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CHARACTERIZATION OF A STRUCTURALLY COMPLEX HEPTASAC- 
CHARIDE ISOLATED FROM THE PECTIC POLYSACCHARIDE RHAM- 
NOGALACTURONAN II+,* 

(Rcccivcd April 6th. 1983; accepted forpublicatmn. May 5th. 1983) 

ABSTRACT 

A heptasaccharide was released from the plant cell-wall. pectic polysac- 
charide rhamnogalacturonan II by selective acid hydrolysis of the glycosidic 
linkages of apiosyl residues. The heptasaccharide was purified to homogeneity by 
gel filtration and anion-exchange chromatography. Some of the heptasaccharide 
molecules were found to be mono- and some di-O-acetylated, but the location of 
the acetic ester groups was not determined. The heptasaccharide was found to have 
the following structure, where AceA = an awry1 (3.C-carboxy~S-deoxy-1:xylosyl) 
residue, and Api = an apiose residue. 
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INTRODUCTION 

Rhamnogalacturonan II (RG-II) is a complex, pectic polysaccharide that is 
released from the cell walls of suspension-cultured, sycamore cells (Acer psrudo- 
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RG-II yields at least 10 different monosaccharides upon acid hydrolysis, in- 
cluding the unusual sugar apiosc [Api; .3-C‘-(hydroxymethyl)~D-~/~~~,erotetrosc]. 
and the unusual sugar daivativcs 2.O-methyltucose, and 2.O-nlcthylxylosr’. A 
new branched-chain sugar. aceric acid (AceA; 3.(-rarboxy-5.dcosy-r -xylosr) ha\ 
also been identified’ as R component of RG-II. The monosaccharide constituents of 
RG-II are interconnected by at least 15 different glycosidic linkages’. 

The structure of intact RG-II is too complex to be character-ized by conven- 
tional methods. Therefore ( selective acid hydrolysis of the apiosyl glycosidic 
linkages of RG-II was used to generate a mixture of smaller oligosnccharides. and 
we now report the structural characterization of a heptnsaccharidr that was isolated 
therefrom. 

EXPERIMENTAL 

Isalntiovr of RG-II. RG-II was isolated from primary cell-walls of suspen- 
sion-cultured. sycamore cells. as described’. 

(;lycosyl-~omposl,iorz annly.C~. - The glycosyl-residue composition of the 
heptasaccharide was determined by g.1.c. and g.l.c.-m.s. analysts after hydrolysis 
in ?M trifluoroacetic acid (TFA) during 2 h at 170”. reduction of the hydrolyzate 
with sodium borodeutrride (NaBD,). and acetylation of the products.‘. 

Preparation of 2.0-nwrhyl-r -fi~cosc. - A sample of 2-O-methyl-L-fucose was 
prepared from methyl n-L-fucopyranoside (Sigma Chemxal Co.). Methyl n-L-fuco- 
pyranoside (25 mg) was converted into the 3.1.O-isopropylidenr derivative by the 
procedure of Lipt,ik et al.‘. and this was O-methylrrted’.“. Acid hydrolysis of the re- 
suiting methyl ?,4-O-isr~propylidrne-2-(l-m~t~~yl-cu-~-f~~copyr~~~~~~si~l~ ~icldcd 2-G 
methyl-i,-fucosc. 

Glwosyl-lirrkuge compnsitiorr of the heptasncchnride. - ‘1’~ R solution of the 
RG-II heptasaccharide (0.5 mg) in dimrthyl sulfoxlde (0.4 mL) was added JM 

sodium dimethylsulfinyl anion (75 ~1.). and the solution was stirred for 3 h. Methyl 
iodide (75 wL) was added. and the solution was stirred for a fiwthcl- I h. Per-O- 
methylated carhohydratr was isolated by chromatography on a Sep-Pak Cl8 car- 
tridge (Waters Associates). as described by Waeghc’. The glycosyl linkages of the 
neutral residues were determined by g.l.c.-m.s. after hydrolysis. reduction with 
NaRD,. and acctylation. The glycosyl linkage of aceric acid was determined by a 
modified procedure. An aliquot (0.2 mg) of the per-O-mcthylated carbohydrate 
was hydrolyzed, and the products were reduced with NaBD&. as drscrihedq. and 
the solution was de-iomzed by passage through a column (2 mL) of Dowcx SO (H+) 
resin. and then lyophilized. This procedure yielded a mono-O-methyl lactone de- 
rivative (compound 2) of aceric acid. The mono~O~methyl lactone 2 was carhoxyl- 
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reduced by the procedure of Jones and Albersheim’, yielding compound 4, which 
was per-O-acetylated to give compound 5; this was analyzed by g.l.c.-m.s. 

Per-0-(c~ideu6eriomelhyl)arion. - A solution of the heptasaccharide-alditol 
(3 mg) in dimethyl sulfoxide (2 mL) was stirred for 4 h, 4M sodium dimethylsulfinyl 

Scheme 1. Reaction sequence used to determine the glyco?yl linkages of the aceryl residue in the hep- 
tasaccharide-alditol. [Ths Scheme illuatratrs the derivatives obtained from the 2.linked aceryl residue 

(II.1 

anion (75 yL) was added, and the mixture was stirred overnight. Tri- 
deuteriomethyl iodide (20 ,uL; Stohler Isotopic Chemicals) was added, and the sol- 
ution was stirred for 2 h. Sodium dimethylsulfinyl anion and trideuteriomethyl 
iodide were added twice more, 100 /J.L of trideuteriomethyl iodide being used for 
the final addttion. 

L.c.-m.s. separrrrion ofthe mixture of per-0-(trideuteriomethyl)ated oligosac- 
charidrs and oligouuccharide-aldito~ generated by degradation of the aceryl residue 
during per-0-(trideuteriomethyl)ation of the heptasaccharide-aldirol. - The mix- 
ture of per-O-deuteriomethylated oligomers, generated by partial degradation of 
the aceryl residue of the heptasaccharide, was separated by 3.52-MPa, l.c.-m.s. on 
a DuPont Zorbax ODS column, using a linear, 45min gradient of 1: 1 to 3: 1 
acetonitrile-water. All other l.c.-m.s. conditions were as described”. 

Preparation of per-0-nlkylated oIiRo.fncclzaride-alditots from per-O-(tri- 
deuteriomethyl)rrted fragments generated by degradation of the uceryl residue of the 
heptasaccharide-afditol. - The fractions containing material that was eluted from 
the DuPont Zorbax ODS column with retention times lying between 4 and 10 min 
(see Fig. 5) were pooled and evaporated to dryness under a stream of filtered air. 
The material was partially hydrolyzed by treatment with 88% formic acid for 2 h at 
5O”, and the formic acid was evaporated under a stream of filtered air. The sample 
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Fig. 1. Chromatography of partially hydrolyzed RG-II in a heated (65”) column (1.5 X 85 cm) of Bio- 
Gel P-10 (20&400 mesh). [The wlumn was equilibrated m 5OmM sodium acclate buffer (pH 5.2). Cnl- 
lectcd-flactton volume was 2.5 mL. Fractions were assayed for neutral-sugar content by the oranol 
method” (Ahhi) and for uranic acid content by the m-hydroxybiphenyl method” (A5&. The shaded 
fractions wcrc pooled for further purification.) 
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Fig. 2. Chromatography, on QAE-Sephadex. of pooled material from the Hio-Gel P-10 column. IA col- 
umn (1 x 2 cm) of QAE-Sephadcx 6.SO-120wan equilibrated wth 30m~ NIIJICO,. After aar& ap- 
nlicatlon. the column was eluted with 15 bed-volumes of 30m~ NHdHCO-. tollowed hv 15 bed-volumes 
of 250mu NH,HCOI. Collected-fraction volume WUF I.5 ml.. Frackna were assayrdp” as described in 
legend to Fig. 1.1 

a column (1 x 2 cm) of QAE-Sephadex Q-SO-120 that had been pre-equilibrated 
in 30mM NH,HCO, (see Fig. 2). The column was eluted with 15 bed-volumes of 
30mM NH,HCO,, and then with 15 bed-volumes of 250mM NH,HCO,. A peak of 
orcinol-positive’” material (shaded region in Fig. 2) was elutrd from the column by 
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Drsrrw~iru7rion of glycou_vl rornpusirior~. find 5ize. of the i.toIatd oligo.wc- 
charide. - The material that was rluted from the OAE-Srphadrx column by 3omhI 

NHJIICO1 (shaded region in Fig. 3) was pooled and lyophilinzd. ‘l‘his material MBS 
chromatographcd in watcl- on a heated (65”) column (1 x 75 cm) of Bio-Gel P-h, 
and was rluted as a symmetrical. partially included peak (set Fig. 3). Allquots UCK 
taken from the tractions comprising the peak. and the glycosyl-residue wrnposllion 
was determined by g.1.c. and g.l.c.-m.s. analysis of the products ot reduction with 
borohydride. hydrolysis (2~ TFA. 1 h at 1311”). reduction with bur-odeuteride. and 
acetylation. The glycosyl-residue composition was constant across the peak (see 
Fig. 3, inset). The glycosyl-cc,mposition data wcrc consistent with those of a hcp- 
tasaccharide. Only apiosc was reducible before acid hydrolysis: this indicated that 
apiose was at the rrducinp end or the heptasaccharidr. as would he anticipated 
from the results of the partial hydrolysis. 

F.a. b.-m.s. provided strong evidence that the oliyoxaccharide isolated wa4 .t 
hcptasaccharide. The negative-Ion, I.a.b.-m.s. spectrum contained ions at ~nl,- 
1055. 1097. and 1139 that were assigned to [M - II] ions of a hrptasacchandc and 
its mono- and di-0-acetylated dcrivativrs, respcctivcly. The results were consistent 
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with the glycosyl-composition data, and also indicated the presence of one and of 
two acetic ester groups on some of the heptasaccharide molecules. 

The ‘H-n.m.r. spectrum of the underivatized heptasacharide in DzO con- 
firmed the presence of acetyl groups in some of the heptasaccharide molecules. The 
spectrum contained singlets, at 8 2.16, 2.12, and 2.08, having typical chemical- 
shifts for the methyl protons of 0-acetyl groups14. Integration of these resonances 
showed that the proportion of 0-acetyl groups was tl mol per mol of heptasac- 
charide: the largest resonance (6 2.16) corresponds to 0.6 mol of acetyl group per 
mol of heptasaccharide; each of the other two resonances corresponds to CO.3 mol 
of acctyl group per mol of heptasaccharide. It is probable that the 0-acetyl groups 
were partially hydrolyzed by the acidic conditions used to release the heptasac- 
charide from the RG-II. Acidic conditions are known also to cause migration of O- 
acetyl groupsI’. No attempt has yet been made to determine the points of attach- 
ment of these substituents. 

Determination of the absolute conjigurations of :he glycosyl residues of the 

heptusacchnride. - The absolute configurations of all of the constituent sugars of 
lbc: heptasaccharide, except apiose, were determined by the methods of Gerwig et 
al. “,” and Lindberg et al. lx. The galactosyl residue was shown to have the D, and 
the rhamnosyl and 2.0-methytfucosyl residues, the L, configuration by the method 
of Gerwig et al. Authentic 2-O-methyl-L-fucose was synthesized for use in these ex- 
periments, as described in the Experimental section. The arabinosyl residue was 
shown to have the L configuration by the method of Lindberg et al. I’. Aceric acid 

had previously been shown to have the L configuration’. It was not possible to as- 
sign the absolute configuration of apiose by the methods of Gerwig et al. “,I7 or 
Lindberg et al. “, because the diastereoisomeric products were insufficiently resol- 
ved by g.1.c. The L enantiomer of apiose has not yet been found in Nature”. There- 
fore, it is assumed that the apiose in the heptasaccharide has the D configuration. 

TABLE I 

Glycosrdrc 

linkage 

d?duced 

Mel%,” 

Z-0.Methylfucosyl 233.4 terminal 17 
Rhamnosyl 2.3.4 terminal 19 
Rhamnosyl 2.4 )-linked 1X 
Arabinosyl 3,4 2.lmkcd 19 

Galactosyl 3.6 (2-4).linked I5 
Accryl 3h 2-linked 6 
AplW 1.2,3,4 3’.hnked (alditol) 5 

“Calculatrd by using the cffectwc carbon ratio”. bDetermined in a separate experiment, as dcscribcd 
I” the *ext. 
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tion, yielded a di-0-acetyl-mono-O-methyl lactone (compound 3) which was iden- 
tified by g.l.c.e.i.-m.s. Because compound 3 is cyclic. it was not possible to deter- 
mine the position of the O-methyl group by using the fragmentation patterns cntab- 
lished for partially O-methylated alditol acetates “’ Therefore, compound 2 was re- 
duced with sodium horohydride in borate buffer’, to yield the acyclic, carbonyl-re- 
duced alditol (4). This derivative was per-O-acetylated. yielding compound 5, 
which was analyzed by g.l.c.-m.s. The c.i.-m.s. fragmentation-pattern of com- 
pound 5 (see Fig. 4) clearly established that the aceric acid was 2-linked in the hep- 
tasaccharide. 

Drtrrmination of the sequence of glycmyi residues in the hrptasaccharide. - 

The formation, resolution, and characterization of overlapping per-0-alkylated 
oligo~;iccharide-alditol fragment% constitnle a general procedure for determining 
the glycosyl-residue sequence of a complex carbohydrate’“.“, such as the heptasac- 
charide. The sequencing method was modified in the present study by using deut- 
erated alkylating reagents instead of the normal (i.e. nondcutcrated) alkylating 
reagents. The reason for this modification will become evident in the following 
discussion. The present study was complicated by degradation of the aceryl residue 
during per-0-(tridruteriomethyl)ation of the hcptasaccharide-alditol. The partial 
degradation of the aceryl rcsiduc made necessary an extra resolution-step, in order 
to recover the per-0-(trideuteriomethyl) derivative of the intact heptasaccharide- 
alditol from the mixture of per-0-(trideuteriomethyl)ated oligosaccharides and 
oligosacharide-alditols that resulted from this degradation. 

The first step of the sequencing procedure was to reduce the heptasac- 
charide with NaBD,, to afford the corresponding heptasaccharide-alditol, which 
was then per-O-(trideuteriomethyl)ated. As already mentioned, the aceryl residue 

I fJ - h 

Fig. 5. Reverse-phase, l.c. elution-profile of the per-0-(trideuteriomethyl)ated oligusaccharidcs and 
oliRosaccharlde-alditols generated by degradation of the aceryl residue durmg per-0(tri- 
deutcriomethyl)ation of the heptasaccharidr-alditol. IThr protilc is the c.i.-m s , total-ion rcsponsr of 

3% of the effluent from the l.c. column, mtroduced directly into the sowce of the mass spectrometer 
The mass spectrnmcter scanned from m/r 150 to 1OW every 3 s,] 
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was partially degraded during prr--O-(tI-idcutrri~~m~thyl)aLi~)n <)f the heptasac- 
charide-alditol, generating a mixture of prr-C)-(trideuteriomcthyl)ated aligosac- 
charides and oligosaccharide-alditols: this mixture was partially rcsolvcd by l.c. on 
a Dupont Zorbax ODS column. The elution was monitored hy chemical ionization 
(c.i.)-m.s. ot 3V of the l.c. eflluent (*ee Fig. 5). l‘he remaining ‘$7’; of the 1.c ef- 
fluent was collected as 0.5.mL fractions. 

The material that was eluted with a retention time of 1 I .3 min (shaded region 
in Fig. 5) was found to be the per-O-(tridcutcriomcthyl) derivative of the intact 
Ileptasaccharide-alditol. This was established by the results of hydrolysis, xduc- 
tion. and acetylation of aliquots of the l.c. fractions comprising the peak (data not 
shown), and by f.a.b.-m.s., as will he discussed later. The fractions containing the 
per-0-(trideuteriomethyl)atcd hcptasaccharidc-alditol wcrc combined. evaporated 
to dryness under a stream of filterrd air. and saved for suhscqucnt f.a.b.-m.s. and 
n.m.r. analyses. 

Most of the: features of the sequence of glycosyl rcsiduch in the heptasac- 
charidr were elucidated hy forming. and characterizing. overlapping per-O- 
nlkylated ~,ligosaccharide-alditol fragments of the heptasaccharidc. The per-O-al- 
kylated olig~,sacchande-alditol fragments were produced by parttnl hydrolysis wilh 
acid. reduction. and per-O-(pcntadcutcriocthyl)ation of the mixture of per-Q-(tri- 
deuteriomethyl)ated oligosaccharides and oligosaccharidc-alditols that resulted 
from dcgr-adalion uf the nccryl rcsiduc of the hcptasaccharide (material having re- 
tention times lying between 4 and 10 min; see Fig. 5). ‘I‘hcsc cxpcriments are de- 
scribed next. 

The fractions of eluate from the l.c. column (see Fig. 5) that were collected 
between 4 and 10 min were combined. and evaporated to dryness. Preliminary 
analyses of this material wcrc conducted as described”. to determine conditions 
for further hydrolysis to form di-, tri-. and tetra-saccharide fragments. Treatment 
of the per-O-(tricleuteric,methyl)ated oligosaccharidrs and oligoxaccharid~.olditolc 
in the 4- to 1Wmin eluate with 88% formic acid for 2 h at SW’ was found to vicld a 
useful mixture of fragments. 

The partially U-(tt-ideuteriornztl~yl)ated oligosaccharide and oligosaccharide- 
alditol fragments generatsd by this partial hydrolysis wcrc rcduccd with NaBDJ 
and the products per-O-(pclltadeuterioethyl)atcd. yielding a mixture of partially 
0-(trideuteriomcthyl)ated, partially O-(pentadeuttlrioethyl)aled oligosaccharide- 
alditols. .l‘hc U-(pcntadeuterioethyi) groups of these derwativeh mark the points of 
attachment of other residues in the intact heptasaccharide-alditol”. The term “per- 
O-alkylated oligosaccharidr-alditols” will he used from here on to refer to compn- 
nents of this mixture. 

An aliquot (200 pg) of the mixture of per-O-alkylatcd oligosaccharide-al- 
ditols was resolved. and analyzed. by g.l.c.-m.s. (xc Fig. 6). The structure5 of the 
per-O-alkylatcd oligu~uccharid~-alditol fragments were elucidated from diagnostic 

ions in their c.i.-mass spectra. This is illustrated in Fig. 7. in which the e.i.-mass 
spectrum of per-C)-alkylated tetrasacc haride-alditol [f] is shown. and the A- and J- 
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Fig. 6. G.l.c.-m.s. clution-profile of the per-0-alkylatcd oligosaccharide-aldllols derived from the hep- 
tasacharidc. [The per-O-alkylated oligosaccharide-alditols were produced by partial hydrolysis. reduc- 

tion, and per-O-(pentadeuterioethyl)atlon of the oligosaccharide fragments that resulted from partial 
degradation of the acrryl residur during per-O-(tridcuteriomethyl)ation of the hcptasaccharlde-aldltol. 
The mass spectrometer scanned from mlr 100 to 1000 every 1.5 s Each per-0.alkylated fragment struc- 
turally characterized has been assigned a letter to show where it was eluted from the g.1.c. column (see 
Tables II, III. and IV. and Fig. 7).] 

series of fragment ions, which are typical of these molecules22, are indicated. The 
A- and J-series of ions, in conjunction with the glycosyl-linkage composition of the 
intact heptasaccharide, established, with one exception, the sequence of glycosyl 
residues in fragment [f]. The feature of the glycosyl-residue sequence of fragment 
[f] that could not be determined unambiguously from this analysis was the point of 
attachment, to the (2-+4)-linked galactosyl residue, of the 2-0-methylfucosyl and 
the arabinosyl residues. This ambiguity was clarified in an experiment to be de- 
scribed later. 

The e.i.-mass spectrum of Eragment [f] also illustrates the value of using deut- 
erated alkylating agents for the sequence analysis of the heptasaccharide. For 
example, the Al and A* ions having m/z 198 and m/z 163 could arise only from a 
terminal rhamnosyl residue. These ions were only distinguishable from the Al and 
A2 ions arising from the terminal 2-O-methylfucosyl residue (m/z 195 and m/z 160) 
because the heptasaccharide was per-O-(trideuteriomethyl)ated. Had nondeuter- 
ated alkylating reagents been used, the A, and AZ fragment-ions of both of these 
residues would have had m/z 189 and m/z 154, respectively, and, thus, the terminal 
rhamnosyl and the terminal 2-O-methylfucosyl residues could not have been distin- 
guished. 

Three per-0-alkylated disaccharide-alditols and three per-0-alkylated trisac- 
charide-alditols were identified by g.l.c.-m.s. analysis, in addition to per-O- 
alkylated tetrasaccharide-alditol [f]. These per-0-alkylated oligosaccharide-al- 
ditols are shown in Tables II and III, and the pertinent e.i.-m.s. ions are listed. The 



0 I b' 

USC of pentadeuterioethyl iodide in the second alkylation step raulted in a unique 

molecular weight for each of the per-0.alkylated oligusaccharide-alditols derived 

from the heptasaccharide. In fact. alkylation with deutrratrd reagents allowed the 

unequivocal identification. from maswqxctral data. of the derivdtwe ot each plyccr- 

syl residue, simplifying the sequence analysis. 

Fragments [d] and [d’] (SW Table III) had the same sequence of glycosyl re- 

sidues. and differed only in the number of O-(pcntadcuterioethyl) grcoups on the al- 

ditol moiety. Each fragment had O-(pentndeuterioethyl) grt,ups at O-l and O-5 of 

the alditr)l. showing that the palactosyl residue was reduced after the partial hydro- 

lysis. Fragment [d] had a third O-(pentadeuterioethyl) group. marhing the point of 

attachment of the ?-O-methylfucosyl residue in the origmal heptasaccharrdr. Frag- 

mcnt [d’] had an n-(tridcut~,riomethyl) gl-oup instead o1 u thil-d 0.(pen- 

tadeuterioethyl) group, The ethylation pattern indicated that fragment [d’] was dc- 



COMPLEX IICPTASACCHARIDE FROM RHAMNOGALACTURONAN I1 143 

Et+3Rha+3’Api 
Rha--tZAra+ 
Et+4Galb+h 

r” 
FUC 

2 

012 

204(100) 
236(84) 
299(17) 

al, 

283(26) 
299(2X) 
362(4) 

bA, 

214(74) 
198(100) 
195(100) 

bA, 

163(21) 
1 h3(33) 
1 fKI(67) 

‘See Fig. 6 for location of fragment on g.1.c. trace. ?hc paint ot attachment of the 2.0mcthylfucosyl 
and arahinosyl residues to the (2+4)-linked galactosyl residue was determined in a scparatc cxpcri- 
ment. 

rived from a hexasaccharidc molecule from which the 2-0-methylfucosyl residue 
was ahscnt. 

The presence of fragment [d’] in the mixture of per-0-alkylated oligosac- 
charide-alditols is explained by hydrolysis of some of the glycosidic linkages of 2-0- 
methylfucosyl residues in the partial hydrolysis that released the heptasaccharide 
from RG-II. The rates of hydrolysis determined for apiosidic and 2-O-methyl- 
fucosidic linkages support this interpretation. Under the hydrolysis conditions used 
to release the heptasaccharide from RG-II, 35% of the glycosidic linkages of 
apiosyl residues was hydrolyzed, and 5% of the glycosidic linkages of 2-O-methyl- 
fucosyl residues was also hydrolyzed. Hydrolysis of 2-0-methylfucosidic linkages 
would have generated hexasaccharide molecules lacking the 2-0-methylfucoryl re- 
sidue. Removal of the 2-0-methylfucosyl residue from the heptasaccharide would 
have had little effect on its radius of gyration and on its charge-to-mass ratio. 
Therefore, it is not surprising that the hexasaccharide was eluted along with the in- 
tact heptasaccharide during chromatography on Bio-Gel P-10, QAE-Sephadex. 
and Bio-Gel P-6. 

Per-0-alkylated tetrasaccharide-alditol [fj (see Table III and Fig. 7) and pcr- 
O-alkylated disaccharide-alditol [a] (see Table II) define the sequence of six of the 
glycosyl residues in the heptasaccharide. No per-0-alkylated oligosaccharide-al- 
ditol containing aceric acid was characterized in this cxpcrimcnt. This was as ex- 
pected, because the per-0-alkylated nlditols were generated from the mixture of 
per-0-(trideuteriomethyI)ated oligosaccharides and oligosaccharide-alditols that 
resulted from degradation of the aceryl residue during per-O-(tri- 
deuteriomethyl)ation of the heptasaccharide-alditol. The 2-linked aceryl residue 
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was the only other residue in the intact heptasaccharide. and, therefore. had to be 

situated between the (2-4).linked galactosyl residue and the S-linked rhamnosyl 

residue; thih was confirmed by f.a.b.-m.s., as described later. Each of the per-O-al- 

kylated oligosaccharide-alditol framents identified was consistent with the glycosyl- 

residue sequence deduced for the hcptasaccharide. 

Determination of the points of uttar’hmmt of the 2-O-nrethyIfWxsy/ cmd 

arahinopvmnosyl wsidues to the (Lp+4)-linkrd g~11rrcfosyI wsidue. - The point of 

attachment of the 2-Cl-mrthylfucosyl and the arabinopyranosyl residues to the 

(?--tl)-linked galactosyl residue was determined by partial hydrolysis of the unde- 

rivatiLcd heptasacchal-idc with acid. f~llowrd by glycosyl-tinhagr analyvs of the hy- 

drolyzate. This experiment is described nexl. 

An aliquot (0.3 mg) of the underivatized heptassccharidr was treated with 

.?M TFA for 30 min at XV’. l‘he rxtent of hydrolysis of the arahinosidic linkage. dc- 
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2.3.4.6 terminal 21 

233.6 ClInked 51 42 13 

314.6 2-linked 16 13 42 

3.6 (2-4).linked 11 

*Calculated. hascd on 34% hydrolysis of arabinosidic hnkagcs and 63% hydrolysis of 2.O-methyl- 

Eucosidic linkages. 

termined as described”, was found to be 34%, and the hydrolysis of the 2-0- 
methylfucosidic linkages was determined to be 63%. 

An identical aliquot of the heptasaccharide was partially hydrolyzed by using 
the same conditions. This sample was then rcduccd with N&D,, per-O-mcthyl- 
ated, fully hydrolyzed with 2M TFA during 1 h at 120”, reduced with NaBD4, and 
per-0-acetylated. This treatment generated a mixture of terminal, 2-linked, 4- 
linked, and (2+4)-linked galactosyl residues (see Table IV). The 4-linked galac- 
tosyl residues listed in Table IV resulted from hydrolysis of the glycosidic linkage 
to O-2 of the (2+4)-linked galactosyl residue, whereas the 2-linked galactosyl re- 
sidues resulted from hydrolysis of the linkage to O-4 of the (2+4)-linked galactosyl 
residue. The observed ratio (51: 16) of 4-linked to 2-linked galactosyl residues es- 
tablished that the 2-0-methylfucosyl residue was glycosidically linked to O-2, and 
the arabinosyl residue to O-4, of the (Z-4)-linked galactosyl residue. 

F.a.b.-ms. oj the per-0-(trideuteriomethyl)ated hepfasaccharide-alditof. - 
The proposed sequence of glycosyl residues in the heptasaccharide was confirmed 
by positive-ion, f.a.b.-m.s. of the per-0-(trideuteriomethyl)ated heptasaccharide- 
alditol (see Fig. 8). This material had been isolated by l.c. (retention time of 11.3 
min; see Fig. 5), as already described. Ions corresponding to [M + HI+ (m/z 1349) 
and [M + Na] ’ (m/z 1371) were observed in the f.a.b.-mass spectrum. The A 
series of fragment ions, resulting from fragmentation from the nonreducing termini 
of the molecule, was also observed, as indicated in Fig. 8. These fragment ions con- 
firmed the glycosyl-residue sequence of the heptasaccharide, and provided defini- 
tive evidence for the location of the aceryl residue. 

Determination of the ring forms of the glycosyl residues of the heptasac- 
charide. - Glycosyl residues usually exist in furanoid or pyranoid forms. The 
apiosyl and aceryl residues of the heptasaccharide can form only furanoid rings. 
Methylation analysis of the heptasaccharide (see Table I) established the pyranoid 
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Fig. 9. Spectral region from 3.75 to 5.75 p.p.m. of the ‘H-n.m.r. spectrum of the per-O-(tri- 

dcutcriomethyl)ated heptasaccharide-alditol in CDCI,. [Chemical shifts were assessed relative to inter- 

nal hexadeuterloacetone (8 2.04). The resonances ansing from the six anomeric protons have been dc- 
signated I-VI (set Table V). The per-O-(trideuteriomethyl)ated heptasacchande-alditol was isolated by 

I C. (retention t&me, I I .3 min; see Fig. S).] 

arabinosyl and 2-0-methylfucosyl residues to the galactosyl residue. In that experi- 
ment, the heptasaccharide was partially hydrolyzed, reduced, and per-O-methyl- 
ated. The resulting fragments were then completely hydrolyzed, reduced, and 
acetylated. One of the partially 0-methylated alditol acetates resulting from this 
series of reactions was 1,2,5-tri-O-acetyl-X,4,6-tri-O-methylgalactitol (see Table 
IV). The methyl group on O-4 of this derivative established that the galactosyl re- 
sidue in the heptasaccharide was in the pyranoid ring-form23. 

PPr-O-(trrdpureriomelhyl)Nled Per-0-ulkylated A&nment 

hepta.~nccharrdP-aldirol oIigosacrhoridP-alditol 

Rf?S0nlZWt@ Chemical J1.1 Fr0gT?Wflt~ Chvmicul J1.z 
shlftb (Hz) PhifP (Hz) 

@.p.m.J CP.P.rn.J 

I 5.53 4 a-o-galactosyl 

11 5 21 4 If1 5.21 4 2-0-methyl-a-L-fucosyl 

III 5.04 I [;I” 5.34 1 
5.18 1 

u-1..rhamnosyl (terminal) 

IV 4.87 2 P-I..acery1 

V 4 73 7 

VI 4.64 1 

4.61 7 
4.70 7 

4.70 1 

a-1 -arabinosyl 

P-l.-rhamnosyl (3.linked) 

‘Srr: Fig. 9. “Aascaacd relative tu internal hrxadcuterioacetone at S 2.04. ‘See Tables II and III. 
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Uetrrrnination of the unorrrrrir configurations of the glycowl residues of fhr 

heptasacchoride. - ‘l‘hc anomeric configurations of the glycosyl r&dues of the 

heptasaccharide were determined hy ‘H-n.m.r. cpectroxx~py. The ‘H-n.m.r. sprc- 

trum of the per-O-(trideuteriomethyl)ated heptasaccharide-alditol (see Fig. 9) con- 

taiued ~t‘sommc~s from the six an~mwric protons. Four of thuse rcxmancc~ were 

assigned to specific glycosyl rcsiducs of the heptasaccharide. with the assistance of 

the ‘H-n.m.r. spectra of the per-0.alkylated oligosacchnridr-alditol fragments [a]. 

[d’j. and If] (see Table V). These fragments were isolated by l.c. of an aliquot (Z 

mg) of the mixture of per-0:llkyl:ited oligl,s;lccharirie-~l~~lt[~ls. and mere detected 

by g.l.c.Pe.i.-m.s. ot aliquotsof the column fractions. 

The ‘H-n.m.r. spectrum ot per-O-alkylated disaccharide-alditol [a] con- 

tained an anomeric resonance. from the anomeric proton of the 3-linked rhamnosyl 

residue, at 8 4.70 with .I 1 H7 (see ‘l‘nhle V). A small (O-2 Hz) coupling constant 

is typical of a rhamnopyranosyl anomeric res~nancc~~ . and the chemxal shift indi- 

cated that the anomeric proton of the 3-linked rhamnopyranosyl residue was axial. 

‘I‘herefore. the Slinked rhamnopyranosyl residue had the p-anomerlc contigura- 

tion. 

It should be noted that the chemical shift of the anomeric-proton resonance 

ot a particular glycosyl residue may differ when the residue is situated in different 

oligosaccharidc-alditols. For cxamplc, the chemical shift of the p-rhamnosyl re- 

sidue ~3s 6 4.64 for the per-0.(trideuteriomethyl)alztf htrptasaccharicle-alditol and 

8 3.70 for fragment [a]. This was as expected, because the anomcric proton was not 

in an identical chemical environment in the two oligosaccharlde-alditols. 

‘I‘hc ‘H-n.m.r. spectrum of per-O-alkylatcd trisaccharide-alditol [d’] con- 

tained a resonance at 8 5.34. with a coupling constant of <I Hz. and another rcso- 

nance. at S 4 61, with J 7 Hz. Thcsc rcsonancrs arose from the anomeric protons 

of the terminal rhamnopyranosyl residue and the arabinopyranosyl residue. The 

t’esonance having / 7 HI could no1 have arisen from a rhamnopyranosyl residue, 

because H-l and H-l of both a- and P-rhamnopyranosyl residues are in grrrrche 

orientation, and txhibit”’ coupling constants of ~2 Hz. Therefore. the resonance 

dt fi 4.6 I, J 7 Hz, was assigned to the ?-linked arabinopyranosyl Icsidue. l‘he chcn- 

ical shift and coupling constant ol this resonance indicated thnl the Z-linked 

arabinopyranosyl residue had the u-anomeric configuration The resonance at 6 

5.34, with J <I Hz. musl have arisen from the lerminal rhamnopvramxyl residue. 

The chemical shift indicated that the anomcric proton of this residue was cquato- 

rial. and that the residue had the n-anomeric configuration. 

The ‘H-n.m.r. spectrum of per-O-alkylatcd tetrasaccharidr-alditol [f] con- 
tained resonances arising from the anomeric protons of the Z-O-methyl- 

fucopyranosyl residue, the terminal rhamnopyranosyl residue. and the 

arabinopyranosyl residue. ‘l‘wo of the resonances corresponded to those identiticd 

in the spectrum of per-O-alkylated trisaccharide alditol [d’J. Therefore. the third 

resonance (6 5.21, J 4 Hr) must have arisen from the anomeric proton of the 1-G 
methylfucopyranosyl residue. The chemical shift and coupling constant ot this I-eso- 
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Fig. 10. ‘H-N.m.r., n.O.c.-difference spectrum of rhc undcrivatzcd hcptasaccharidc in D,O. [A: cpcc- 
tral region from 4.25 to 5.75 p.p.m. of a n.0.e:difference spectrum obtained with prcsaturation of the 
methoxyl protons of the 2.0.mcthylfucosyl residue. H: spectral regmn from 4.25 to 5.75 p.p.m. of the 
normal. Fourier-transform spectrum.] 

nance indicated that the 2-0-methylfucopyranosyl residue had the ru-anomeric con- 
figuration*s. 

The assignments of the anomeric configurations of the 2-O-methyl- 
fucopyranosyl and the arabinopyranosyl residues were confirmed by a nuclear 
Overhauser effect (n.O.e.)-difference, n.m.r. experimentz6~” that was pcrformcd 
with underivatized RG-11 heptasaccharide in D,O. The anomeric region of the ‘H- 
n.m.r. spectrum of the underivatized heptasaccharide (trace B, Fig. 10) was more 
complex than the same region of the spectrum of the per-O-(tri- 
deuteriomethyl)ated heptasaccharide-alditol. There were two causes for most of 
the increased complexity of the former spectrum: the heptasaccharide was not re- 
duced to the heptasaccharide-alditol; thercforc, some of the heptasaccharide 
molecules had a-apiose, whereas others had P-apiosc, at their reducing termini. 
Some of the heptasaccharide molecules also contained 0-acetyl groups. The induc- 
tive effect of an 0-acetyl group can cause the resonance of a nonanomeric proton 
to appear in the anomeric region of the spectrum. 

The n.O.e.-difference, n.m.r. experiment was designed to discriminate be- 
tween the anomeric protons of the 2-O-methylfucosyl and arabinosyl residues by 
taking advantage of the methyl group on O-2 of the fucosyl residue. The experi- 
ment entailed presaturating, at 6 3.5, the methoxyl protons of the 2-O-methyl- 
fucosyl residue of the underivatized heptasaccharide. Under the conditions of the 
experiment, any protons that were within -400 pm of the presaturated protons 
would experience a slight (l-5%) enhancement in signal intensity. The n.0.e. en- 
hancement is extremely distance-dependent, diminishing with increasing distance 
as Rmh (ref. 27). Trace A in Fig. 10 shows the anomeric region of the n.O.e.-differ- 
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encr spectrum. The n.O.e.-diffcrencc spectrum was generated by obtaining free- 

induction decays with and without prcsaturation ot the mcthoxyl protons of the 2- 

O-methylfucosyl residue. and then performing a Fourier transformation on the 

difference between the free-induction decays. Y’he resonance at S 5.3. uith Ji.2 1 
Hz. which was the only anomeric rc~onancc with signiticant n.0 enhancement. 

was attributed to the anomeric proton of the I-O-methylfucosyl rcsiduc. The I-cwlt 

u~nlirmed the ashignrncnt <)f this ~r~ona~lcr that had been mndc on the basis <II ‘H- 

n.m.r. analysis of fragments (d’] and If]. 

Two resonilncas <>f lhe ‘H-ll.m.r. spectrum of the per-C(tri- 

deuteriomethyl)ated heptasaccharide-alditol (6 5 53. .I 4 Hz; and i? 4.87, J 2 IIz) 

werr not assigned by ‘H-n.m r analysis of the prr-O-alkylated alditol% [a]. [d’], 

and [f]. These resonances were attributed to the anomeric protons af the (Z-3). 

linked galactopyranosyl residue and the 2.linked acerofuranosyt rcsiduc. because 

these were the only glycosyl residues whose anomeric resonancw were not idcn- 

tified in the foregoing experiments. A 2-11~ coupling constant is smaller than that 

usually observed with cithcr anomcr of a galactopyranosidir reGdur. but is typical 

of that observed when H-l and H-2 arc tram on a furonoid ring’? ” ~lhcreforc. the 

resonance at 6 1.87 was attributed to the ?-linked acerofu~-anosyl r-esidue in the p 

configuration. The resonance at 6 5.53. with /4 Hz. was in a typical rangr of chemi- 

cal shift, with a coupling constant typical for an a-galactosidic residue. and therc- 

fore. this resonance was assigned to a( 2-~)-linked-ru-galact~,a)l residur. Thu. the 

anomcric configuration of each glycosyl rcsiduc of the hcptssaccharidc was dctcr- 

mined. 

CiENERAl. DISCUSSION 

The hcptasaccharidc rcleascd from KG-II has the structure shown in the 

Abstract. AI1 aspects of the primary structure have hcen clucidatcd. cxccpt the 

points of attachment of the O-acstyl groups. The heptasaccharide contains six dif- 

ferent glycosyl residues, including aceric acid, a hitherto-unob~t-rved g:lycosyl re- 

sidue. The complexity 01 this hcptasxcharide is unprcccdcnt4 among structures 

that have thus far been clucidatcd for primary cell-wall constituents; this finding 
reinforces our conclusion that RG-II is a well defined. \tructurall> cornpIe\ 

polysaccharidr. 

The glycosyl-linkage composition of RG-II is comparcd to that ot the hcp- 

tasaccharide in ‘l‘ablc VI. The value given in Table VI for the L-linked aceryl rc- 

sidur ia an estimate. because this rrsidue cannot hc quantit:~tcd rel~ahly after 

methylation. The glycosyl residues thnt comprise the hsptasacchariric arc present 

in approximately equal numbers in inlacl RCi-II. and. with the excepli<)n oI thr 4 

linked galactosyturonlc acid residues. arc the most abundant gI>co~~l res~ducs of 

RG-II. The data in Table VI also reveal that a moleculr of KGII privhahly con- 

tains more than one hcptasaccharide unit. 

Three heptasaccharide units would account for -30%. and four heptasac- 
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TABLE VI 

Wycosyl residue 

Galactosyluron~c acid 

Rhamnosyl 

Arabinosyl 

Galactosyl 

Apiosyl 

Aceryl 
Fucosyl 

2-0-Mcthylfucosyl 

2.0-Methylxylosyl 
Glucosyluronic aad 

Glucosyl 

Linkage Numberper iVumberper 

m&cu1e” molerulr of 
of RG-II heptuxtccharidr 

4.linked 12 
terminal 2 
3,4-linked I 
terminal 4 1 
3-linked 4 1 

2.4.Inked 1 
3,3-lmked 1 
2.3,4-lmkrd 1 
2.linked (pyranose) 4 1 

terminal (Swanuse) 2 
2,4-linked 5 I 
terminal 2 

3-linked I 
3’.linked I 
2.linked ($3 1 
3.lmked 2 
3.4.linked 1 

terminal 3 1 
terminal 2 
2 linked 2 
4-linked 2 

Total Ml 

The value< givrn for intact RG-Il were calculated hy using the data ot TIarvill ~1 al.‘. vhc value given 

for the 2.linked aceryl residue is an estimate, because this residue cannot be quantitated reliably after 
methylation. 

charide units for >40% of the glycosyl residues of RG-II. Release of the heptasac- 
charide(s) does not significantly change the P-10 elution volume of the rest of the 
molecule (unpublished results). This suggests that the radius of gyration of RG-II 
is not significant changed by release of the heptasaccharide, and implies that the 
heptasaccharide units may be side chains on a 4-linked, galactosyluronic acid-rich 
backbone. RG-II is considered to be linked to other cell-wall polysaccharides by 
such a 4-linked, galactosyluronic acid chain’. 

I’he structure of the heptasaccharide provides the first information about the 
locations of the Z-O-methylfucosyl and apiosyl residues in the primary cell-wall of 
dicots. Methylfucose has been long recognized as a minor constituent of pectic 
polysaccharides *‘,s”, and was identified’ as a component of RG-II. The heptasac- 
charide is the first plant-cell-wall oligosaccharide characterized that contains a 2-O- 
methylfucosyl residue. 

Apiose-containing polysaccharides Irom monocots have been partially 
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characterized. The best characterized of these is the apiogalaoturonan of 

Lrmnni’~“, which consists of a chain of Glinkcd a-I)-gelactosyluronic acid re- 

sidues, with apiobiose units attached to O-2 or O-3 01 some of the galactosyluronic 

acid residues”.“. Zosterin. an apiose-conlaining polysaccharldc isolated from 

Lo.cremcrue-‘.‘, is structurally more complcu than the Lrmnu apiopalacturonan, but 

ir degraded by pcctinasc to :1 molcculc “cry similar to the f.onrrn apiogalxturo- 

nan”. The apiosyl re&idue in lhc RG-II hcptasaccharidc o~curh in a chain with 

other neutral glycosyl residues, the tirst such example. It is poalblc That lhe apioxyl 

residues of RGII are glycosidically linked to &linked grrlsctosyluronic acid re- 

sidues. IF this is correct, RG-II could be structwally related to roatcrin and to 

;Ipiog:llnclllr~,n;In\ 

The hcptasaccharide molecule has many hydrophobic functional groupx four 

of the glycosyl residues arc deoxy sugars and contain methyl grrwps instead of hy- 

droxymethyl groups at C-5; the arabinosyl rcsiduc is in the pyranoid ring-form and 

contains no hydroxymelhyl group; and the heptasaccharide has one O-methyl 

group and at least two O-acetyl groups. The hydrophobicity and structural com- 

plexity of the heptasaccharide are important. because recent evidencr indicates 

that the mtcractions between carbohydrates and their protein recepwrs are gov- 

erned by hydrophobic bonding’F.‘“. These properties of the heprasaccharide are 

made more significant by recent reports that oligosaccharide fragments of the ccl1 

wall!, function as regulatory molecules in plant--pathogen interactions 2nd in plant 

growth and devclopmcnt37~‘“. 

The authors are grateful for the editorial assistance of Barbara Sloane 
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