]
a-Xyl° 5.01[2.2] n.a. 5.00[3.7] 521 [2.2] 5.22[3.7)
a-Xyl¢ 4,99 {3.7] n.a. 4.99 [3.7] 4.99[2.9] 4.99 3.7
p-Gal* — 4.67[2.2] 4.66 br 4.67[2.9] 4.67[2.2]
B-Gal® — — — 4.64 br 4.62 br
x-Fuc — — 5.31[3.7] — 5.31 (3.7

* Indicates the position of residue in the oligosaccharide; see Fig. 2(E).

n.a. Could not be assigned.

The results of sugar composition analysis (Table 3)
and positive-ion mode FAB-mass spectrometry
(Table 1) indicated that fraction C includes one fuco-
syl residue more than fraction B. Because of the
absence of a terminal galactosyl residue and the pres-
ence of terminal fucosyl and 2-linked galactosyl resi-
dues, the terminal fucosyl residue was shown to be
attached at the O-2 position of the galactosyl residue.
The chemical shift of the fucosyl residue (Table 2)
indicated that the fucosyl residue was attached by
an «-linkage [6]. From these results, fraction C was
determined to be XLFG [Fig. 2(C)].

Fraction D was composed of glucosyl, xylosyl and
galactosyl residues (Table 3). Comparison of the rela-
tive proportion of galactose with that in fraction B
indicated that fraction D had two galactosyl residues.
The positive-ion FAB-mass spectrum of fraction D
also showed an additional hexosyl residue (Table 1).
The presence of terminal galactosyl and 2-linked xylo-
syl residues suggested that both galactosyl residues
were attached to xylosyl residues at the O-2 position
(Table 4). The chemical shifts of the anomeric protons
of the galactosyl residues indicated that both gal-
actosyl residues were attached by a f-linkage (Table

2) [6]. From these results, the compound in fraction
D was assigned as XLLG [Fig. 2(D)].

Glucose, galactose, xylose, and fucose were present
as major sugar residues in fraction E (Table 3). From
the FAB-mass spectral data, its M, was determined to
be 1532 (Table 1). These results indicated that one
more galactosyl residue was present in comparison
with fraction C. Methylation analysis and '"H NMR
spectroscopy showed that this galactosyl residue was
attached to a xylosyl residue at the O-2 position as the
terminal sugar and by f-linkage (Table 2 and 4) [6].
These results suggested that fraction E was XLFG
[Fig. 2(E)].

Xyloglucan isolated from the cell walls of the xylem-
differentiating zones of Cryptomeria japonica con-
sisted of five types of oligosaccharides, namely,
XXXG, XXLG, XXFG, XLLG and XLFG (Fig. 2).
These xyloglucan oligosaccharides have been isolated
and characterized in many dicot plants [1, 4-8]. In
gymnosperms, the same oligosaccharides have been
isolated from suspension-cultured Douglas fir cells
[21]. Our results showed that the repeating units of
xyloglucan from Cryptomeria japonica are similar to
those of dicot xyloglucans, rather than those from
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Fig. 2. Proposed structures of xyloglucan oligosaccharides
isolated from the cells of xylem-differentiating zones of
Cryptomeria japonica.
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Table 3. Glycosyl composition of xyloglucan oli-
gosaccharides isolated from xylem-differentiating zones of
C. japonica

Sugar composition (mol%)

Fraction Rha Fuc Ara Xyl Man Gal Glc
A 02 06 02 27 02 32 690
B 02 22 02 250 LO 177 538
C 02 83 05 211 05 149 546
D 02 31 02 181 10 262 512
E 02 7.7 04 179 05 239 494

Table 4. Sugar linkages of xyloglucan oligosaccharides iso-
lated from xylem-differentiating zones of C. japonica

Sugar composition (mol%)

Glycosyl Fraction

residue Linkage A B C D E

Fucose Terminal- 0.7 1.4 96 32 6.8

Xylose Terminal- 274 149 11,6 54 45
2- 1.7 100 9.1 224 136

Galactose  Terminal- 0.1 128 23 156 9.9
2- 00 00 98 37 94

Glucose Terminal- 00 06 05 28 03
4- 179 137 148 119 13.1
6- 16,5 151 135 82 106
4,6- 356 31.6 289 268 318

monocots; the xyloglucan isolated from the xylem-
differentiating zones was similar to Douglas fir cells.
It is well known that xyloglucan plays a regulatory
role in the elongation growth of dicot plants {12-17].
Therefore, it is possible that elongation growth of
cells in xylem-differentiating zone of conifers is also
controlled by xyloglucan in the same manner as dicot
plants.

EXPERIMENTAL

Plant material. Cryptomeria japonica trees (ca 10
years old), grown in the experimental forest of the
Forestry and Forest Products Research Institute (Iba-
raki, Japan), were harvested in May and June from
1987 to 1992.

Preparation of cell walls. Cell walls were obtained
from xylem differentiating zones of Cryptomeria

Jjaponica as described in ref. [22].

Isolation of xyloglucan and oligosaccharides. Cell
walls were extracted sequentially with 0.05 M CDTA,
0.05 M Na,CO,, 1 M and 4 M KOH according to the
method of ref. [24]. Xyloglucan was predominantly
present in the 1 M and 4 M KOH extractions. The 4
M KOH cxtract was passed through a DEAE-
Sephadex A-25 column (45x 2.5 cm i.d., phosphate
form), that had been equilibrated with 10 mM KPi
buffer (pH 6), to remove acidic polysaccharides with
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the same buffer. The 1 M KOH extract was purified
using the same column and H,O as eluant; this xyl-
oglucan was of sufficient purity to use for structural
analysis. The xyloglucan obtained from the 4 M KOH
fr. was contaminated with glucomannan and was fur-
ther purified by I, ppn [25] and treatment with §-
mannanase in 0.1 M NaOAc buffer (pH 5). The
digested glucomannan was sepd from xyloglucan by
gel permeation chromatography on a Sephadex G-
75 column (75 x 1.5 cm i.d.). Purified xyloglucan was
partially hydrolysed by endo-1,4-8-glucanase from
Trichoderma sp. (Megazyme) in 0.1 M NaOAc buffer
(pH 5) at 40° for 48 hr. The reaction mixt. was applied
to a Bio-Gel P-2 column (90 x 1.5 cm i.d.) and eluted
with H,0. The frs, including oligosaccharides, were
collected and further purified by normal-phase HPLC
on a column of Amide-80 (250 x 4.6 mm i.d. TOSOH)
at 1 ml min~' with MeCN-H,0 (7:3).

Glycosyl composition analysis. Glycosyl com-
position of xyloglucan oligosaccharides was deter-
mined according to the methods of ref. [26].

Glycosyl  linkage analysis.  Xyloglucan  oli-
gosaccharides were methylated by a modified Hak-
omori procedure [27] and then converted into partially
methylated alditol acetates. Glycosyl-linkage com-
position was determined by GC and GC-MS as
described in ref. [28].

FAB-MS. Xyloglucan oligosaccharides were dis-
solved in 20 ul of H,O and glycerol-thioglycerol (1:1)
used as matrix. Spectra were recorded at 10 kV and
Xe as bombardment gas.

NMR. NaBH -reduced xyloglucan oli-
gosaccharides were dissolved in D,0 (99.98%). 'H
NMR spectra were recorded at 25° and chemical shifts
measured relative to HDO (6 4.73).
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