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Abstract  

Linkage analysis of a xyloglucan from the extracellular medium of suspension cultures of 
Nicotiana plumbaginifolia showed mostly 4-Glcp and 4,6-Glcp, terminal Xylp and 2-Xylp, and 
terminal Araf, along with ~ 10% ( w / w )  O-acetyl groups, equivalent to ~ 0.28 mol acetyl per 
mol of glycosyl residue. Methylation with methyl trifluoromethanesulfonate under neutral condi- 
tions, followed by re-methylation with CD3I under basic conditions, and conversion into partially 
methylated alditol acetates showed that O-acetyl groups were primarily attached to C-6 of ~ 44% 
of the 4-Glcp backbone not substituted with Xylp residues and to C-5 of ~ 15% of the terminal 
Araf  residues. These positions of the O-acetyl groups were confirmed by i H-NMR. Oligosaccha- 
rides generated by digestion of native xyloglucan with endo-(I ~ 4)-/3-glucanase were separated 
by a combination of gel-filtration chromatography and anion-exchange HPLC, and analysed by 
glycosyl linkage analysis and by electrospray ionisat ion-mass spectrometry (ESI-MS).  The major 
oligosaccharide subunits were Glc4Xyl 2 and GlcsXyl  2, of which 50 -60% are substituted with 
one terminal Araf res idue  attached to 0 - 2  of a Xylp residue, and a further 20 -25% are substituted 
with two terminal Arafres idues  attached to 0 - 2  of the Xylp residues. E S I - M S  showed that many 

Abbreviations: ESI-MS, electrospray ionisation-mass spectrometry: GLC MS. gas chromatography-mass 
spectrometry; NMR, nuclear magnetic resonance: amu, atomic mass units: ppm, parts per million; D, daltons 
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of the oligosaccharide subunits carried one, two and, occasionally three O-acetyl groups. © 1996 
Elsevier Science Ltd. 

Keywords: Nicotiana plumbagini[olia; Xyloglucan; O-Acetylation: Linkage analysis; Electrospray ionisation; 
Mass spectrometry; NMR 

1. Introduction 

Xyloglucans are structurally important polysaccharides in the cell walls of most 
dicotyledonous flowering plants and gymnosperms [ 1-4]. They consist of a backbone of 
(1 ~ 4)-/3-D-Glcp residues which are branched at 0-6  to O~-D-Xylp residues [I-3,5,6]. 
Digestion of many xyloglucans with endo-(l ~ 4)-/3-glucanase (EC 3.2.1.4), which 
cleaves unsubstituted (1 ~ 4)-/3-D-Glcp residues, yields several oligosaccharides which 
have the basic heptasaccharide repeating unit XXXG (where each (1 ~ 4)-/3-D-Glcp 
residue of the backbone is given a one-letter code according to its substituents [7]). 
Octa-, nona-, and undeca-saccharide units are derived from substitutions at 0-2 of some 
of the cr-D-Xylp residues with /3-D-Galp residues or ee-L-Fucp-(l ~ 2)-/3-D-Galp disac- 
charides [8]. 

Xyloglucan isolated from leaves of Nicotiana tabacum does not have the typical 
heptasaccharide repeating structure of most xyloglucans [9,10]. Less than half of the 
(1 --* 4)-/3-D-Glcp backbone residues on this xyloglucan are branched at 0-6  to C~-D-Xylp 
residues, compared to 75% in most xyloglucans. From the results of digestion with 
endo-(1 ~ 4)-/3-glucanase it was proposed that the major repeating unit of N. tabacum 
xyloglucan was XXG, with approximately half of the Ce-D-Xylp residues substituted at 
0-2  with O~-L-Araf to give SXG/XSG [10]. However, the location of the remaining 
unsubstituted backbone residues was not determined. The xyloglucan from N. tabacum 
does not contain /3-D-Galp or a-L-Fucp. Xyloglucans with a similarly low degree of 
branching have also been isolated from other Solanaceous plants: such a xyloglucan has 
been isolated from Solanum tuberosum [11], and recently, we have isolated such a 
xyloglucan fi'om the extracellular polysaccharides (ECPs) of N. plumbaginifolia cell- 
suspension cultures [12]. 

The occurrence of O-acetyl groups on plant cell-wall polysaccharides is probably 
widespread, and has been reported for a number of different classes of polysaccharide 
[6], including xyloglucans from Medicago satil,us (alfalfa) [13] and Acer pseudopla- 
tanus (sycamore) cell-suspension cultures [14]. Detailed analysis of the major nonasac- 
charide repeating unit of xyloglucan from A. pseudoplatanus showed that O-acetyl 
groups were located predominantly on the /3-D-Galp residues. Analysis by proton 
nuclear magnetic resonance (~H-NMR) showed that 55-60% of the O-acetyls were on 
C-6, 15-20% were on C-4 and 20-25% were on C-3, and that approximately 20% of 
the Galp residues were not acetylated, 50% were monoacetylated, and 25-30% were 
diacetylated [15]. It has recently been reported that xyloglucans secreted by suspension- 
cultured Nicotiana (tobacco) and Lycopersicon (tomato) cells are O-acetylated at C-6 of 
the /3-D-Glcp backbone, instead of on side-chain glycosyl residues [16]. O-Acetyl 
groups may be common substituents of many xyloglucans and other polysaccharides, but 
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they are not usually detected in molecules isolated from cell walls because of their 
lability in the strong alkaline conditions used for solubilisation [2]. 

In this paper, we report the structure of xyloglucan secreted by N. plumbaginifolia 
suspension cultures. High-performance liquid chromatography (HPLC) following NaOH 
treatment was used to determine the degree of O-acetylation of the xyloglucan. The 
precise location of O-acetyl groups on the backbone and side-chains of the xyloglucan 
was determined using sequential methylation, under neutral and then basic conditions, 
and by J H-NMR. The major oligosaccharides produced by digestion of xyloglucan with 
endo-(l ~ 4)-/3-glucanase were separated by a combination of gel-filtration chromatog- 
raphy and anion-exchange HPLC, and analysed by methylation analysis and by electro- 
spray ionisation-mass spectrometry (ESI-MS). 

2. Experimental 

Purification of~'loglucan.--Xyloglucan was purified from ECPs of N. plumbagini- 
folia using a combination of anion-exchange chromatography and precipitation with 
saturated (NH4) 2 SO 4, as described previously [12] and is designated native xyloglucan. 
Deacetylated xyloglucan was prepared by dissolving native xyloglucan (10 mg) in 0.1 M 
NaOH (5 mL) and incubating for 2 h at room temperature and then dialysing against 
deionised water (molecular weight cut-off 6000) and freeze-drying. Xyloglucan from 
tamarind (Tamarindus indicus) seeds was from Megazyme, Australia. 

Enzymic digestion of ~,loglucan.--Native (5 mg) and deacetylated (5 rag) xyloglu- 
can were separately dissolved in 20 mM NH4OAc (20 mL, pH 4.0) and digested with 
c~-L-arabinofuranosidase from Aspergillus niger (1.4 mg protein, 2 U, Megazyme) at 40 
°C. Fractions (0.5 mL) were removed at intervals, the reaction stopped by heating for 10 
rain at 100 °C, and the product precipitated in 80% (v /v )  EtOH. De-arabinosylation was 
monitored by linkage analysis of the ethanol-precipitated material (see later). 

Native xyloglucan (200 mg) was dissolved in 20 mM NH4OAc (20 mL, pH 4.5) and 
incubated with endo-(l --* 4)-/3-glucanase from Trichoderma t'iride (2.7 mg protein, 20 
U; Megazyme) at 40 °C. Fractions (2 mL) were removed at intervals and the reaction 
stopped by heating for 10 rain at 100 °C. Undegraded material was removed by 
precipitation with 80% (v /v )  EtOH, and the 80% EtOH-soluble oligosaccharides were 
concentrated under diminished pressure at 40 °C, and freeze-dried. Digestion of the 
xyloglucan was monitored by anion-exchange HPLC (see below). Deacetylated xyloglu- 
can (5 rag, 1 mg mL i in 20 mM NH4OAc) was digested with endo-(l ~ 4)-/3-glucanase 
(0.14 mg protein, 1 U) at 40 °C for 8 h and processed in the same way as digests of 
native xyloglucan. 

Gel-filtration chromatography.--Xyloglucan oligosaccharides (20 rag) were dis- 
solved in deionised water (1 mL) and separated on a column (190 × 2.2 cm i.d.) of 
Fractogel TSK HW-40(S) (Merck, Darmstadt, Germany) eluted with deionised water at 
30 mL h i. Fractions (2 mL) were tested for carbohydrate (see below) and those 
corresponding to individual oligosaccharide size-classes were pooled, concentrated 
under diminished pressure at 40 °C, and freeze-dried. The column was calibrated with a 
series of (1 -~ 4)-j3-D-oligoglucosides prepared by acid hydrolysis of cellulose (Sigma) 
in 2.5 M CF3CO2H for 10 min at 100 °C [17]. 
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Anion-exchange chromatography.--Mixtures of total unfractionated xyloglucan 
oligosaccharides (100 /*g) were dissolved in deionised water (1 /xg /xL -1) and 
separated by anion-exchange HPLC at a flow rate of 1 mL min-~ on a Dionex BioLC 
using a CarboPac PA-I column (4 × 250 ram; Dionex Corp., Sunnyvale, CA, USA) 
equilibrated in 150 mM NaOH. Oligosaccharides were eluted with a linear gradient of 
NaOAc (0--250 mM) in 150 mM NaOH over 40 rain, starting 1 min after sample 
injection, and monitored using pulsed amperometric detection (Dionex). The column 
was calibrated with a series of (I ~ 4)-/3-D-oligoglucosides (see above). 

Xyloglucan oligosaccharides (400 /xg) of individual size-classes isolated by gel-filtra- 
tion chromatography (see above) were separated on a Dionex CarboPac PA-1 prepara- 
tive column (9 X 250 ram) at a flow rate of 5 mL rain i. The major peaks (5 and 6) 
from the gel-filtration column (see Fig. 3) were injected in 150 mM NaOH containing 
60 mM NaOAc, and eluted with a linear gradient of NaOAc (60-250 mM) in 150 mM 
NaOH over 40 min, starting 5 rain after sample injection. Peak fractions were collected 
and neutralised with AcOH immediately after collection. Sodium ions were removed on 
a Dowex 50W-X8, H + column (Bio-Rad Laboratories) at 4 °C (to prevent cleavage of 
acid-labile terminal Araf residues), and the purified oligosaccharides concentrated under 
diminished pressure at 40 °C. 

Analytical methods.--Total carbohydrate was determined by the phenol-sulfuric 
method [18] using glucose (0-80 /xg) as the standard. 

Degree of acetylation.--The degree of acetylation was determined by saponification 
of native xyloglucan and measurement of released AcOH by HPLC [19]. Native 
xyloglucan (30 rag) was dissolved in a mixture of 2-propanol and 0.8 M NaOH (l : l ) ,  
incubated at room temperature for 2 h, then centrifuged (10000 g, 5 rain). The acetic 
acid released was chromatographed at a flow rate of 0.6 mL min-I  on an Aminex 
HPX-87H column (7.8 × 300 mm, BioRad) eluted with 5 mM H 2 S O  4, and detected by 
refractive index. Acetic acid was quantified by reference to a standard curve of glacial 
acetic acid (0-3 /xg), and the degree of acetylation expressed as % w / w  and as tool 
acetyl per tool glycosyl residues. (The average molecular weight of a glycosyl residue 
was calculated from the relative proportions of pentose and hexose in xyloglucan 
determined by linkage analysis.) 

Electrospray-mass spectrometo, (ESI-MS).--ESI-MS spectra were acquired using 
a Finnigan (Bremen, Germany) electrospray source attached to a Finnigan MAT 95 mass 
spectrometer, as described previously [20], and scanning from 300-3000 amu at 15 
decade s-  i. 

Linkage analysis.--Two different methylation procedures, under neutral [21] and 
basic [22] conditions, were employed to establish both the positions of the glycosidic 
linkages and the O-acetyl groups. 

Methylation under basic conditions was performed using the NaOH method of [22]. 
Samples (20- I00  #g)  were dissolved in Me 2 SO (50 / ,L) and methylated, extracted and 
dried as previously described [20], except that for oligosaccharide samples the first 
aliquot of CH3I was added immediately after the addition of the NaOH slurry. 

Methylation under neutral conditions was performed using the method of [21]. 
Carbohydrates (50-200 /,g) were suspended in trimethyl phosphate (200 / ,L) by 
sonication. 2,6-Di-(tert-butyl)pyridine (50 / ,L) and methyl trifluoromethanesulfonate 
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(20 /zL) were added, and samples incubated for 2 h at 50 °C. Reactions were stopped by 
addition of water (2 mL) and the methylated products extracted into CHCI 3 (1 mL) and 
dried. In certain cases the permethylated carbohydrates were then resuspended in 
Me2SO and remethylated with CD3I under basic conditions, as just described. In this 
way free hydroxyl groups were substituted with CH 3 groups and acetylated hydroxyl 
groups were then deacetylated and substituted with CD 3 groups. 

Permethylated carbohydrates were hydrolysed with 2.5 M CF3CO 2H (4 h, 100 °C), 
reduced with 1 M NaBD 4 overnight at room temperature and acetylated with Ac20 (2 h, 
100 °C). The resulting partially methylated alditol acetates were separated by GC on a 
fused-silica capillary column (25 m × 0.22 mm i.d.) with a high-polarity bonded phase 
BPX70 (SGE, Australia) and analysed by MS using a Finnigan MAT 1020B (San Jose, 
CA, USA) GLC-MS [23]. 

NMR spectroscopy.--Xyloglucan oligosaccharides (5 mg) were dissolved in 0.6 mL 
of deuterium oxide (D20, 99.99 atom %), with 3 /zL of MezSO added as internal 
standard. Samples were then transferred to 5 mm NMR tubes (Wilmad Glass Co., 
535-PP). Spectra were recorded on a Bruker AMX600 spectrometer, operating at a ~H 
frequency of 600.13 MHz. All experiments were recorded at 27.3 °C. The probe 
temperature was controlled using a B-VT1000E unit and a Haake cooling bath, and had 
been calibrated using MeOH [24]. 

2D spectra were recorded in phase-sensitive mode using a time-proportional phase 
incrementation [25]. The 2D experiments used included a double quantum filtered scalar 
correlated spectroscopy (DQF-COSY) experiment [26] and two total correlation spec- 
troscopy (TOCSY) [27,28] experiments using a DIPSI-2 Spin lock sequence [29]. 
Mixing times of 20 and 60 ms were used for the TOCSY experiments. The residual 
Me 2SO was irradiated via presaturation during the relaxation delay of all experiments. 

The DQF-COSY spectrum was acquired with 768 t~ increments, and both the 
TOCSY spectra were acquired with 512 t~ increments. The ~H spectral widths in all 
three spectra were 4201.7 Hz in both dimensions, over 4K complex data points in F z. 
Data from the TOCSY spectra were zero-filled in F~ to at least 1K data points, with the 
DQF-COSY spectrum also being zero-filled in F 2 to 4K data points. During processing, 
either a 90 ° or 60 ° phase-shifted sine bell or sine bell squared window was applied to the 
data in both dimensions. Polynomial baseline correlation was applied in selected regions 
of each spectrum and chemical shifts were referenced to internal Me2SO as 2.71 ppm 
[30]. All processing was performed using standard Bruker software (UXNMR) on a 
Silicon Graphics 4 D / 3 0  personal Iris. 

3. Results and discussion 

l~mation of O-ace~.'l groups.--Quantitation of the degree of O-acetyl substitution by 
HPLC showed that the xyloglucan from N. plumbaginifolia ECPs contained ~ 10% 
( w / w )  O-acetyl groups. This is equivalent to ~ 0.28 tool acetyl per mol of glycosyl 
residues (based on an average molecular weight of a glycosyl residue of 150 D, 
calculated from 36 mol% pentose (132 D) and 63 mol% hexose (162 D), Table 1). 

In order to identify the sites of O-acetylation, native xyloglucan was methylated 
under both basic conditions, which release O-acetyl substituents, and neutral conditions, 
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Table 1 
Linkage composition of native Nicotiana phmtbagini[~)lia xyloglucan methylated under basic and neutral 
conditions. Neutral methylations were with methyl trifluoromethanesulfonate, and basic methylations were 
with either CH3I or CD3I 

Sugar Methyl substitution Deduced structure and 
glycosidic linkage a 

Linkagc composition (mol%) b 

Methylation conditions 

Basic Neutral Neutral then Neutral then 
(CH~I) basic(CH31) basic(CD31) 

Araf 2,3,5-tri-O-CH 3 terminal 15 l0 13 l l 
2,3-di-O-CH3.5-O-CD ~ terminal, with 5-O-Ac - ~ - 2 
2,3-di-O-CH 3 5- - 3 - 

Xylp 2,3,4-tri-O-CH 3 terminal l0 14 15 15 
3,4-di-O-CH 3 2- I 1 11 11 11 

Galp 2,3,4,6-tetra-O-CH 3 terminal I - 1 1 
Glcp 2,3,4,6-tetra-O-CH 3 terminal - 1 1 

2,3,6-tri- O-CH 3 4- 37 18 34 19 
2,3-di-O-CH3-6-O-CD 3 4-, with 6-O-At - - 15 
2,3-di-O-CH 3 4,6 25 44 24 24 

'~ Terminal Araf is deduced from 1,4-di-O-acetyl-2,3,5-tri-O-methylarabinopentitol, etc. 
b Average of duplicate determinations. 
c - ,  Not detected. 

which do not hydrolyse  these alkali- labile substituents. Linkage analysis,  using methyla-  

tion under  basic condit ions,  showed that ×yloglucan f rom N. p lumbagini fo l ia  ECPs  

conta ined most ly  4 -Glcp  and 4 ,6-Glcp,  terminal  Xy lp  and 2-Xylp ,  and terminal  Araf,  

and small  amounts  of  terminal  Ga lp  (Table  1). When  xyloglucan was methyla ted  under 

neutral condi t ions  with methyl  tr if luoromethanesulfk)nate and conver ted  into partially 

metbyla ted  alditol acetates the propor t ion of  4 -Glcp  decreased by ~ 19 tool% with a 

cor responding  increase in 4 ,6-Glcp ,  and the proport ion of  terminal  A r a f  decreased by 

~ 4 mol%,  co inc id ing  with the appearance of  an approximate ly  equal amount  o f  5 - A f a r  

(Table  1). These  changes  in l inkage compos i t ion  suggested that O-acetyl  groups were  

present  at 0 - 6  o f  ~ 50% of  the 4 -Glcp  residues and at 0 - 5  of  ~ 20% of  the terminal  

A r a f  residues.  
Methyla t ion  of  xyloglucan  under neutral condi t ions  fo l lowed  by remethyla t ion  with 

C H 3 I  under  basic condi t ions  and convers ion  into partially methyla ted  alditol  acetates 

gave  a l inkage composi t ion  similar  to that lk~r xyloglucan methyla ted  under  basic 
condi t ions  alone (Table 1). Neutral  methyla t ion fo l lowed  by methyla t ion under basic 
condi t ions  with CD3I  enabled the locat ion of  the O-acetyl  substituents to be conf i rmed,  
and the molar  ratios of  unsubsti tuted and substituted residues to be calculated more  

accurately.  4 -Glcp  and terminal  A r ~ /  were  the only O-acety la ted  residues detected by 

these methyla t ions  (Table  1). 
EI mass spectra of  der ivat ives  corresponding to 4 -Glcp  and terminal  A r a f  residues 

separated by GC are shown in Fig. 1. In addit ion to the diagnost ic  ions for the 4 -Glcp  

der ivat ive,  a pr imary f ragment  ion at m/z  236 (and the respect ive  secondary f ragment  

ions) indicated that a CD 3 group was present at 0 - 6  of  a proport ion o f  the der ivat ives  
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Fig. 1. El-MS of material co-chromatographing with derivatives of 4-Glcp (A) and terminal Ar,af (B) 
methylated under neutral conditions with methyl trifluoromethanesullonate, followed by methylation under 
basic conditions with CD3I. Fragmentation patterns are shown for a mixture 1,4,5-tri-O-acetyl-2,3.6-tri-O- 
methylhexitol and 1,4,5-tri-O-acetyl-2,3-di-O-methyl-6-O-trideuterio-methylhexitol (A), and for a mixture 
1,4-di-O-acetyl-2,3,5-tri-O-methylpentitol and 1,4-di-O-acetyl-2,3-di-O-methyl-5-O-trideuterio-methylpentitol 
(B). 

f rom this  res idue  (Fig.  1A). Thus ,  the site o f  O-ace ty l a t ion  on  4 - G l c p  is at  C-6.  The  EI 

mass  s p e c t r u m  of  the  t e rmina l  A r a f  de r iva t ive  c o n t a i n e d  ions d iagnos t i c  o f  this  res idue  

toge the r  wi th  a p r ima r y  f r a g m e n t  ion at m / z  164 ( and  the r e spec t ive  seconda ry  f r a g m e n t  
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ions), indicating that a CD 3 group was present at 0-5 of a proportion of the derivatives 
from this residue (Fig. I B). Thus, the site of O-acetylation on terminal Araf is at C-5, 
although an ion at m/z 121 indicated that a small proportion ( <  5%), from the ratio of 
m/z 118 (1,4-di-O-acetyl-2,3,5-tri-O-methylpentitol) to m/z 121 (1,4-di-O-acetyl-3,5-di- 
O-methyl-2-O-trideutefiomethylpentitol), of O-acetyls may also be present at C-2 of this 
residue. 

From the ratio of ions having m/z 233 (1,4,5-tri-O-acetyl-2,3,6-tri-O-methylhexitol) 
to m/z 236 (l,4,5-tri-O-acetyl-2,3-di-O-methyl-6-O-trideuterio-methylhexitol) of deriva- 
tised native xyloglucan, compared to deacetylated controls, the degree of O-acetylation 
of the deduced 4-Glcp residue was calculated to be 44 tool%. Similarly, from the ratio 
of m/z 161 (l,4-di-O-acetyl-2,3,5-tri-O-methylpentitol) to m/z 164 (l,4-di-O-acetyl-2,3- 
di-O-methyl-5-O-trideuterio-methylpentitol) of derivatised native xyloglucan, compared 
to deacetylated controls, the degree of O-acetylation of the deduced terminal Araf 
residue was calculated to be 15 tool%. The total degree of O-acetylation calculated from 
the degree of O-acetylation of 4-Glcp (37 molC~ × 0.44) and terminal Araf  (15 
mol% × 0.15) was ~ 0.19 tool acetyl per mol of glycosyl residues. This was lower than 
that determined by HPLC (0.28 mol acetyl per mol glycosyl residues) following 
deacetylation with NaOH, although it was equivalent to ~ 7% (w/w) ,  and thus only 
slightly less than the 10% ( w / w )  determined by HPLC (see earlier). 

Enzyme digestion ofxyloglucan.--Digestion of native xyloglucan with c~-L-arabino- 
furanosidase removed ~ 70 tool% of the terminal Arafresidues after 24 h digestion, but 
further incubation did not remove more Araf  residues (data not shown). Treatment of 
deacetylated xyloglucan with arabinofuranosidase removed over 95 tool% of the termi- 
nal Araf residues after 24 h digestion, These data suggested that the o~-L-arabino- 
furanosidase did not remove terminal Araf residues which were O-acetylated. 

Digestion of native N. plumbagin~fblia xyloglucan with endo-(1 ~ 4)-/3-glucanase 
was rapid compared with that of tamarind xyloglucan, and 98% ( w / w )  of the material 
was soluble in 80% ethanol after only 60 rain incubation at 40 °C. In contrast, the 
enzyme-digested tamarind xyloglucan was less than 50% ( w / w )  ethanol-soluble after 60 
min and after 24 h digestion was still only 87% ( w / w )  ethanol-soluble. Anion-exchange 
HPLC showed that the pattern of oligosaccharides obtained from N. plumbagin~)lia 
xyloglucan did not change significantly after 4 h digestion up to 24 h digestion (data not 
shown). Anion-exchange HPLC of native xyloglucan digested for 8 h showed a complex 
pattern of oligosaccharides with two major peaks at retention times 28.2 min (NI)  and 
30.0 min (N2), respectively (Fig. 2A), and smaller amounts of glucose and cellobiose 
(identified by co-chromatography). Anion-exchange HPLC of deacetylated xyloglucan 
digested for 8 h showed a distinctly different pattern of oligosaccharides (Fig. 2B). This 
digest contained considerably more glucose and cellobiose than native xyloglucan 
digests, and contained three other major peaks at retention times 18.7 min (DI), 25.9 
min (D2) and 26.8 min (D3). The N I and N2 peaks, predominant in the digests of native 
xyloglucan (Fig. 2A), were virtually absent from the digests of deacetylated xyloglucan 
(Fig. 2B). 

Linkage analysis under basic conditions of the total unfractionated endo-(l ~ 4)-/3- 
glucanase digests of native and deacetylated xyloglucan, soluble in 80% ( v / v )  ethanol, 
showed that oligosaccharides from deacetylated xyloglucan contained approximately 
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Cellulose 
1 2 3 4 5 6 7 
I I I I I I I series (DP) 

N1 N2 

@ 

Glc 
Gie2 ~ ~  

Glc I t I t 
B 

D2 

o, ] 

0 0 20 30 

Time (min) 

Fig. 2. Anion-exchange HPLC of native (A) and deacetylated (B) Nicotiana plumbaginifolia xyloglucan 
digested for 8 h with endo-(l ---, 4)-t3-glucanase. The oligosaccharides were separated on a CarboPac PA-t 
column equilibrated in 150 mM NaOH and eluted with a linear gradient of NaOAc (0-250 mM) over 40 min, 
starting 1 min after sample injection. The eluted material was detected by pulsed amperometric detection. The 
column was calibrated with a series of (1 ~ 4)-,8-D-oligoglucosides (degree of polymerisation 1-7); 1 and 2 
show the elution positions of glucose (Glc) and cellobiose (Glc2), respectively. Fractions NI and N2 from the 
digests of native xyloglucan and D l, D2 and D3 from the digests of deacetylated xyloglucan were collected for 
linkage analysis. 

hal f  as much  4 -Glcp  (15 m o l %  versus 30 mo l%)  than o l igosacchar ides  f rom nat ive 

xyloglucan,  with a cor responding  increase in the amount  o f  terminal  G lcp  ( f rom 4 to 14 

m o l % )  and 4 ,6 -Glcp  ( f rom 13 to 18 tool%,  Table  2). There  was also a small  decrease in 
the amount  of  6 -Glcp  ( f rom 11 to 8 mol%) .  The  proport ions  o f  terminal  Araf ,  terminal  
X y l p  and 2 -Xylp  were  approximate ly  equal  in the two digests.  The  increase in terminal  

G lcp  was consis tent  with the observed  increase in g lucose  and ce l lobiose  in deacety la ted  

xy log lucan  digests  (Fig. 2). The  changes  in the relat ive proport ions o f  6 -Glcp  and 
4 ,6 -Glcp  sugges ted  that there were  di f ferences  in the branched o l igosacchar ides  in 
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Table 2 
Linkage composition of native and deacetylated Nicotiana plumhaginifolia xyloglucan digested with endo-(I 

4)-13-D-glucanase, and of individual oligosaccharide fractions l~'om the digests obtained by anion-exchange 
HPLC (Fig. 2). Samples were methylated under basic conditions with CH3I, converted to partially methylated 
alditol acetates, and analysed by GC-MS 

Sugar Deduced glycosidic linkage a Linkage composition (tool%) b 

Native xyloglucan Deacetylated xyloglucan 

Total digest HPLC fraction Total digest HPLC fraction 

N 1 N2 D 1 D2 D3 

Araf 
Xylp 

Galp 
Glcp 

terminal 17 13 l 1 15 _ c 18 14 
terminal 13 21 15 17 37 21 17 
2- 13 12 I0 12 1 15 10 
terminal - - 1 - - - 

terminal 4 2 2 14 2 1 14 
4- 30 25 35 15 22 14 14 
6- 11 13 I1 8 18 16 2 
4,6 13 12 15 18 20 15 28 

" Terminal Araf is deduced from 1.4-di-O-acetyl-2,3,5-tri-O-methylpentitol, 
b Average of duplicate determinations. 
~" -, Not detected. 

etc. 

digests from native and deacetylated xyloglucan. The digest of deacetylated xyloglucan 
thus contained a lower proportion of oligosaccharides in which the backbone Glcp 
residues were branched at 0 - 6  of  the non-reducing terminal Glcp. 

In order to identify the differences between the digest of native and deacetylated 
xyloglucan, peaks NI and N2 from the native digest (Fig. 2A) and peaks D l ,  D2 and D3 
from the deacetylated digest (Fig. 2B) were collected and their linkage composit ions 
analysed under basic conditions (Table 2). Linkage analysis of  peaks N1 and N2 from 
the native digest contained 4-Glcp,  6-Glcp,  and 4,6-Glcp in the approximate ratios 2:1:1 
and 3:1:1, respectively (Table 2). These oligosaccharides thus contained two and three 
unbranched Glcp residues per molecule, respectively. Linkage analysis of  peaks D1 and 
D2 from the digest of deacetylated xyloglucan contained 4-Glcp,  6-Glcp and 4,6-Glcp 
in the ratios 1:1:1 (Table 2). Thus, in contrast to the digest of native xyloglucan, the 
oligosaccharides,  D1 and D2, from the digest of deacetylated xyloglucan contained only 
one unbranched Glcp residue per molecule, present as reducing 4-Glcp.  Linkage 
analysis of  peak D3 from the digest of deacetylated xyloglucan contained terminal Glcp,  
4-Glcp and 4,6-Glcp in the ratios 1:1:2. Thus, this peak contained one reducing 
end-group 4-Glcp residue and one non-reducing terminal Glcp residue, and the linkage 
composit ion of  this peak accounted for the differences in the relative proportions of  
6-Glcp and 4,6-Glcp observed between the total endo-( l  ~ 4)-/3-glucanase digests of  the 
native and deacetylated xyloglucan. 

The differences in the linkage analyses of  the endo-(l  ~ 4)-/3-glucanase digests of  
native and deacetylated xyloglucan, and their major peaks from anion-exchange HPLC, 
suggested that the digest of  native xyloglucan contained oligosaccharides that had two 
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Cel lu lose  
series  (DP)  

2 .5 -  

2 .0-  

E 
1.5- 

1o 

1.o- 

V0 7 6 5 4 3 2 1 (Vt)  
I I I I I I I 

6 

I' 
0.5- 

0.0 

7 4 

i 

450 200 250 300 350 400 

Vo lume  (mL)  

Fig. 3. Gel-fi l trat ion c h r o m a t o g r a p h y  on a Fractogel  T S K  H W - 4 0  co lumn of  native Nicotiana plumbaginijblia 
xylog lucan  digested with endo-( l  ~ 4)-/3-glucanase.  The total ca rbohydra te  content  of  each fract ion (2 mL) 

was determined by the p h e n o l - H 2 S O 4  assay.  The co lumn was cal ibrated with a series of  (1--~4)-/3-D- 

ol igoglucosides  (degree o f  polymer isa t ion  1-7) .  Fract ions ( 1 - 8 )  were col lected for  further  analysis .  

Table 3 
Linkage  composi t ion  of  Nicotiana plumbaginifolia xylog lucan  ol igosacchar ide  fractions obtained by gel-fil tra- 

tion c h r o m a t o g r a p h y  (Fig. 3). Samples  were methyla ted under  basic condi t ions  with CH31, conver ted to 

part ial ly methyla ted alditol acetates  and analysed by G C - M S  

Sugar  Deduced  glycos id ic  l inkage ~ L inkage  composi t ion  (mol%)  b 

Peak 

l 2 3 4 5 6 7 8 

A r a f  
Xylp  

Ga lp  

G lcp  

Relative amount  (% w / w )  ~ 

terminal - ~ - 9 18 17 13 14 16 

terminal - 1 7 l 7 14 14 9 14 

2- - - 6 15 13 11 15 17 

terminal  - 1 - 2 2 I 
terminal  100 d 61 26 2 1 2 1 2 

4- -- 37 38 21 26 30 30 22 

6- -- 1 14 18 16 12 7 12 

4,6- - 8 14 17 22 18 
1 1 2 9 37 40  9 1 

Terminal  A r a f  is deduced  f rom 1,4-di-O-acetyl-2 ,3 ,5- t r i -O-methylpent i to l ,  etc. 
b Average  o f  duplicate determinat ions.  

• - ,  Not detected. 
d Present  as 90 mol% Glcp  and 10 mol% Glc/'~ result ing f rom l inkage analysis  of  free glucose.  

Calcula ted f rom total ca rbohydra te  determinat ions  of  individual fractions. 
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Table 5 
Summary of I H chemical shifts for peak 5 from the gel-filtration column of Nicotiana plumbagimlfblia 
xyloglucan digested with endo-(I ---> 4)-/3-glucanase 

Residue Chemical shift (ppm) ~' 

H-I H-2 H-3 H-4 H-5 H-6 

OL-D-Xylp~ 5.08 (3.4) b 3.57 ( I 2.3) 3.84 _ c _ /_  
O~-D-Xylp2 5.05 (3.7) 3.56 (12.3) 3.83 - /  
a-D-Xylpte, q 4.95 (4.1) 3.54 3.71 - - / -  
a-D-Xylpte~ z 4.93 (3.6) b 3.54 3.71 -- - / -  
a-L-Arafl (O-acetyl) 5.17 4.20 4.01 - 4.39/- 
O~-L-Araf: 5.16 4.19 3.92 4.08 3.83/3.70 
O~-L-Araf~ 5.15 4.19 3.91 4.05 3.82/3.69 
red. o~-D-Glcpl 5.21 3.57 3.77 (5.1) - - 
red. /3-D-Glcpl 4.64 (8.1) b 3.27 3.62 - - 
/3-D-Glcp~ (O-acetyl) 4.54 3.37 3.66 3.76 3.84 

- / -  
3.81/3.93 
4.30/4.60 (12.3) 

Chemical shifts measured relative to Me,SO as 2.71 ppm [30]. 
b Coupling constants (Hz) which could be easily measured from the 1D spectrum or slices of the 2D TOCSY 
are included. 

Resonances lor these peaks are in heavily overlapped regions and could not be assigned. 

and three contiguous Glcp residues that were not branched to Xylp residues. This was 
further substantiated by the increase in glucose and cellobiose in the digest of deacety- 
lated xyloglucan, which could only be produced if the polysaccharide contained two or 
three contiguous unbranched Glcp residues, respectively. Further, a comparison of the 
endo-glucanase digestion of native and deacetylated xyloglucan suggested that the 
enzyme did not cleave glycosidic linkages involving the anomeric carbon of 4-Glcp 
residues O-acetylated at C-6, and suggests that the reducing 4-Glcp residues at the sites 
of cleavage in the native xyloglucan were not acetylated. Based upon these data and the 
desire to determine the positions of both glycosyl and non-glycosyl substituents on the 
(1 ~ 4)-j3-glucan backbone of the xyloglucan, it was decided to digest native xyloglucan 
with endo-(1 ~ 4)-/3-glucanase and separate by oligosaccharides by a combination of 
gel-filtration chromatography and anion-exchange HPLC. 

Chromatography o f  xyloglucan oligosaccharides.--Gel-filtration chromatography on 
a Fractogel TSK HW-40 column of the ethanol-soluble products from N. plumbaginifi)- 
lia native xyloglucan digested with endo-glucanase lbr 8 h gave 8 peaks (Fig. 3). Peaks 
I - 6  were collected and the primary structure of the oligosaccharides determined by a 
combination of linkage analysis (Table 3) and ESI -MS (Table 4). Peak 7 ( >  3000 amu 
from ESI-MS) ,  which accounted for 9% of the total digest and peak 8 (eluting at the V 0 
of the column), which accounted for 1% of the total digest, contained partially digested 
material; they were not analysed further. Peak 5, which comprised 37% ( w / w )  of the 
total digest, was also analysed by I H-NMR (Table 5). Peaks 5 and 6, which comprised 
77% ( w / w )  of the oligosaccharide material, were further fractionated by anion-ex- 
change HPLC (Fig. 4), and the structures of the individual oligosaccharides determined 
by linkage analysis (Table 6) and ESI-MS.  
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.< 

A 5:2 

B 

5:1 5:3 

6:6 

6:2 

6:9 

o 5 l; i5 io is ;o 
Time (min) 

Fig. 4. Anion-exchange HPLC of peak 5 (A) and peak 6 (B) from gel-filtration chromatography (Fig. 3) of 
native Nicotiana plumbagini/blia xyloglucan digested with endo-(l -* 4)-fl-glucanase. The oligosaccharides 
were separated on a CarboPac PA-I column equilibrated in 150 mM NaOH containing 60 mM NaOAc and 
eluted with a 40 rain linear gradient of NaOAc (60-250 mM) starting 5 rain after sample injection. The eluted 
material was detected by pulsed amperometric detection. The fractions indicated were collected and deionised 
in preparation for linkage analysis and ESI-MS. 

Structure o f  peaks 1 and 2 . - -Peaks  1 and 2 each constituted 1% ( w / w )  of the 
endo-(1 ~ 4)-fl-glucanase digest of native xyloglucan. Linkage analysis of these peaks, 
which co-chromatographed on the gel-filtration column with glucose and cellobiose, 
showed that peak 1 contained only terminal Glc (90 tool% Glcp and 10 tool% Glcf, 
resulting from linkage analysis of free glucose) and that peak 2 contained predominantly 
terminal Glcp and 4-Glcp (Table 3). The ratio of terminal Glcp and 4-Glcp in peak 2 
was 1:0.6, slightly less than the 1:1 expected for cellobiose. A pseudomolecular ion 
[M + Na] + in the E S I - M S  spectrum of native peak 2 at m/z 365 corresponded to Hex 2 
(namely cellobiose; Table 4). A second pseudomolecular ion at m/z 407 corresponded to 
Hex ~ with an O-acetyl group attached; the relative abundance of the two pseudomolecu- 
lar ions suggested that 75% of the cellobiose was monoacetylated. Since endo-(1 ~ 4)- 
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/3-glucanase does not appear  to c leave  the g lycos id ic  l inkage invo lv ing  the anomer ic  

carbon of  O-acety la ted  4 -Glcp  residues (see above),  the site of  O-acetyla t ion  on 

ce l lob iose  must  be on C-6 o f  the non-reducing  terminal  G lcp  residue (i.e. A c O - 6 - G l c p -  
(1 ~ 4)-/3-Glcp).  

S t ruc ture  o f  p e a k  3 . - - P e a k  3 f rom the gel-f i l t rat ion co lumn compr i sed  only 2% 

( w / w )  o f  the total endo-(1 --* 4)- /3-glucanase digest.  L inkage  analysis showed  that it 

conta ined  most ly  terminal  Glcp,  4 -Glcp ,  and 6-Glcp,  with smal ler  amounts  o f  terminal  

X y l p  and 2 -Xylp  and terminal  A r a f  (Table  3). E S I - M S  yie lded pseudomolecu la r  ions 

cor responding  to Hex3-OAc0 ._2 ,  H e x 2 P e n t - O A c  0 a and H e x 2 P e n t 2 - O A C 0 _ l ,  respec-  
t ively (Table  4). The relat ive abundances  o f  the O-acety la ted  species var ied  with the 

structure o f  the o l igosacchar ides ,  and in addit ion to mono-O-ace ty la t ed  species,  Hex 3 

was also d i -O-ace ty la ted  (Table  4). F rom the E S I - M S  and the l inkage analysis it was 

deduced  that peak 3 was c o m p o s e d  of  G G G  (3:1; 51%),  X G  (3:2; 15%), and SG (3:3; 

34%).  The  sites o f  O-acetyla t ion  were  assigned from the susceptibil i ty o f  the xy log lucan  

to the endo- ( l  ~ 4)-/3-glucanase (see above),  and on 3:1 were  deduced  to be on C-6 o f  

one or  both of  the non- reduc ing  Glcp  residues, and on 3 :3  on C-5 o f  the terminal  A r a f  

residue. Only  a small  propor t ion (12%) of  3 :2  was O-acetyla ted,  but the site o f  

O-ace ty la t ion  was not identified. However ,  f rom the action pattern o f  the endo-( l  ~ 4)- 

/3-glucanase, the O-acetyl  substi tuent could  not have been present  at C-6  of  the reducing 

4 -Glcp  residue, suggest ing it can only be present  on the terminal  X y l p  residue,  a l though 

this was not detected  in the l inkage analysis of  xyloglucan  under neutral condi t ions  (see 

above) .  

Table 6 
Linkage composition of Nicotiana plumbagini/olia xyloglucan oligosaccharides present in peaks 5 and 6 (Fig. 
3) after anion-exchange HPLC (Fig. 4). Samples were methylated under basic conditions with CH31, converted 
to partially methylated alditol acetates and analysed by GC-MS 

Sugar Deduced Linkage composition (tool%) b 

glycosidic Fraction 
linkage ~' 

5:1 5:2 5:3 6:1 6:2 6:3 6:4 6:5 6:6 6:7 6:8 6:9 

Araf 
Xylp 

Galp 
Glcp 

Relative amount (%w/w) d 

terminal _ c 13 25 - - 14 II 15 23 25 
terminal 37 19 - 25 12 25 24 12 15 14 
2- - 13 22 11 17 4 10 9 11 9 18 19 
terminal - 12 23 5 - - 
terminal 3 3 2 2 - 1 - 9 2 1 14 1 
4- 30 25 25 16 18 37 44 35 35 40 22 33 
6- 14 13 13 11 11 11 11 6 11 9 31 0 
4,6- 16 13 13 23 19 17 11 15 15 11 19 11 

16 56 18 8 8 8 5 4 42 5 4 8 

a Terminal Araf is deduced from 1,4-di-O-acetyl-2,3,5-tri-O-methylpentitol, etc. 
h Average of duplicate determinations. 
c Not detected. 
d Calcluated from peak areas from anion-exchange HPLC, assuming an equimolar response for each. 
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Structure of peak 4 . - -Peak  4 from the gel-filtration column comprised 9% ( w / w )  of 
the total endo-(1 ~ 4)-/3-glucanase digest. Linkage analysis detected mostly 4-Glcp, 
6-Glcp, and 4,6-Glcp, terminal Xylp and 2-Xylp and terminal Araf (Table 3). ESI-MS 
yielded pseudomolecular ions which corresponded to oligosaccharides with Hex3Pent- 
OAc0 l, Hex3Pent2-OAco-i and Hex3Pent3-OAc 0 i (Table 4). Thus, it was deduced 
that peak 4 contained XGG (4:1; 9%), XXG (4:2) and/or  SGG (4:3; 29%), and SXG 
and/or  XSG (4:4; 62%). From the susceptibility of the xyloglucan to the endo-glucanase, 
the site of O-acetylation on 4:1 and 4:3 was deduced to be C-6 of the internal 4-Glcp 
residues, although we cannot exclude the possibility that the O-acetyl group on 4:3 is 
attached to C-5 of the terminal Araf residue. Structure 4:4 was deduced to be 
O-acetylated only on C-5 of the terminal Am[  residue. 

Structure of peak 5. - -Peak 5 from the gel-filtration column comprised 37% ( w / w )  
of the total endo-(1 ~ 4)-/3-glucanase digest. Linkage analysis showed that peak 5 
contained 4-Glcp, 6-Glcp, and 4,6-Glcp, terminal Xylp, and 2-Xylp, and terminal Ara[ 
in the approximate molar ratios 2:1 : 1 : 1:1:1 (Table 3), which corresponded to the average 
molecular structure being SXGG and/or  XSGG. However, ESI-MS yielded pseudo- 
molecular ions which corresponded to the presence of three separate oligosaccharides 
with Hex4Pent2-OAc 0 2, Hex4Pent~-OAc0 2 and Hex4Pent4-OAc 0 2 (Table 4). 

Anion-exchange HPLC of gel-filtration peak 5 (Fig. 3) yielded three major individual 
oligosaccharides, 5:1 (16% w/w) ,  5:2 (56% w/w) ,  and 5:3 (18% w / w )  together with 
several minor components ( <  3% w / w  each of total) which were not collected for 
analysis (Fig. 4A and Table 6). Linkage analysis showed that these fractions contained 
4-Glcp, 6-Glcp, and 4,6-Glcp in the approximate molar ratio of 2:1:1, indicating that 
each of the oligosaccharides were composed of two branched and two unbranched Glcp 
residues (Table 6). In addition to the Glcp, fraction 5:1 also contained terminal Xylp, 
and ESI-MS yielded a pseudomolecular ion at m / z  952.8 corresponding to Hex 4 Pent2; 
fraction 5:2 also contained terminal Xylp, 2-Xylp and terminal Arafl, and ESI-MS gave 
a pseudomolecular ion at m/z 1086.2 corresponding to Hex4Pent3; fraction 5:3 also 
contained 2-Xylp and terminal Ara/' and ESI-MS gave a pseudomolecular ion at m/z 
1217.4 corresponding to Hex4Pent a. The three oligosaccharides from peak 5 were thus 
identified as XXGG (5:1), SXGG and/or  XSGG (5:2), and SSGG (5:3), respectively. 

J H-NMR spectra were acquired on a sample of peak 5 from the gel-filtration column 
which included all three oligosaccharides (5:1, 5:2 and 5:3) and their O-acetylated 
derivatives. The ~H chemical shifts for three Glc ring systems, four Xyl ring systems, 
and three Ara systems are given in Table 5. The assignments were based on comparison 
of these chemical shifts with those of similar xyloglucan oligosaccharides [8,15,31] and 
standard chemical shift data for monosaccharides [32]. The 1D spectrum was complex 
and contained many overlapping signals, but showed 8 anomeric peaks of varying 
intensities, downfield from HOD. Following 2D analysis, these peaks were assigned as 
reducing c~-D-Glc (designated red. oe-D-GlCl; confirmed by the disappearance of this 
peak upon reduction of the sample with NaBH 4 [15]), 4 different Xylp ring systems 
(ol-D-XylPl, ol-D-XylP2, O~-D-XylPt~.,. I, and Ol-D-Xyll)ter2, in order of their descending 
chemical shifts (6))  and three Araf ring systems (Ol-L-Arafl, C~-L-Araf2, and c~-L-Ara~). 
The assignments of the three ArM ring systems were based on comparison of the 
chemical shifts with those of Ara[ from arabinogalactan-protein [30], and were consis- 
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tent with there being only terminal Araf  However, the chemical shift for H-5 of 
o~-t,-AraJ] was markedly different to Ce-L-Araf2 and a-L-Araf~, being 0.60 ppm 
downfield from H-5 in O~-L-Araf 3. A smaller downfield change was also noted for H-3 
of C~-L-Arafl compared with C~-L-Araf2 and C~-L-Araf3 This trend suggested that the 
C-5 on a proportion of the terminal Araf residues were O-acetylated, and supported the 
data from the methylation analyses under neutral conditions (Table 1), the susceptibility 
of xyloglucan to the endo-(l ---> 4)-/3-glucanase, and the ESI-MS data (Table 4). Such a 
deshielding effect on ~ is common for protons attached to a carbon atom substituted 
with an O-acetyl group [8,31]. 

Upfield of the water peak the anomeric region was overlapped, and individual peaks 
could not be identified until a full 2D analysis had been completed. In the 2D TOCSY, 
the anomeric proton at 6 4.64 ppm was assigned to the reducing /3-D-Glcp residues 
(designated red. /3-D-Glc 1 in Table 5; confirmed by the disappearance of this peak upon 
reduction of the sample with NaBH 4 [15]). The anomeric protons of the other Glcp 
residues were very similar, all having 6 values between 4.45-4.57 ppm. One of the 
overlapped Glcp residues showed strong TOCSY correlations to two H-6 protons within 
the anomeric region (6 of 4.30 and 4.60 ppm), and this connectivity allowed the 
unambiguous assignment of the remainder of this spin system (/3-D-Glcp2 in Table 5). 
The downfield shift of the H-6 protons is due to O-acetylation on C-6; taken together 
with the specificity of the endo-(l---> 4)-]3-glucanase, we can conclude that these 
O-acetyls are on the 4-Glcp residues proximal to the reducing 4-Glcp residues. The 
ESI-MS data (Table 4) indicated that all three oligosaccharides had up to two O-acetyl 
groups, indicating that in 5: I  at least, a small proportion of the 4-Glcp residues may be 
di-O-acetylated. The spectral data obtained for peak 5 from the gel-filtration column 
gave important insights into the composition and structure of the oligosaccharides, 
although isolation of the individual components in their native state would enable a 
more complete assignment and characterisation using J H-NMR spectroscopy to be 
conducted. 

-+(O-Ac)? 
$ 

B- D-Glcp-(1 -->4)- 13- D-Glcp-(1 ---44)- ~ D-Glcp-(1 --44)- 13- D-Glcp-(1-44) --> 
6 6 6 
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1 1 ~ O - A c )  
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6 6 6 
1" ? 1" 
1 1 ~ O - A c )  
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13- D-Glcp-(1 -->4)- 13- D-Glcp-( 1 ~ 4 ) -  1"5- D-Glcp-( 1 -->4)- 13- D-Glcp-(l --->4) 
6 6 6 
1" t 1" 
1 I _+(O-Ac) 

~-D-Xylp  ~-D-Xylp  
2 2 

t 1" 
1 1 

0~-L- ..Ar.a.f. . . . . . . . . . .  ~:L2.Ara.f " 

5 
t 

_+(O-Ac) 
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Structure o[peak 6. - -Peak  6 from the gel-filtration column comprised 40% ( w / w )  
of the total endo-(1 --* 4)-/3-glucanase digest. The linkage composition was similar to 
that of peak 5, but also contained a small amount of terminal Galp (2 mol%; Table 3). 
ESI -MS of native peak 6 gave a complex series of pseudomolecular ions, which 
corresponded to HexsPent2-OAc 0 2, HexsPent3-OAc0-3, HexsPent4-OAc0 2 and 
Hex 6 Pent 3-OAc 0- 2 (Table 4). 

The anion-exchange HPLC profile of HW-40 gel-filtration peak 6 (Fig. 3) was more 
complex than peak 5, and yielded 9 major individual oligosaccharides, 6:1 (8% w/w) ,  
6:2 (8%), 6:3 (8%), 6:4 (5%), 6:5 (4%), 6:6 (42%), 6:7 (5%), 6:8 (4%) and 6:9 (8%; Fig. 
4B and Table 6). Oligosaccharides present in minor amounts ( <  2% w / w )  were not 
collected for analysis. The linkage compositions of fractions 6:1 and 6:2 were similar, 
with each fraction containing 4-Glcp, 6-Glcp, and 4,6-Glcp, terminal Xylp and 2-Xylp 
and terminal Galp (Table 6). However, fraction 6:2 contained half as much terminal 
Xylp and twice as much terminal Galp as fraction 6:1. ESI-MS of these two 
oligosaccharides gave pseudomolecular ions at m/z 1247.7 and 1409.9, corresponding to 
HexsPent 3 and Hex6Pent 3, respectively. From comparison with the structures of 
oligosaccharides obtained by endo-glucanase digestion of tamarind xyloglucan [31], 
fraction 6:1 was deduced to be XLXG and/or  XXLG (6:1), and fraction 6:2 was 
deduced to be XLLG (6:2). ESI-MS (Table 4) indicated that one or two O-acetyl 
groups were present on a proportion of both of these molecules; since no O-acetylated 
Xylp residues were detected by linkage analysis under neutral conditions (Table 1) and 
the reducing 4-Glcp residues cannot be O-acetylated based on the specificity of the 
endo-(l ~ 4)-/3-glucanase, these O-acetyl groups were probably located on the terminal 
Galp residues, similar to that which was reported for 2-Galp residues in xyloglucan 
secreted by A. pseudoplatanus suspension cultures [15]. 

The linkage composition of fraction 6:3 yielded predominantly 4-Glcp, 6-Glcp, and 
4,6-Glcp and terminal Xylp (Table 6) and ESI-MS gave a major pseudomolecular ion 
at m/z 1114.8 (83%) corresponding to HexsPent s and a minor pseudomolecular ion at 
m/z 1409.6 (17%) corresponding to Hex6Pent 3. Fraction 6:3 was identified as XXGGG 
(6:3), and the presence of low levels of 2-Xylp and terminal Galp in the linkage 
analyses and a pseudomolecular ion with m/z 1409.6 in the ESI spectrum was deduced 
to result from carry over from fraction 6:2. O-Acetyl groups were deduced to be present 
on C-6 of one or both of a proportion of the internal 4-Glcp residues. 
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The linkage composition of fraction 6:4 contained similar proportions of 4-Glcp, 
6-Glcp, and 4,6-Glcp, and terminal Xylp to that of fraction 6:3 (Table 6) but, contained 
higher levels of 2-Xylp (I0 mol%) and no terminal Galp. ESI-MS gave a major 
pseudomolecular ion with m/z 1247.3 corresponding to HexsPent 3. This fraction was 
thus deduced to be XzXGGG and/or  XX2GGG (6:4), with one of the 4,6-Glcp 
residues substituted with terminal Xylp and the other substituted with Xylp-(1 ~ 2)- 
Xylp. O-Acetyl groups were deduced to be present on C-6 of one or both of a 
proportion of the internal 4-Glcp residues. 

g- D-Glcp-( 1 -.'4)- 13- D-Glcp-( 1 ---~)- 13- D -GI .c.p. - ! .1..-~.. !- .ft..D5..Gl.c..p-( 1 ----)4)- 13- D-Glcp-( 1 ----)4) --> 
6 6 6 
$ 1" 1, 
1 1 

(X-D-Xylp O~-D-Xylp z~(O-Ac) 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  

2 
$ 
1 

Ot-D-Xylp 
6:4 



168 I.M. Sims et al . /  Carbohydrate Research 293 (1996) 147-172 

The linkage analyses of  fractions 6:5, 6:6, and 6:7 contained similar amounts of 
terminal Araf, terminal Xylp and 2-Xylp (Table 6). Fractions 6:6 and 6:7 also contained 
similar proportions of  4-Glcp, 6-Glcp, and 4,6-Glcp, whereas fraction 6:5 contained less 
6-Glcp and more terminal Glcp than these two fractions. E S I - M S  of these three 
fractions gave pseudomolecular ions at m / z  1247.7, 1247.6, and 1247.8, respectively, 
which corresponded to HexsPent 3. Fraction 6:5 was deduced to contain ~ 6 0 %  
GXSGG a n d / o r  GSXGG (6:5), but the presence of  6-Glcp (Table 6) indicated that this 
fraction also contained material carried over from fraction 6:6. Fractions 6:6 and 6:7 
were deduced to be SXGGG and XSGGG (6:6), although the precise identity of  each 
peak was not investigated. O-Acetyl groups were deduced to be present mostly on C-6 
of a proportion of  the terminal Glcp and internal 4-Glcp residues of  6:5, and mostly on 
C-6 of  a proportion of  one or both of  the internal 4-Glcp residues of 6:6. E S I - M S  of 
fraction 6 (Table 4) gave a pseudomolecular ion corresponding to HexsPen t3-OAc 3 
which suggested that a small proportion (13%) of  these oligosaccharides were tri-O- 
acetylated. In this case, two O-acetyl groups were probably present on the Glcp 
backbone, with a third O-acetyl group located on terminal Araf. 
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Fractions 6:8 and 6:9 contained terminal Araf  and 2-Xylp in similar proportions, but 
different proportions of  terminal Glcp, 4-Glcp, 6-Glcp, and 4,6-Glcp. Fraction 6:8 
contained 14 mol% terminal Glcp and only 3 molCA 6-Glcp suggesting that the major 
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ol igosaccharide in this fraction was not  branched at 0 - 6  of the non- reduc ing  terminal  

Glcp  to a Xylp  residue. In contrast,  fraction 6:9 conta ined  only 1 mol% terminal  Glcp  
and 10 mol% 6-Glcp,  indicat ing that the major  ol igosaccharide was branched at 0 - 6  of  
the non- reduc ing  terminal  Glcp  to a Xylp  residue. E S 1 - M S  of  these fractions gave 
pseudomolecular  molecular  ions at m / z  1379.7 and 1379.6, respectively,  corresponding 
to H e x s P e n t  4. Fract ions 6:8 and 6:9 were thus deduced to be G S S G G  (6:7) and S S G G G  
(6:8),  respectively.  O-Acetyl  groups were deduced to be present  on C-6 of  a proport ion 
of  the non- reduc ing  terminal  Glcp  and internal 4 -Glcp  residues of 6:7, and on C-6 of a 
proport ion of  one or both of  the internal  4 -Glcp  residues of 6:8. O-Acetyl  groups were 
probably also present  on C-5 of  a proport ion of  one or both of  the terminal  Ara f re s idues  
of  each in these oligosaccharides.  
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4 .  C o n c l u s i o n s  

Xyloglucan  from N. p l u m b a g i n i f o l i a  cel l -suspension cultures has a similar  pr imary 
structure to that from N. t a b a c u m  leaves and suspension cultures [9,33]. The xyloglucan 
has a backbone  of  (1 ~ 4)-/3-D-Glcp residues of  which ~ 40% are branched at 0 - 6  to 
c~-Xylp, or C~-L-Araf-(1 ~ 2)-o~-Xylp, or /3-D-Galp-(l  ~ 2 ) -a -Xylp ,  or O~-D-Xylp-(1 
2)-c~-Xylp. The relative proport ions of  the different ol igosaccharides present  in endo-( l  
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4)-/3-glucanase digests of native N. plumbagin(fblia xyloglucan is summarised in 
Table 4. The majority of the xyloglucan is composed of oligosaccharides based on the 
subunits XXGG (34%) and XXGGG (27%; Table 4). Almost 60% of the oligosaccha- 
ride subunits are further substituted with one terminal Arafresidue, and almost 15% are 
substituted with two terminal Araf residues attached at 0-2  of the Xylp residues. Most 
of the remaining subunits are not substituted with terminal Araf residues, although a 
small proportion ( ~  2%) are substituted with terminal Xylp residues attached at 0-2 of 
the Xylp residues (structure 6:4). In addition, N. plumbaginifolia xyloglucan also 
contains a low proportion ( ~  6% of the total endo-(1 ~ 4)-/3-glucanase digest) of 
oligosaccharides which are substituted at C-6 of 75% of the 4-Glcp backbone and 
contain side-chains composed of o~-D-Xylp and Galp(I --* 2)-a-Xylp, similar to tamarind 
seed xyloglucan (structures 6:1 and 6:2) [31]. These oligosaccharides may represent a 
separate xyloglucan present in a low proportion, or may be a minor substitution pattern 
on a single molecule. Xyloglucan from S. tuberosum contains approximately equal 
amounts of terminal Araf and terminal Galp [11 ]. However, N. plumbaginifolia xyloglu- 
can contains some 15 times more terminal Araf than terminal Galp. 

The major subunit of xyloglucan isolated from cell walls of N. tabacum with alkali 
was XXG with single Araf  residues attached [10]. Gel-filtration chromatography of their 
endo-glucanase digested N. tabacum xyloglucan showed that a significant amount of 
glucose and cellobiose was present. Similarly, in the present study, alkali-treated, 
deacetylated N. plumbagin~lia xyloglucan digested with endo-(1 ~4)-/3-glucanase 
also produced considerable amounts of glucose and cellobiose, and yielded oligosaccha- 
rides based on XXG as the major products. Thus, it is probable that xyloglucans from 
N. plumbagin~folia and N. tabacum have similar structures. 

The N. plumbaginifolia xyloglucan contained O-acetyl groups attached mostly to the 
C-6 of 4-Glcp residues which were not substituted with Xylp, and less commonly to C-5 
of some of the terminal Araf residues. Approximately 30% of the 4-Glcp backbone 
residues were O-acetylated, which was equivalent to 44% of the 4-Glcp residues not 
xylosylated, and approximately 15% of the terminal Araf residues were O-acetylated. 
Comparison of the endo-glucanase digests of native and deacetylated xyloglucan sug- 
gests that cleavage sites in the native xyloglucan are at glycosidic linkages involving the 
anomeric carbon of 4-Glcp residues that are not O-acetylated, and from the pattern of 
oligosaccharides obtained, it appears that the distribution of O-acetyl groups on the 
Glcp backbone is not random. Substitution of the backbone of other solanaceous 
xyloglucans with O-acetyl groups has been reported recently [16], although this present 
study represents the first detailed investigation of the degree of O-acetylation and is the 
first time that O-acetylation has been reported on terminal Araf residues. O-Acetylation 
has been reported at C-3, C-4 and C-6 of the 2-Galp residues present in side-chains of 
xyloglucan isolated from cell-suspension cultures of A. pseudoplatanus [15], whereas 
O-acetylation was predominantly at C-6 of the 4-Glcp residues and at C-5 of the 
terminal Araf residues in N. plumbaginifi~lia xyloglucan, although it appears that the 
rare terminal Galp residues may also be O-acetylated (structures 6:1 and 6:2). Further, 
N. plumbagin(folia xyloglucan contained glycosyl residues which were primarily mono- 
O-acetylated ( >  95%), whereas 25-30% of the glycosyl residues in A. pseudoplatanus 
xyloglucan contained residues which were di-O-acetylated. Thus, the pattern O-acetyla- 
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tion was relatively homogeneous in N. plumbaginifolia xyloglucan, and contrasted with 
the heterogeniety of O-acetylation in xyloglucan from A. pseudoplatanus. 

The role of O-acetylation of xyloglucans is not understood and further work is 
required to identify its biological function. It has been suggested that enzymic removal 
of O-acetyl groups from the 2-Galp residues present in side-chains may direct associa- 
tion, via hydrogen-bonding, of the open face xyloglucan to cellulose [4]. In xyloglucan 
secreted into the medium of suspension cultures of N. tabacum, it has been suggested 
that the O-acetyl and glycosidic substitution patterns of the backbone may maintain a 
molecular topology required for formation of a xyloglucan/cellulose network in cell 
walls [16]. In N. plumbaginifolia, it is unclear whether O-acetylation of the glucose 
backbone maintains a conformation of the secreted xyloglucan which enables it to 
hydrogen bond to cellulose, or whether removal of O-acetyl groups is necessary for 
association of xyloglucan and cellulose. The location of O-acetyl groups on the 
backbone may also affect the accessibility of xyloglucan to cell wall enzymes. O-Acety- 
lation may reduce the ability of xyloglucan chains to act as a substrate for xyloglucan 
endotransglycosylase (XET), and, in addition to exo-glycosylhydrolases, an esterase 
might also play a role in the control of the action of XET [34]. In the present study, 
O-acetylation of xyloglucan secreted into the extracellular medium of N. plumbagin~fo- 
lia suspension-cultures has been shown to block the action of endo-(1 ~ 4)-/3-glucanase 
and a-L-arabinofuranosidase. Similarly, O-acetylation of xyloglucan within the walls of 
these cells may reduce its susceptibility to XET [34], and thus play a role in controlling 
cell wall expansion. It would be interesting to determine the degree and pattern of 
O-acetylation on xyloglucan in walls of N. plumbaginifi~lia cells throughout wall 
expansion. 
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