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ABSTRACT 

Xyloglucan oligosaccharides from cotton cell walls and tamarind seeds were derivatized with 

2-aminopyridine and subsequently separated by reversed-phasechromatography (r.p.c.) using an octadecyl- 

silyl silica stationary phase and aqueoussorganic eluents with 0.01% (WV) trifluoroacetic acid. The chroma- 

tographic behavior of the 2.pyridylamino derivatives ofxyloglucan oligosaccharides was examined under a 

wide range ofelution conditions, including gradient steepness and shape, initial acetonitrile concentration in 

the eluent, and pore size of the r.p.c. packings. Relatively steep acetonitrile gradients resulted in poor 

resolution of the different xyloglucan fragments, which is believed to be the result of acetonitrile-induced 

conformational changes. Under these circumstances the elution order of the dcrivatized xyloglucan oligo- 

saccharides was such that the smaller fragments eluted from the column before the larger ones. R.p.c. 

packing with a 70-A pore size necessitated relatively high acctonitrile concentration in the eluent when 

compared with 300-A stationary phase. The r.p.c. mapping of 2-pyridylamino derivatives of xyloglucan 

oligosaccharides was best achieved when both a wide-pore octadecyl-silyl silica stationary phase and a 

shallow gradient with consecutive linear segments of increasing acetoni trile concentration in the eluent were 

employed. This combination yielded rapid r.p.c. maps of the xyloglucan fragments from different sources 

with high separation efficiencies and concomitantly high resolution. The effects of the nature of the sugar 

residues in the xyloglucan oligomers and their degree of branching on r.p.c. retention and selectivity are also 

highlighted. 

INTRODUCTION 

Over the last fifteen years, numerous high-performance liquid chromatography 

(h.p.1.c.) techniques have been applied for the separation of carbohydrates. Aminopro- 
pyl-silica stationary phases’s’ and their variants, i.e., naked silica’ or hydrocarbonace- 

ous silica-based stationary phases4 with dynamically coated amines, cation exchanger 
columns in metal formP, and anion exchange stationary phases’ have traditionally 

been employed in the analysis and purification of carbohydrates. Recently, a significant 
development in the field of carbohydrate h.p.1.c. has been the application of resinous 
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TABLE I 

Structures of PA-XG fragments of cellulase digestion” 

/I-D-Glc( I +4)-D-Glc-N-2PA 
6 

T 
1 

C?-D-Xyl 

1 

/?-D-Glc( 1 -+4)-D-Glc-N-2PA 
6 6 

t t 
1 I 

a-u-Xyk a-D-Xyl 
2 

D-o-Gf;f( I +4)p-D-Gk-( I -+~)D-Glc-N-2PA p-D-Gk( 1 +4)8-D-Glc( 1 -+~)D-G~c-N-~PA 
6 6 6 6 

7 t t 7 t 
1 I 1 I 1 

a-D-Xyl a-D-Xyl a-D-Xyl a-D-Xyl a-D-Xyl 
3 4 

/?-D-Gk( 1 +~)D-GIc-N-~PA 
6 

a-D-Xyl 
2 

~-D-GF( 1+4)@-D-Glc( 6 1 -+4)p-D-Gk( 6 1-+4)~-Glc-N-2PA 

t T T 
I I 1 

a-D-Xyl a-D-Xyl a-D-Xyt 
6 

P-D-Gal 
2 

a-L-FUC 
5 

,/3-o-GZ;c( 1 -t4)@~-Gt( 1 +4)/?-D-Gk( 6 1 +4)~-Glc-N-2PA /&D-GI~I$ 1+4)b-D-Gf( 1 +)D-Glc-N-2PA 

t T T T T 
1 I 1 I I 

a-D-Xyl a-D-Xyl a-D-Xyl a-D-Xyl a-D-Xyl 
2 2 

T T 

~-D-G!J fi-~-G~k 
I 2 

a-L-Fuc 
8 
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@Kilc( 1 +4)/l-D-C&( 1 -t4)~-r-Glc( 1-+4)o-Glc-N-ZPA 
6 6 6 

t t t 
I 1 1 

a-Ll-Xyl r-I-Xyl W-X$ 
2 2 

“Compounds l-10 are those generated from cotton cell walls by Method I, and I-10a are those obtained by 

Method 2. The PA-XC fragments from tamarind seeds are: 14,6,7, and 11. (Note: 2PA refers to 2-pyridyl- 
amino.) 

Thus far, no high-resolution chromatographic method has been developed for 

separating and quantitating the fragments that may be generated after cellulase diges- 

tion of xyloglucans. Previous separations have relied mostly on gel filtration” on 

Bio-Gel P-2 or on paper chromatography’“. The high resolving power of r.p.c. was 

exploited in the present study which is aimed at the characterization of xyloglucan 

fragments obtained by cellulase digestion. The resolving power and selectivity of r.p.c. 

systems are particularly good when gradient elution can be used. For this method to be 

practical, a detector insensitive to changes in solvent composition needed to be used. We 

therefore. prelabeled the oligosaccharides with a u.v.-absorbing (also fluorescent) tag 

prior to chromatography’h. 

EXPERIMENTAL 

H.p.!.c. instrumentation. ~ The chromatograph was assembled from an LDC 

Milton Roy (Riviera Beach, FL, U.S.A.) Model CM4000 solvent delivery pump with a 

dual-beam variable-wavelength detector, SpectroMonitor 3 100. A Rheodyne (Cotati, 

CA, U.S.A.) model 7125 sampling valve with a 1 00-PL sample loop was used for 

injection. Chromatograms were recorded with a Shimadzu (Columbia, MD, U.S.A.) 

model C-R6A integrator interfaced with a single floppy disk drive and a CRT monitor. 

Materials. ~ Cell walls from Acala 44 cotton suspension cultures were prepared 

as previously described”, as was the purified endopolygalacturonase from an E. co/i 

clone containing its gene from Erwinia carotovora”. A cellulase preparation from 

Worthington (“chromatographically purified”) was used as received. Reagent-grade 

trifluoroacetic acid (TFA) and h.p.l.c.-grade acetonitrile were obtained from Fisher 

Scientific Co. (Pittsburgh, PA, U.S.A.). 

R.p.c. columns. ~ A Zorbax ODS-silica column (250 x 4.6 mm), having mean 

particle and pore diameters of 5 pm and 70 A was obtained from DuPont (Wilmington, 

DE, U.S.A.). A Bakerbond wide-pore octadecyl-silyl silica column (250 x 4.6 mm), 

having mean particle and pore diameters of 5 pm and 300 A, was a gift from J. T. Baker, 

Inc. (Phillipsburg, NJ, U.S.A.). The Zorbax ODS-silica has a specific surface area (340 

m’/g) which is greater than that of the Bakerbond wide-pore octadecyl-silyl silica (76 

m’/g) . 
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2-aminopyridine at their reducing termini by reductive amination as described by Hase 

et al.16 The excess 2-aminopyridine was removed by one of two alternate methods: (i) 
The reaction mixture was passed through the Toyopearl HW 40(S) gel-filtration column 

mentioned above, or (ii) The reaction mixture was passed through a cation exchange 
cartridge (Extract-Clean from Alltech Associates, Deerfield, IL, U.S.A.) in the ammo- 

nium form and eluted with waterz4. 

Liquid secondary ion mass spectrometry. - The 2-pyridylamino derivatives of 
xyloglucan (PA-XG) oligosaccharides separated by r.p.c. were tentatively identified by 
liquid secondary ion mass spectrometry (1.s.i.m.s.). The pooled fractions were evaporat- 
ed to dryness using a SpeedVac Concentrator (from Savant Instrument Co., Farming- 
dale, NY, U.S.A.). The dried materials were then dissolved in 2 to .5pL ofeither water or 

methanol, and 1 ,uL of the solution was mixed with 1 PL of 1 -thioglycerol on a stainless 
steel target. Spectra were obtained on a ZAB 2SE mass spectrometer (from VG 

Instruments, Manchester, UK). Using cesium ions at 35 Kv for the ionization, spectra 
were collected in the positive-ion mode. Both [M + H]’ and [M + Na] + ions were 

observed. Since only molecular weight information was obtained from the l.s.i.m.s., 
structures were inferred from previously proven structures of xyloglucan fragments 

obtained from both sycamore and tamarind using Trichoderma endoglucanase2’. A 
number of minor peaks in the r.p.c. map gave spectra which we were not able to interpret 

and therefore were not identified. 
Sugar composition. - Sugar compositions were determined by methanolysis and 

trimethylsilylation as described by Komalavilas and Mort”. 

RESULTS AND DISCUSSION 

The chromatographic behavior of 2-pyridylamino derivatives of xyloglucan 

oligosaccharides (PA-XG) was examined in reversed-phase chromatography by var- 
ying gradient steepness and shape, initial acetonitrile concentration in the eluent, and 

pore size of the r.p.c. packings. In addition, the effects of the nature of the sugar residues 
in the PA-XG oligomers and their degree of branching on r.p.c. retention and selectivity 
are highlighted. 

Gradient steepness andshape. ~~ The effects of gradient steepness and shape on the 

separation of PA-XC oligosaccharides generated from cotton cell walls by Method 1 

were examined with the Zorbax ODS column. The gradient duration, which is a 
convenient definition of gradient steepness, was varied in order to study the effect of 
volume percent acetonitrile on retention and to determine the optimum elution condi- 

tions of the PA-XG oligosaccharides. Using a 15-min linear gradient from 0 to 40% 
(v/v) acetonitrile in water (Gradient I), so that the gradient was 2.67% acetonitrile/min, 

yielded poor resolution of the PA-XG oligosaccharides. The derivatives eluted as two 
major peaks with adjusted retention volumes of 9.36 mL and 9.98 mL, respectively. The 

adjusted retention volume, VR, of a solute as measured in both isocratic and gradient 
elution is the difference between the retention volume, V,, of that solute and the void 

volume of the column, V,. With a 30-min linear gradient from 0 to 40% (v/v) 
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0 20 40 

Minutes 

Fig. 2. Reversed-phase chromatography of the xyloglucan mixture reconstituted by mixing aliquots from 

fractions collected during chromatographic runs under elution conditions as in Fig. I. Column, Zorbax- 

ODS. 250 x 4.6 mm; flow-rate. I mL:min; temp ., 25 ‘. Gradient IV. Other conditions are as in Fig. 1. 

Returning to Fig. 1, it can be seen that fragment 5, which is smaller than 

fragments 6 and 7, eluted later in the gradient than expected. This irregular behavior was 

caused by organic solvent-induced conformational changes, since it did not persist when 

Gradient IV was used, and fragments 5,6, and 7 eluted from the column in the expected 

order; compare Figs. 2 and 3 to Fig. 1. It must be noted that the chromatograms in Figs. 

2 and 3 were obtained by chromatographing a mixture of aliquots from the fractions 

collected under elution conditions of the chromatogram illustrated in Fig. 1, and the 

identity of each peak in Figs. 2 and 3 was determined by individual injections into the 

chromatographic column of diluted aliquots from those fractions. 

The above chromatographic behavior, which revealed irregularities concerning 

the dependence of retention of oligosaccharides on eluent composition, has also been 

observed in r.p.c. of other polar compounds such as homo- and hetero-oligonucleo- 

tide?“, whereby a reversal in the elution order occurred, i.e., small oligonucleotides 

were more retarded than larger ones, and non-linear dependence of retention on volume 

0 4 8 12 l;i ‘tr;, 

M lnutes 

Fig. 3. Same as Fig. 2. except column is Bakerbond Wide-pore ODS. 250 x 4.6 mm. 
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the studies since acetonitrile-lean eluent could bring about full separation of the sample 

components in a shallow gradient. Gradient V was used, which consisted of consecutive 
linear segments of shallow gradient changes (see Experimental). The r.p.c. map of the 
PA-XG oligosaccharides from cotton cell walls is depicted in Fig. 4. The different 
fragments were collected and analyzed by mass spectrometry. The tentative structures 

of the different fragments are given in Table I. As can be seen in Fig. 4, the complete 
mapping is obtained in less than 45 min with baseline resolution between most of the 

fragments. The numbers displayed in parentheses on each peak (see Fig. 4) represent the 
relative peak areas as normalized to that of the nonasaccharide (structure lo), and 
should be considered as the relative mole amounts of each oligomer23. Nona- and 
hepta-saccharides (structure 6) are the most abundant fragments in the mixture, fol- 

lowed by octa- and deca-saccharides. This is in agreement with reported proportions for 
cotton fibers** and similar to that for most dicotyledonous cell wall xyloglucans”, and 
provides support to the method established in this study. 

The above general elution scheme was also applied to the xyloglucan fragments 

from cotton cell walls obtained by Method 2. In Method 2 the xyloglucan is never 
exposed to alkaline conditions. Therefore, any esters which were present on the native 

polysaccharide should have been retained on the PA-XG fragments. Acetylated xy- 
loglucan oligosaccharides have been characterized from the XG obtained from the 

medium around sycamore suspension cultures29 and by cellulase digestion of cell walls 
from sycamore suspension cultures3’. Only the galactose residue has been found to be 
esterified, predominantly at postion 6, but also to a lesser extent at positions 3 and 4. The 

cellulase mapping of these PA-XG oligosaccharides is portrayed in Fig. 5. Here again, 
the combined areas under the peaks of acetylated (structure 10a) and non-acetylated 
nonasaccharide (structure 10) made up the highest number with respect to the other 
peaks in the map. Acetylated and nonacetylated nonasaccharide and heptasaccharide 

are the most abundant fragments followed by octa- and deca-saccharides. 

The following summarizes some general effects of each sugar residue on the 

chromatographic behavior of PA-XG oligosaccharides. As expected, due to the non- 
polar character of the substituent, the presence of an acetyl group on the galactosyl 

residue in the side chain of the nonasaccharide resulted in a substantial increase in the 
retention of the oligomer when compared to that of the non-acetylated oligomer (see 

Fig. 5). The fucosylated isopentaose (structure 5) is more retarded than the pentaose 
and hexaose. Also isoheptaose (structure 8) which is fucosylated, is more retarded than 

the heptaose and octaose. This is an expected behavior since the fucosyl residue has a 
methyl group, and therefore is less polar than any of the other sugar moieties in the 
PA-XG oligosaccharides. This imparts to the fucosylated oligosaccharides a stronger 
interaction with the r.p.c. column than that exhibited by the unfucosylated XG frag- 
ments of similar or slightly larger size. It is also apparent from the comparison of the 
retention behavior of the different XG fragments that a xylosyl residue imparts to the 

oligomer a smaller retention increment than that of a glucosyl residue. On the other 
hand, a galactosyl residue produces a retention increment smaller than that produced by 

xylose and much smaller than that of glucose. An irregular behavior, however, is 



0.01 j 

0 

(0.10' 



R.P.C. OF XYLOGLUCAN OLIGOSACCHARIDES 

(1 .O) (0.64) 

11+6 7 

37 

0.01 

E 
c 

: 
," 

0.005 

- 

(0.02) 

2 

1 

\ 

(0.02) 

4 

(0.01) 

L L_ I 1 1 I 1 I 

0 4 6 12 16 20 24 26 32 36 40 44 

Minutes 

Fig. 6. Reversed-phase chromatography map of 2-pyridylamino derivatives of xyloglucan oligosaccharide 

fragments from tamarind seeds obtained by cellulase digestion. The numbers in parentheses by the peaks 

represent their relative areas as normalized to the sum of peak areas of the most intense peak. the 

nonasaccharide, and a small portion of heptasaccharide from which it was not well resolved. Conditions are 

as in Fig. 4. 

CONCLUSIONS 

Reversed-phase chromatography is well suited for the rapid separation of 2- 

pyridylamino derivatives of xyloglucan oligosaccharides from different sources, espe- 
cially when wide-pore octadecyl-silyl silica stationary phases and acetonitrile-lean 

eluents are employed. Under these circumstances high resolution between the different 
fragments is easily attained and the elution order of the derivatized xyloglucan oligom- 

ers can be predicted. As a result, it is possible to draw inferences concerning structural 
characteristics of the oligomers and, in turn, expedite subsequent details structural 

analyses. Furthermore, the low-volume-percent acetonitrile in the gradient, which is 
required to bring about elution and separation, represents an advantage in terms of 

solute recovery from the chromatographic column, especially when dealing with polar 
compounds such as oligosaccharides. The method established here is expected to find 

general use in the field of oligosaccharides. 
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