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ABSTRACT 

Rhamnogalacturonan I is a pectic polysaccharide that is solubilized from the 
walls of suspension-cultured sycamore cells (Acer pseudoplutanus) by the action of 
a highly purified endo-1,4-a-polygalacturonanase. Rhamnogalacturonan I has a 
linear backbone consisting of the diglycosyl repeating unit, +4)-cr-D-GalpA-( 1+2)- 
cY-L-Rhap-(l+. Approximately half of the a-L-rhamnosyl residues of the backbone 

are branched at O-4. Selective cleavage at the galactosyluronic acid residues of the 
backbone by treatment of rhamnogalacturonan I with lithium in ethylenediamine 
resulted in the release of the neutral glycosyl-residue sidechains that had been 
attached to the backbone. Various analytical techniques, including combined liquid 
chromatography-mass spectrometry, combined gas-liquid chromatography-mass 
spectrometry, and ‘H-nuclear magnetic resonance spectroscopy, were used to 
determine the structure of the side chains. The majority of the sidechains were 
isolated as oligoglycosylalditols, with rhamnitol at the “reducing” end. Terminal, 
2-, 4-, or 6-linked galactosyl residues were found attached to O-4 of the rhamnitol 
residues. The 2-, 4-, and 6-linked galactosyl residues had terminal or 2-linked 
arabinosyl, or additional galactosyl, residues attached to them. Based on the results 
of fast-atom-bombardment mass spectrometry, the side chains were found to range 

in size from one to fourteen glycosyl residues. The side-chain structures suggest 
that there are four or more distinct families of side chains attached to the backbone 
of rhamnogalacturonan I. 

INTRODUCTION 

Rhamnogalacturonan I (RG-I) is a complex pectic polysaccharide’ sol- 
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Treatment with lithium in cthylcnediamine has been shown to dcgradc the 

glycosyluronic acid residues of complex carbohydrates, lcaving intact the neutral 

glycosq’l residues i~nd t tir gl~cosidic linkages+. Thu%. this procrdurc should cleave 

the h~khme of KG-I between the sitic chains. leaving man) or ai1 of the side 

chains intaci. WC now describe the rcsuit of treating KG-I with lithium in 

tthylcnrdiaminc (“lithium trcatmcnt“) and the slructur:,l ch;lractcrjz;ltion of the 

quantitntivcly preponderanr side-chains recovered. 

!Mnrerids. -- Lithium wire (45 mg/cm) was obtained from Aldrich Chemical 

Co. Sodium br,rohydridc and sodium borodcuteridc wcrc from .4lfa Products. 

Ethglrnediamine was purchascrl from Sigma C’hcmical Co. Acetic anhpdridc. 

acetonitrilc (h.p.1.c. grx!cf. acctnne. dimethyl sulfoxidc. methyl iodide: pyridinc. 

tOlU~llC. k%ilter (1l.p.I.C. r *‘radcj. and ammonium acctatc \vcre supplied bq’ Fisher 

Scicntitic. Hio-Gels P-2 and P-h wcrc ohtaincd from Rio-Rad. Acetone-d,, was from 

K(IF? Riochcmicals St;lndxcl samples of parriallv O-meth~latcd. partiall!, O- 

acctylrltcd alditol derivdtivta nf arabinose, fucosc. g;rlactosc. and rhamnosc were 

sifts lof .I’. 1‘. Srevenson. .I. K. Thomas. and I,. D. Mcltonq of this Ishora~or~. 
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RG-I isolated from suspension-cultured Glycosyl composition and 
sycamore cells (Acerpseudoplatanus) ‘glycosyl-linkage analysis 

I 
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fragments of RG-I 

I 

Gel-permeation chromatography 
(Bio-Gel P-2) 

Glycosyl composition and 
* glycosyl-linkage analysis 

Fractionated oligoglycosylalditol 
fragments of RG-I 

I 

Fractions are per-0-methylated 

Reversed-phase l.c.-m.s. (direct liquid introduction and thermospray) 

Separated per-0-methylated oligoglycosylalditol 
fragments of RG-I 

I 

On-column g.l.c.+.i.-m.s. glycosyl-sequence determination 

‘H-n.m.r. determination of glycosyl residue anomeric configurations 

Glycosyl-linkage analysis of glycosyl residues of the per-0-methylated oligoglycosylalditols 

Primary structure of the neutral sidechains of RG-I 

Scheme 1. Procedure used in analyzing RG-I with lithium in ethylenediamine. 

For RG-I, the side chains released by lithium treatment were analyzed by the 
methods outlined in Scheme 1. Each portion of the analysis was performed as 
described next. 

Isolation of RG-I. - RG-I was isolated from primary cell-walls of suspen- 
sion-cultured sycamore cells as described4. 

Lithium treatment of RG-I. - RG-I was treated with lithium in 
ethylenediamine as follows. RG-I (22 mg) was dried overnight in vucuo at 40”, 
suspended in ethylenediamine (2 mL), and the mixture stirred until the carbo- 
hydrate had dissolved (30 min). Three small pieces of lithium wire (each 2-3 mm 
long) were added. The solution turned blue after stirring for 15 min; the blue color 
was maintained for 1 h by addition of two 2-3-mm pieces of lithium wire. The 
reaction was stopped by the introduction of distilled water (5 mL) while the solution 
was cooled in an ice bath. The water and ethylenediamine were evaporated from 
the mixture by three roto-evaporations with toluene (water and ethylenediamine 
form azeotropes with toluene). The resulting white powder was dissolved in water 
while being cooled in an ice bath, and the lithium ions were removed by passing the 
solution through a column of Dowex AG-SOW X-12 (10 mL) eluted with distilled 
water. The eluate was lyophilized overnight, to yield lithium-treated RG-I. Exper- 
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iments describing determination of the optimal conditions for the lithium treatment 

of RG-I are outlined in the Results and Discussion section. 
Gel-permeution chromutography of the oligoglycosylaldital products of 

lithium-treated RG-I. - The underivatized products of the lithium-treated RG-I 

were fractionated by gel-permeation chromatography on either a column (1.5 X 85 
cm) of Bio-Gel P-6 (200-400 mesh) or a column (1.6 X 71 cm) of Bio-Gel P-2 
(200-400 mesh) eluted with water. Fractions (1.5 mL) were collected from each 

column. 
Glycosyl-composition analysis. - The glycosyl-residue compositions of RG-I 

(0.1 mg) and of RG-I after lithium treatment (0.1 mg) were determined by analyses 
of their per-0-acetylated derivatives by g.l.c. on a column (0.25 mm X 30 m) of 
Supelco SF2330 in a Hewlett-Packard (HP) model 5880 gas-liquid chromatograph 

fitted with a flame-ionization detector (f.i.d.) and by gas-liquid chromatography- 
chemical ionization mass spectrometry (g.l.c.-c.i.-m.s.) on an HP model 5985 mass 
spectrometer using isobutane as the reagent gas. These derivatives were obtained 
by hydrolysis with 2~ trifluoroacetic acid for 1 h at 120”, followed by reduction with 

sodium borodeuteride in M ammonium hydroxide (I 0 mg/mL) for 1 h at room temp- 
erature and per-O-acetylation with 1: 1 (v/v) acetic anhydride-pyridine for 25 min 
at 120”. 

Glycosyl-linkage composition analysis of RG-I and the oligoglycosylalditol 
products of lithium-treated RG-I. - RG-I (0.2 mg), or the mixture of oligoglycosyl- 
alditols produced by lithium treatment of RG-1 (0.1 mg), or chromatography 
fractions of the oligoglycosylalditols (exact amounts not determined) produced by 
the lithium treatment of RG-I, were dried in vacua overnight at 40°, and then 
stirred with dimethyl sulfoxide (1 mL) until the carbohydrate had dissolved 
(normally 15-30 min). Sodium dimethylsulfinylmethylide (0.325 mL. 3~) was 
added to the solution to yield a final concentration of M ylide. This solution was 
stirred for 15 min. and then an excess (0.15 mL) of methyl iodide was added*. The 

per-0-methylated compounds resulting were purified by chromatography on Sep- 
Pak C-18 cartridges (Waters and Associates) as described”. 

The glycosyl-linkage compositions of per-0-methylated samples were then 

determined by forming the partially O-acetylated, partially 0-methylated alditol 
derivatives of the per-0-methylated samples by hydrolysis with 2~ trifluoroacetic 

acid for 1 h at 120” reduction by sodium borodeuteride in 1: 1 (v/v) ethanol-water 

(10 mg/mL) for 2 h at room temperature and 0-acetylation with 1: I (v/v) acetic 
anhydride-pyridine for 3 h at 120”. These were analyzed by g.1.c. on a column (0.25 
mm x 30 m) of Supelco SP-2330 in an HP model 5880 gas-liquid chromatograph 
fitted with an f.i.d.. and by g.l.c.-ms. (HP model 5970massspectrometer) analyses. 

Liquid chromatography-mass spectrometry (1.c.m.s.) separation and analysis 
of the per-O-methylated oligoglycosylalditol products of lithium-treated RG-I. - 
The mixtures of partially fractionated oligoglycosylalditols obtained by gel-permea- 
tion chromatography were per-0-methylated and the ethers fractionated by re- 
versed-phase l.c. on a column (4.5 mm x 25 cm) of ODS (5 pm particle size) from 
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Fig. 1. Gel-permeation chromatography on P-2 of the products of lithium treatment of 22 mg of RG-I. 
The carbohydrate in each fraction was determined by the anthrone (circles) and Blumenkrantz-Asboe- 
Hansen (triangles) calorimetric methods. The fractions were combined as indicated by the dashed lines. 

IBM Instruments Inc. The per-0-methylated oligosaccharides were eluted from 
the ODS column with a solvent gradient. The lower-molecular-weight, per-O- 
methylated oligoglycosylalditols derived from Fraction I (see Fig. 1) were eluted 
with a gradient (gradient I) that started at 1: 3 (v/v) acetonitrile-water and increased 
to 7:13 at 30 min, 1: 1 at 40 min, and 100:0 at 60 min. The intermediate-molecular- 
weight per-0-methylated oligoglycosylalditols derived from Fraction II (see Fig. 1) 
were eluted with a gradient (gradient II) that started at 3:7 (v/v) acetonitrile-water 
and increased to 2: 3 at 30 min, 11: 9 at 40 min, and 100:0 at 60 min. The higher- 
molecular-weight per-0-methylated oligoglycosylalditols (derived from Fractions 
III and IV: see Fig. 1) were eluted with a gradient (gradient III) that started at 3:7 
(v/v) acetonitrile-water and increased linearly to 9 : 11 at 30 min, 3 :2 at 40 min, and 
100:0 at 60 min. 

Each Fraction (I-IV) that contained per-0-methylated oligoglycosylalditols 
was divided into two portions. The first, consisting of -80% of the fraction, was 
separated by the appropriate l.c. solvent gradient and analyzed by l.c.-m.s. In this 
procedure, the l.c. effluent was analyzed by introducing -3% of the effluent into 
the m.s. source via a direct-liquid-introduction (d.1.i.) interface (HP model 5985). 
The rest of the l.c. effluent was collected in fractions for other analyses. 

The remaining 20% of each per-0-methylated oligoglycosylalditol fraction 
was separated by the appropriate l.c. solvent gradient and analyzed by thermospray 
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m.s. using a Vestec thermospray interface. In these analyses, the effluent from the 

l.c. column (0.5 mL/min) was introduced into a mixing tee (Kratos) and 0.14~ 
ammonium acetate (0.7 mUmin) was added to increase the proportions of 
pseudomolecular ions in the resulting mass spectra. This mixture (1.2 mL/min) was 
vaporized and introduced into the source of the mass spectrometer (HP model 
5987). 

G.I.c.-m.s. analysis of per-0-methylated oligoglycosylalditols. -- The per-O- 

methylated oligoglycosylalditols in the l.c. fractions of the d.1.i. l.c.-m.s. experi- 

ments were also analyzed by y.l.c.-m.s. (electron impact. e.i.) in a capillary column 
(25 m x 0.32 mm i.d.. or 15 m x 0.25 mm i.d.) of DB-I (J and W Scientific Co.) 

in an HP model 5985 or model 5987 mass spectrometer system. The temperature 
program used in both mass spectrometers was 2 min at SO”, 30”/min to 220”. and 
h”lmin to 340”. 

‘H-N.m.r. analysis of per-0-methylated oligoglycosylaiditols. - ‘H-N.m.r. 
spectra of the per-0-methylated oligoglycosylalditols in the diverted l.c. fractions 
of the d.1.i. l.c.-m.s. experiments were recorded with a Bruker WM-250 Fourier- 
transform n.m.r. spectrometer operated at 250 MHz. Samples were dissolved in 
hexadeuterioacetonc (99.997%). Chemical shifts are reported relative to penta- 
deuterioacetone (6 2.04). 

Fust-atom-bombardment-mass spectrometry (f.a. b.-m.s.). - The oligo- 

glycosylalditols produced by lithium treatment of RG-I were analyzed by f.a.b.- 
m.s. after cc,nversion into their per-0-acetyl and per-O-methyl derivatives. as 

descrihcd”‘. 

RESULTS AND DISCUSSION 

Production of oligoglyco.~yIulditoIs from RG-I side chains 

Determination of conditions for lithium treatment of RG-I. - The following 
experiments were performed in order to determine conditions wherein lithium 
degraded most of the galactosyluronic acid residues in RG-I and simultaneously 
permitted the recovery of most of the neutral glycosyl residues of the polysacchar- 
idc. Six samples (Cl.5 mg) of dry RG-I were dissolved in cthylenediamine (0.S ml,) 

by stirring for -15 min. Lithium wire (2-3 mm) was added to each solution. and 
with additional stirring the solutions turned a deep blue. The blue color was main- 
tained in the six samples for 5, 10, 20, 40, 60, or 90 min. Additional pieces of 
lithium wire were added when necessary to maintain the blue color. By treating the 
polysaccharide with an excess of reagent (the blue color served as an indicator) for 
a specified length of time, WC were better able to reproduce the extent of degrada- 
tion observed. regardless of the amount of polysaccharide treated. The reactions 
were quenched at the specified times by addition of 5 mL of water. The reaction 
products were isolated as described in the Experimental section. 

The Blumenkrantz-Asboe-Hansen calorimetric assay” for glycosyluronic 
acid r&dues was used to determine the content of galactosyluronic acid residue in 
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a 0.25-mL aliquot (out of 5 mL) of each 0.5-mg sample of lithium-treated RG-I. 
This value was compared to the content of galactosyluronic acid residue in a 0.25- 
mL aliquot of a 0.5-mg sample of RG-I that had been dissolved in ethylenediamine 
(5 mL) without lithium and isolated by the procedure used for the lithium-treated 
samples. The proportion of galactosyluronic acid residues degraded in each sample 
is presented in Fig. 2. Of the galactosyluronic acid residues, -10% remained after 
lithium treatment for 60-90 min (see Fig. 2). 

Previous experiments6 had established that lithium treatment of glycosyl- 
uranic acid-containing polysaccharides produces neutral oligoglycosyl and oligo- 
glycosylalditol products; a mixture of glycoses and alditols is formed from the 

residues that were glycosidically attached to the glycosyluronic acid residues. The 
glycoses produced, but not reduced by the lithium treatment, were converted into 
their corresponding alditols by reduction with sodium borohydride. After this re- 
duction, each sample was acid-hydrolyzed and the products reduced with sodium 
borodeuteride in order to convert into an alditol any glycosyl residue cleaved by 
the acid hydrolysis, and at the same time to label the alditols thus formed with a 
deuterium atom on C-l. The samples were then per-0-acetylated and analyzed by 
g.1.c. and g.l.c.+.i.-m.s. Comparison of these analyses of the lithium-treated RG-I 
samples with those of the control RG-I sample identified the neutral glycosyl 
residues whose glycosidic bonds had been cleaved by the lithium treatment (see 

0 : I I I I 

0 20 40 60 60 

Lithium treatment time (min) 

Fig. 2. Recovery of galactosyluronic acid residues from lithium-treated RG-I after various reaction 
times. The uranic acid content of the samples was determined by the Blumenkrantz-Asboe-Hansen 
calorimetric method. The data are plotted as the absorbance of each sample divided by the maximum 
absorbance for the sample to which no lithium was added. 
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TABLE I 

COMPAHISON OF NF.CTRAL. Cil,~C‘OS~I_-RESll)lJ~ C’OMPCFXI‘ION ANALYSIS Ok RG-1 .\iSl) I I I‘HllJht ‘lXbi\ IFI) 

RG-I 

Rhamnosyl 
Fucosyl 
Arahinosyl 
Galactosyl 

Rhamnosyl 
Fucosyl 
Arahinosyl 
Galactosyl 

Table I). Of the rhamnosyl residues, 86% were. as expected, released by the 60- 
min lithium treatment, that is, by degradation of the galactosyluronic acid r&dues. 

This value was consistent with recovery of -10% of the galactosyluronic acid 
residues after a 6O-min lithium treatment. The same treatment released 10% or less 
of the arabinosyl and galactosyl residues. These values reprcscnted acccptablc 
levels of recovery, and in all subsequent experiments the KG-1 samples were 

treated with lithium for 1 h. 

I_ithiztm-trt,atmcni tirnv fr?sinJ 

(nfol ‘C) 

Rulutivu rrcution of residue dzrrirzg litlzizrnz trzwttrzent (mol ‘Z j 

Large-scale lithium treatment of RG-1. - RG-I (32 mg) was dried in \pa(*lio 
overnight at 40”. and then dissolved in ethylenediamine (2 mL) with stirring for 30 
min and sonication for 5 min. Lithium wire (-6 mm total) was added. and the 
solution turned blue with additional stirring. The blue color was maintained for 1 

h, after which the reaction was quenched and the products isolated as described in 
the Experimental section. The yield (by weight) of the carbohydrate recovered 
after lyophilization was 11.8 mg (72%); had all of the neutral glycosyl residues of 
RG-I been recovered, the theoretical yield would have been lb.5 mg. It was dcter- 

mined by the Blumcnkrantz-Asboe-Hansen calorimetric assay that -90% of the 
galactosyluronic acid residues were decomposed. 

Glycosyl-residue und gfycosyl-linkage composition ana1y.w. - The glycosyl- 
residue composition analysis of 1% of the lithium-treated RG-I was determined by 
g.l.c.-m.s. analysis of the alditol acetates (see Experimental section). The glycnsyl- 

residue composition was the same as that obtained for the ho-min lithium treatment 
presented in Table I. 

The glycosyl-linkage composition of an aliquot (0.1 mL/lO mL) of lithium- 

treated RG-I was determined by g.l.c.-m.s. analysis of the partially mcthylatcd. 
partially acetylated alditols (see Table 11). The glycosyl-linkage compositions of 
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TABLE II 

GLYCOSYL-LINKAGE COMPOSITION OF RG-I AND LITHIUM-ETHYLENEDIAMENE TREATED RG-I 

Glycosyl residu@ RG-I (mol %) Lithium-ethylenediamine- 
treated RG-I (~~01%) 

T-Rha 
2-Rha 
2,4-Rha 
2,3,4-Rha 
T-Gal 
2-Gal 
3-Gal 
4-Gal 
&Gal 
2,4-Gal 
2,6-Gal 
3,6-Gal 
4,6-Gal 
T-Ara 
2-Ara 
3-Ara 
S-Ara 
2,5-Ara 
3,5-Ara 
T-Fuc 
Pre-red rhamnitol 
Pre-red 4-rhamnitol 
Pre-red galactitol 
Pre-red 4-galactitol 
Pre-red 6-galactitol 
Pre-red Zarabinitol 
Pre-red Sarabinitol 
Pre-red 3,Sarabinitol 

1.6 
9.9 
9.7 
1.5 
9.3 
1.5 
4.5 

10.4 
11.0 
0.6 
0.9 
0.9 
2.1 

11.9 
2.7 
2.7 
9.7 
1.7 
4.1 
2.3 

- 
- 
- 
- 
- 
- 
- 
- 

0.6 
1.1 
1.3 
0.1 

12.0 
1.9 
5.7 

12.8 
11.5 
0.3 
0.6 
0.6 
2.3 

14.1 
3.4 
3.3 

12.4 
1.9 
4.5 
2.9 

trace 
5.1 
0.1 
0.4 
0.1 

trace 
0.4 
0.2 

q = nonreducing terminal. Numbers preceding residues indicates points of attachment of other glycosyl 
residues in the intact polysaccharide. Pre-red = glycosyl residue that was reduced either by the lithium 
treatment or by the sodium borohydride reduction that followed the lithium treatment. 

the arabinosyl, fucosyl, and galactosyl residues of lithium-treated RG-I were similar 
to those of untreated RG-I, except that after lithium treatment, these residues 
constitute more of the total (88 vs. 74 mole percent). Lithium treatment lowered 
the proportion of rhamnosyl residues detected during glycosyl-linkage analysis; the 
2- and 2,4-linked rhamnosyl residues accounted for -20% of the neutral residues 
of untreated RG-I but only -2% of the treated sample. 

The loss of rhamnosyl residues after lithium treatment is consistent with the 
expected effect of lithium on the known structure of the RG-I backbone and the 
measured loss of galactosyluronic acid residues. Thus, lithium fragmentation of the 
galactosyluronic acid residues of the RG-I backbone followed by reduction with 
sodium borohydride would produce rhamnitol from unbranched rhamnosyl 
residues and 4-linked rhamnitol from branched rhamnosyl residues. Only a trace of 



rhamnitol and 5.1 mole percent of 44inkcd rhxnnitoi wcrc rwwcrccl (thuorctical 

recovery. 8.X and X.4 mr~lc percent, r-cspcctively). ‘I’hc low +zlds ;Jf th~sc dcriva- 

tivcs were expected. as per-(~-metbyla~ed rllamnitol is cutrcincl> voialile and \voulJ 

be lost in the synthesis and purification of the partially tncthyl:ttr:ci :iltlitol ilCCt3tCS. 

Even the mono-wxtylated dcrivativc of 4-linkd prc-rcduc~~l r-harnnilnl i% 

sufficiantly volatile that h!) 7, rccoverv of this dcriv;lti\;c w;I:~ ;it Icast 35 +Wd 3s 

expcctcd based on prcviolls i’xpcricncC7. 

Fmctiondoti o/ !JIc’ c~ligcr~~l.yi~os?~i(~l~~t~~ifr~~gnlr~lls of KG-l. ..‘.‘-’ ‘l’lic ini.\turc of 

oligoglycosylalditoi fragments produced h>, lithium trentmc11t df KC;-I (I I .3 mg) 

was dissolved in water ;~nd chromatographedl on a column 0. “ Hio-(-lcl P-2 eluted 

with w-ater. The carbohydrate, locatcd by 1 hc Rlumenkrant;~-...~~~l~(~c-Hanscn and 

anthrone colorimctric as.~vs. was cluted in a broad hnri thar cstcmkrl from the 

void to the included ~olumcs of the column (WC Fig. I j. l‘h~ f’ra~tion~ th;lt con- 

tained carbohydrate were pooled. as Indicated. into Fractions 1 .I\. (SW Fig. 1). 

Aliquots (C!. 15 m1,/2 mL,) of Fractions I-IV were rcmovcd for f.;t.b.-m.s. analysis. 

The rest of each Fracricul W-IC rcduccd with sodium bar-ohyclride :md the product 

per-O-mcthylated. Aliquots (0. IO ml,/ I ml.) of the per-l)-meth~latcd c;lrhohydratcs 

in each sample wc’rc also saved for f.a.b.-rn.s. analysis. 

rd. c.-~TI..Y. nrld r7~urs-.rpc~c~tr~~n~~~i~i~~ malysis 0,f Itw ~~~~r-l~-tr~c~rh~l~~t~~~i dipa- 

gl~cosyldditols in Fmi~tiom I-IV. - Fracti<)tls l--IV (SW Fig. I j wrc c;ich divided 

into two portions (X:2. viv) and each portion was subjected to l.c. on an 01X 

column as described in the Experimental scctiori. 

The l.c. effluent from the separation 4’ ---20’!CV of rach fraction was analyzed 

by thermospray m.s. ‘T’hc ionk~tion in this procedure was “~ruc thcrmospray”. in 

that the ammonium acctatc prcscnt in the l.c. cffiucnt assist4 in 1114, formatitm of 

pseudomolccular ions ;ts the strlvcnt ions were strippctl nwo~ from the carbohydrate 

molccules’2. In order to “soften” the ionization proccs<. itIlLi thcrdy incrensc tllc 

relative abundance of the pscudomolccukrr ion\. lhc ionizatic3ri was pcrformcd 

without the use of an ionizing medium (such as iin clwtron !xad. Monitoring the 

effluent in this way provided information on the composition of the per,-Il-ml:thyl- 

ated oligoglycosylalditc,Is ~1% thrv wcrc clutcd l‘ronl thli ct~lumn. I‘:v ~wmplc. the 

deoxyhexitol, dcoxyhexnsc. hcxosc, and pentosc content of each oligoglycosql- 

alditol etuted could bc calculated from knowledge oi’thcir mokcul;~r weights. which 

were obtained from t hts thcrmospray mass spcctril. 

The l.c. effluent from the separation of the remaining 80% of Fractions I-IV 

was monitored by d.1.i.m.s. In this method. a small portion of the l.c. column 

effluent (1).01-X1.02 mL,imin out of 0.5 mUmin) was introduced ilZ :t tine jet directly 

into the source of the mass spcctromctcr. The material enterin g the nlass spcctro- 

meter was analyzed by c.i.-m.s. using the l.c. solvent as the reilgcnt pas. The rest 

of the effluent was collected in fractions so that the ~~ligopl~cos~~l~~t~iitols could bc 

analyzed by other techniques. 

The relative abundance of pseudomolecular ions in d.l.i.-m.s. \vas not as 

great as in thermospray-m.s. l-iowevcr. d.l.i.-m.s. did provide more structural in- 
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formation about the per-0-methylated oligoglycosylalditols, by producing diagnostic 
chemical-ionization rearrangement-ionsI and fragmentation-ionsi4. Together, the 
two l.c.-m.s. techniques provided the molecular weight and composition as well as 
a great deal of structural information about the per-0-methylated oligoglycosyl- 
alditols in Fractions I-IV. Furthermore, d.l.i.-m.s. made possible the collection of 
pure and partially purified per-0-methylated oligoglycosylalditols for further 
analysis. 

Characterization of the oligoglycosylalditols derived from RG-I side chains 

Methods used to determine the structures of the per-0-methylated oligo- 
glycosylalditols. - The structures of the per-0-methylated oligoglycosylalditols in 
Bio-Gel P-2 Fractions I-IV were determined from f.a.b., thermospray, ci., and 

e.i. mass spectra, from ‘H-n.m.r. spectra, and from glycosyl and glycosyl-linkage 
compositions. The thermospray and c.i. mass spectra (obtained during l.c.-m.& 
analyses) usually provided the pseudomolecular ion [(M + NH,)+ or (M + H)+] 
that gave the number and types (hexose, pentose, or deoxyhexose, etc.) of residues 
present in each per-0-methylated oligoglycosylalditol. The thermospray and c.i.- 
mass spectra also provided fragment ions of the A and J seriesi (A-series fragment- 
ions result from charge retention on the nonreducing end of oligoglycosylalditols, 
and J-series fragment-ions result from charge retention on the reducing end of the 
molecules). Analysis of A- and J-series fragment-ions identified the terminal and 

alditol residues of the per-0-methylated oligoglycosylalditols. 
Rearrangement (elimination) ions” were commonly observed in the c.i.-mass 

spectra of the per-0-methylated oligoglycosylalditols. These fragment ions result 
from elimination of the glycosyl residue attached to the alditol of oligoglycosylalditols. 
By successive eliminative loss of the residue attached to the alditol, the sequence 
of the internal glycosyl residues of the oligoglycosylalditol could be deduced. 

Caution must be used when interpreting these rearrangement ions because they 
have the m/z value of potentially valid, pseudomolecular ions. 

E.i.-mass spectra were normally obtained during g.l.c.-m.s. analysis of the 
per-0-methylated oligoglycosylalditols. These spectra contained fragment ions of 
the A, J, and alditol-cleavage series 15,ih that defined the glycosyl-residue sequence 
of the per-0-methylated oligoglycosylalditols. The J,? J, , and J, fragment-ions also 
provided information about the sequence and the points of attachment between the 
residues’“. Glycosyl-linkage composition analysis of a purified per-0-methylated 
oligoglycosylalditol provided the points of attachment of its glycosyl residues and, 
by comparison of g.1.c. retention times of the derived partially methylated alditol 
acetates to those of known compounds, identified the glycosyl residues themselves. 
‘H-n.m.r. spectroscopy was used to determine the anomeric configuration of the 

glycosyl linkages of the per-0-methylated oligoglycosylalditols. 
The oligoglycosylalditols identified in Fractions I-IV. - The structures, or 

partial structures, of the per-0-methylated oligoglycosylalditols identified in Bio- 
Gel Fractions I-IV are listed in Table III. The ions from mass-spectrometric 
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TABLE III 

LIST OF STRUCTlJRES AND PARTIAL STRUffL!RES OF ‘THE CHARACTERIZED OLIOOGl.YCOSYLALDITOLS DE- 

RIVED FKOM THE SIDE CHAINS OF RCJ-I 
-..._-.-_ 

Numerical Per-O-methylated oligoglycosylalditr~i 

designation herein 
---- . . .._~~ -..-.-.. . . .- .._. -_...___-.___________.. _ 

1 P-D-Gal~-(I~4)-l.-Rhaol 
2’ Ara-(l-+5)-Araol 
3” GakGalol 
4 Ara-( I-+4)-Rhaol 
5 a-I.-Araf-(1+3)-&u-Galp-(l-+4)-L-Rhaol 
6 /3-D-Galp-( I--&)-/3-D-Galp-(l-4)-L-Rhaol 
7 P-rl-Gab-( I+~)+D-Galp-( l-+4)-L-Rhaol 
b Ara-+Ara+Araol 
9” Gal-tGakGalol 

10 Ara+Ara+Rhaol 
11 Fuc-+Ara-+Rhaol 
12 a-L-At-a/-( I-+2)-cy-L-Araf-( l-+3)-P-~-Gab-( 1+4)-L-Rhaol 
13 P-n-Gab-( 1~6)-P-o-Galp-(l~4)-P-o-Galp-( l-+4)-L-Rhaol 
14 a+-Fucp( I--tZ)-P-D-Galp-( 1-4)~p-D-Galp-(l--+4)-L-Rhaol 
15” Ara-+Ara+Ara-+Araol 
16” Gal-+Gal+Gal+GaloI 
17h L-Araf-( l-+5)-L-Araf-( l+2)-L-Araf-( 1+3)-D-Galp-( I--+4)-L-Rhaol 
18 GakGal-tGal~Gal+Rhaol 
19 Ara+Ara-tAra+Ara+Araol 

“Each of these per-0methylated oligoglycosylalditols was eluted with more than one retention time. 
indicating the existence of more than one form of each (i.e.. possessing different anomeric configurations 
or linkage points). hThe glycosyl sequence of the 2-linked Ara and S-linked Ara was not determined for 
this per-O-methylated oligoglycosylalditol; the sequence displayed is for presentation purposes only. 

analysis of the per-0-methylated oligoglycosylalditols that allowed their structures 
to be elucidated are listed in Tables IV and V. The results of the ‘H-n.m.r. analyses 
of these per-0-methylatcd oligoglycosylalditols arc given in Table VI. and the 
glycosyl-linkage compositions in Table VII. 

Examples of how these results were used to determine the structures of the 

per-0-methylated oligoglycosylalditols shown in Table III are described in the 
following sections. 

The structures of per-0-methylafed alditols in Fraction I. - Fraction I (see 
Fig. 3) was shown by thermospray l.c.-m.s. to be largely composed of a mixture of 
per-0-methylated deoxyhexitol, per-0-methylated hexitol, and per-0-methylated 
pentitol. Glycosyl-linkage analysis of RG-I and of lithium-treated RG-I (see Table 

11) established that the only deoxyhexosyl residues in RG-I were rhamnosyl and 
fucosyl residues; only the rhamnosyl residues were reduced by the lithium treat- 
ment. Because the only pentosyl residues in RG-I were arabinosyl residues and the 
only hexosyl residues in RG-I were galactosyl residues, the per-0-methylated 
alditols in Fraction I were derived from rhamnosyl, galactosyl and arabinosyl 
residues. The rhamnosyl residues present in RG-I were probably glycosidically 
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TABLE IV 

DIAGNOSTICTHERMOSPRAY AND D.L.I. L.C.-MS. IONS OFTHE PER-O-METHYLATED OLIGOGLYCOSYLALDITOL 

ISOLATED FOLLOWING LITHIUM TREATMENT OF RG-I 

Per-0-alkylated R. t.’ TSP-m.s. ionsb C.i.-m.s. ions’ 
oligoglycosyl- 
alditol (hi+ NHd+ a.!,+18 (M+H)+ uJ2+H,O Eliml ElimJ A, 

1 27.W 

2 25.99d 

3 23.61d 

4 30.39d 

5 43.2@ 

6 24.96’ 

7 27.43e 

8 43.3% 

9 23.45’ 

10 29.15’ 

11 43.37’ 

I2 50.21c 

13 31.41’ 

14 37.W 

15 45.00’ 

16 28.25 

17 51.49f 

18 32.1Y 

19 55.1W 

458 
(83) 
400 

(65) 
488 

(34) 
414 

(10) 
618 

(100) 

E) 
662 

(1W 
560 

(12) 
692 

(85) 
574 

(20) 
588 

(IO@ 
778 

(100) 
866 

(100) 
836 

(100) 
720 

(100) 
8% 

(1W 
938 

(100) 
1070 

(1W 
880 

(37) 

223 
(9) 
209 

(100) 
253 

(100) 
223 

(5) 
223 

(5) 
223 

(12) 
223 

(1) 
209 

(20) 
253 

(21) 
223 

(18) 
223 

(60) 
223 

(3) 
223 

(II) 
223 

(17) 
209 

(16) 
253 

(4) 
223 

(40) 
223 

(4) 
209 

(4) 

441 
(100) 
383 

(1W 
471 

WI) 
397 

(4) 
601 

(82) 
645 

(56) 
645 

(50) 
543 

(100) 
675 

(27) 
557 

(0.9) 
571 

(31) 
761 

(22) 
849 
- 

819 

(0.5) 
703 

(3) 
879 
- 

921 
- 
- 
- 

863 
- 

223 
(I) 
209 

(45) 
253 

(36) 
223 

(74) 
223 

(1) 
223 

(19) 
223 

(10) 
209 

(6) 
253 

(34) 
223 

(41) 
223 

(9) 
223 

(1) 

FT 
223 

(I) 

:) 
253 

WI) 
223 

(40) 
223 

(100) 
209 

(57) 

- - 

- - 

- - 

- - 

(0.9) (2) 

397 - 

(8) 
441 - 

(43) 
441 - 

(39) 
383 - 

(IO) 
471 - 

(54) 
397 - 

(4) 
411 - 

(21) 
557 - 

(5) 
645 441 

(21) (18) 
615 411 

(3) - 
543 383 

(0.7) (8) 
675 471 

(0.9) (14) 
717 557 

(2) (5) 
849 645 

- (2.3) 
703 543 

219 

(27) 

(4) 
175 

(5) 
219 

(42) 
175 

(33) 
175 

(37) 
219 

(70) 
219 

(61) 
175 

(51) 
219 

(62) 
175 

(39) 
189 
(60) 
175 

(62) 
219 

(43) 
189 

(5) 
175 

(100) 
219 

(43) 
175 
(100) 
219 

(21) 
175 

‘Retention time (min) on the IBM ODS l.c. column. @Ihennospray-mass spectrometry ions; the figures 
in parentheses show peak intensity relative to base peak (100). Chemical ionization-mass spectrometry 
ions obtained during direct liquid introduction-mass spectrometry; the figures in parentheses show peak 
intensity relative to base peak (100). dRetention time during l.c.-m.s. using gradient system I, described 
in the Experimental section. ‘Retention time during l.c.-m.s. using gradient system II, described in the 
Experimental section. fRetention time during l.c.-m.s. using gradient system III, described in the 
Experimental section. 
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linked to gill~\ctosyluronic acid residues in the RG-I backbones. The origin of the 

arabinosyl and galactosyl residues is not yet known: they could have been attached 

to galactosyluronic acid residues or to neutral glycosyl residues degraded by 

lithium. These per-O-mcthylatcd alditols probably rcprcscnt a larger proportion of 

the products of lithium-degraded RG-I than is madr cvident by Fraction 1. as a 

large proportion ot’ thcsc per-Omctbylatcd alditols were p~~hahl!; lost during 

purification due fo their scrlatility. 

Fraction I also contained small amounts of rnonoglycosylalditols and di- 

saccharide methyl glycosidcs l--3; these were present in greater amounts in Fraction 

II and thcrcforc arc dcscrihcd. 

Tlw strtrctuws o, f pcrr4 htethyhtc4 rzli~o~l~co.~~lrrl~iit~~~,~ itr Frrrctiort Il. - 
‘rhcrmosprav l.c.-m-s. an;+sis of Fraction II (SW Fig. 4) showal that per-O- 

mcthylatcd monoglymsylaldito) t was a major component. and that per-O-methyl- 

ated mono- and di-gl~cosylalditols 2-4. 7-9, and 11: (see 7’ahlc III) wcrc relatively 

minor components of the sample. 

‘The thcrrnospra): illitss spectrum of per-O-mcthylated monogl~-cosylalditol 1 

cstahlished the prcscnce of’ a hcxosyl (that is, galactosyl) residue and a deoxyhexitol 

(that is. rhamnitol) rcsiduc by the pseudomolccular (M -C NH,,).+ ion at M~/Z 4%. 
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TABLE VII 

GLYCOSYL-LINKAGE COMPOSITION OF THE PEK-O-METHYLATED OLICiOCil.Y(‘OSYLAI.DlTOLS ISOLATED FROM 

RG-I 
--~ ._-. -_... -..-. .-- 

Per-0-methylated Glycosyl or Point of attachment Linkage deduced 
oligoglycosylalditol alditol residue of 0-methylsubstituents 

1 rhamnitol 1.2.3.5 
galactopyranosyl 2,3.4,6 

5 rhamnitol 1,2.3.5 
galactopyranosyl 2,4.6 
arabinofuranosyl 2.3.5 

6 rhamnitol 
galactopyranosyl 
galactopyranosyl 

I ,2,3,5 
2.36 
2,3,4,6 

7 rhamnitol 1,2,3.5 
galactopyranosyl 2,3,4 
galactopyranosyl 2,3,4.6 

12 rhamnitol 1,2.3.5 
galactopyranosyl 2346 
arabinofuranosyl 3.5 
arabinofuranosyl 2,3,5 

rhamnitol 
galactopyranosyl 
galactopyranosyl 
galactopyranosyl 

I ,2,3.5 
2736 
2,3,4 
2,3,4.6 

rhamnitol 1,2.3,5 
galactopyranosyl 2.36 
galactopyranosyl 3,436 
fucopyranosyl 2.3,4 

rhamnitol 1,235 
galactopyranosyl 2,476 
arabinofuranosyl 395 
arabinofuranosyl 273 
arabinofuranosyl 2.3.5 

pre-reduced 4-linked 
terminal 

pre-reduced 4-linked 
3-linked 
terminal 

pre-reduced 4-linked 
4-linked 
terminal 

pre-reduced 4-linked 
o-linked 
terminal 

pre-reduced 4-linked 
3-linked 
2-linked 
terminal 

pre-reduced 4-linked 
4-linked 
6-linked 
terminal 

pre-reduced 4-linked 
4-linked 
2-linked 
terminal 

pre-reduced 4-linked 
3-linked 
2-linked 
5-linked 
terminal 

-- -_ -_. .-. 

The aJ, + 18 fragment-ion at m/z 223 indicated that the deoxyhexitol residue was 
at the reducing end of the molecule; the bA, fragment ion at m/z 219 indicated that 
the hexosyl residue was the nonreducing terminus. The c.i. mass spectrum (ob- 
tained by d.1.Lm.s.) of 1 confirmed the assignments made on the basis of the 
thermospray mass spectrum [(M + H)+ at m/z 441, aJ, + 18 at m/z 223, and bA, 
at m/z 2191. The presence of 1 in the l.c. effluent, as indicated by the thermospray 
and d.l.i.-m.s. experiments, was confirmed by g.l.c.-e.i.-m.s. The g.1.c. retention 
time was consistent with that of a monoglycosylalditol. The e.i.-mass-spectral 
fragment-ions (aJ, fragment ion at m/z 265, aJ, fragment ion at m/z 205, bA, 
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Fig. 3. Reversed-phase h.p.l.c.-m.s. elution profile of the per-0methylated oligoglycosylalditols of 
Fraction I. The total ion chromatogram is plotted vs. the retention time. The numbers above the total 
ion chromatogram indicate the location of the individual oligoglycosylalditols listed in Table III. A is 
the location of several unresolved per-O-methylated alditols and methyl glycosides of rhamnose, 
galactose. and arabinose. The rise in the baseline at retention time -25 min was due to an increase in 
the multiplier voltage. 

fragment ion at m/z 219, and bA, fragment ion at m/z 187) confirmed the structure 

of 1. The alditol series of fragment-ions at m/z 351 and 89 indicated that the alditol 

from 1 was a 4-linked deoxyhexitol residue. 

The iH-n.m.r. spectrum of 1 contained a doublet with a coupling constant of 

7 Hz at a chemical shift of 4.28 p.p.m., which corresponded to the p-anomeric 

proton of the galactopyranosyl residues. Glycosyl-linkage analysis of 1 confirmed 

the presence of a terminal galactopyranosyl residue (determined by the e.i.-mass 

spectrum of its partially O-methylated alditol acetate and by comparison of its 

retention time with that of the synthesized galactosyl derivative). The glycosyl- 

linkage analysis also confirmed the presence of a partially O-methylated 4-linked 

rhamnitol residue (determined by its e.i.-mass spectrum and by comparison of its 

retention time with that of the synthesized derivative). The structure of 1 is shown 

in Table III. 

The complete structures of 24, and 11 were not determined due to the small 

proportion of each in Fraction II. Their partial structures are shown in Table III. 

Per-O-methylated monoglycosylalditols having partial structures 2 and 3 were 

eluted at more than one retention time for each structure (21.7 min and 26.0 min 
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Fig. 4. Reversed-phase h.p.l.c.-m-s. elution profile of the per-O-mcthylated oligoglycosylalditols of 
Fraction II. The total ion chromatogram is plotted VS. the retention time. The numbers above the total 

ion chromatogram indicate the location of the individual oligoglycosylalditols listed in Table III. 

for 2 and 21.5 min and 23.6 min for 3). This is evidence for the existence of more 
than one per-O-methylated oligoglycosylalditol having the same partial structures 
as 2 and 3, but having different anomeric configurations or linkage points, or both. 

The structures of per-0methylated oligoglycosylalditols in Fraction III. - 
Thermospray l.c.-m.s. analysis of Fraction III (see Fig. 5) established the presence 
of per-O-methylated diglycosyl-, triglycosyl-, and tetraglycosyl-alditols 5-9, and 
12-16 (see Table III). 

The pseudomolecular (M + NH4)+ ion at m/z 618 in the thermospray mass 
spectrum of per-O-methylated diglycosylalditol5 indicated that it was composed of 
a pentosyl (arabinosyl), a hexosyl (galactosyl), and a deoxyhexitol (rhamnitol) 
residue. The aJ, + 18 fragment-ion at mlz 223 indicated that rhamnitol was at the 
reducing end. The CA, fragment ion at m/z 175 established that an arabinosyl 
residue was the nonreducing-terminal residue. The c.i.-mass spectrum confirmed 
these assignments [pseudomolecular (M + H)+ ion at m/z 601 and the same J- and 
A-series fragment-ions as in the thermospray mass spectrum]. In addition, the in- 
formative c.i. rearrangement ion at m/z 497 (see Table IV) confirmed the glycosyl 
sequence of 5 that had been derived from the J- and A-series of fragment ions. 

G.l.c.-m.s. analysis of 5 helped to define its structure. The e.i.-mass spectrum 
contained a J, fragment ion at m/z 251 that indicated that the hexosyl residue 
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attached to the deoxyhexitol residue was Ninkcd. The ‘H-n.m.r. spectrum had a 

broad singlet at a chemical shift of 5.18 p.p.m., corresponding to an cy- 

~IrahinofursnosyI residue and a doublet (coupling constant of 7.6 Hz) at a ;hemicaI 

shift of 4.33 p.p.m, corresponding to a B-galactopyranosyl residue (see Table VI). 

Glycosyl-linkage analysis of 5 confirmed that the terminal rcsiduc was an 

;trabinofilranosyl rcsiduc. that the internal residue was a 34inkcd galactopyranosyl 

rcsiduc, and that the rclducing terminus was a d-linked rhamnitol (SW Table 111). 

Per-CAmcthylated diglycosylalditols 6 and 7 gave the same thermospray and 

c.i.-mass spectra. Roth contained thermospray pscudomolccular (M + NH,)+ ions 

at m/r 662 and c.i. (M + H).’ ions at m/z 639, which established that 6 and 7 wcrc 

each composed of two g&~~osyl residues and one rhamnitol rcsiduc. The aJ, + 1X 

fragmer.t-ion at W/Z 223 and the CA, fragment-ion ;It nliz 2 I9 in the mass sbcctra 

of 6 and 7 indicated that the dcoxyhexcrsyl residues w-erc at the reducing ends of the 

diglycosylalditols, and that the hexosyl residues wcrc rcspccti\/cly terminal and 

internal. 

Diglycosylalditols 6 and 7 were shown to be different molecules by their diffc- 

rent ciution volumes during liquid chromatography (see Table IV). G.l.c.-e-i.-m.s. 

analyses of 6 and 7 wcrc similar but not identical. Differences were seen in the 

retention times of 6 and 7 and in the relative abundance of their abJ, fragment-ions 
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that lost methanol (see Table V). The e.i.-mass spectra of 6 and 7 confirmed the 
sequence of their glycosyl residues. The ‘H-n.m.r. spectrum of 6 had a pair of 
doublets at chemical shifts of 4.33 and 4.61 p.p.m., each with a coupling constant 
of 6.93 Hz; the doublets corresponded to two galactopyranosyl residues in the p- 
anomeric configuration. The ‘H-n.m.r. spectrum of 7 had a pair of doublets at 
chemical shifts of 4.33 and 4.62 p.p.m., with coupling constants of 6.57 and 7.0 Hz, 
respectively. These doublets corresponded to two galactopyranosyl residues in the 
/I-anomeric configuration. The glycosyl-linkage compositions of 6 and 7 completed 
the structural analyses by establishing that 6 contained terminal and 6-linked 
galactopyranosyl residues and a 4-linked rhamnitol, whereas 7 contained terminal 
and 4-linked galactopyranosyl residues, and a Clinked rhamnitol. The structures of 
6 and 7 are presented in Table III. 

Per-0-methylated oligoglycosylalditol 12 was shown by its thermospray- 
generated pseudomolecular (M + NH&+ ion at m/z 778 to be a per-0-methylated 
triglycosylalditol composed of two arabinosyl residues, one galactosyl residue, and 
a rhamnitol residue. The glycosyl sequence of 12 was partially determined by the 
aJ, + 18 fragment ion at m/z 223, which established that a deoxyhexitol residue 
was at the reducing end of the molecule, and partially by the dA, fragment ion at 
m/z 175, which established that an arabinosyl was the terminal residue. The c.i.- 
mass spectrum established the rest of the glycosyl sequence by the c.i. rearrange- 
ment ions at m/z 557 and 397. These ions indicated that the remaining arabinosyl 
residue was attached to the galactosyl residue, which was attached to the rhamnitol. 

G.l.c.-m.s. analysis indicated that 12 was eluted with a retention time consis- 
tent with that of a per-0-methylated triglycosylalditol. The e.i.-mass spectrum had 
an aJ,, fragment-ion at m/z 251, indicative of a 3-linked galactosyl residue attached 
to the rhamnitol. The rest of the A and J series of fragment ions was consistent with 
the sequence derived from the c.i.-mass spectrum. The ‘H-n.m.r. spectrum of 12 
had two broad singlets with chemical shifts of 5.16 and 5.32 p.p.m., respectively, 
which were assigned to two a-arabinofuranosyl residues; a doublet (coupling 
constant of 7.92 Hz) with a chemical shift of 4.31 p.p.m. was assigned to a p- 
galactopyranosyl residue. Glycosyl-linkage analysis of 12 confirmed its terminal 
arabinofuranosyl residue, and established that the other arabinofuranosyl residue 
was 2-linked, that the galactopyranosyl residue was 3-linked, and that the rhamnitol 
was Clinked. The structure of 12 is shown in Table III. 

Per-0-methylated triglycosylalditol 13 was shown to be composed of three 
hexosyl (galactosyl) and one “deoxyhexosyl” (rhamnitol) residues by the thermo- 
spray pseudomolecular (M + NH,)+ ion at m/z 866. The aJ, + 18 fragment ion at 
mlz 223 indicated that a deoxyhexitol residue was at the “reducing” end of the 
molecule, and the dA, fragment-ion at m/z 219 was diagnostic of a nonreducing 
terminal hexosyl group. Although the c.i.-mass spectrum did not have a 
pseudomolecular (M + H)+ ion, it did have rearrangement ions at m/z 645 and 441 
that confirmed the linear arrangement of the three galactosyl residues attached to 
the rhamnitol. The l.c. retention time of 13 was consistent with that of a per-O- 
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methytated ~riglycosytatditot. The e.i.-mass spectrum contained diagnostic A and J 
fragment-ions consistent with the linear sequence derived from the c.i.-mass 

spectrum. The ‘H-n.m.r. spectrum of 13 had two doublets in the anomeric-proton 
region. One doublet. which integrated for two protons, had a chemical shift of 4.X 
p.p.m. and a coupling constant of 6.6 Hz. The other doubtct, which integrated for 
one proton. had a chemical shift of 4.&l p.p.m. and a coupling constant of 6.43 Ifz. 
These signals corresponded to three P-linked gatactopyranosyt r&dues. 

Gtycosyt-linkage analysis established that 13 was composed of a terminal 
gatactopyranosyt group. a h-linked gatactopyranosyt residue, a j-linked galacto- 
pyranosyt residue. and a d-linked rhamnitot residue. The order of the I-linked and 

the Gtinkcd gatactosyt residues in 13 was established by the method of Svcnsson cf 
al.“. This technique takes advantage of the fact that the ratio of the abundances of 
J,:J, - McOH:J, - 3 (MeOH) for a 4-linked gatactopyranosyl residue is different 

from that of a i-linked gatactopyranosyt residue. Per-O-mcthytated trigtycosyt- 
atditot 13 was found to fragment w-ith a retativ-c abundance of abJ,:abJ, - 
M&H: abJ, - 2 (MeOH) similar to that of per-0methytatcd digtycosytatditot 7 
(a -l-linked galactopyranosyl residue). namely, 1: 1.3: I for 13 compared to 1: I .2: I 

for 7. The ratios of the abundances of the abcJZ:abcJ, - McOH:abcJ, -- 2 
(MeOH) in the spectrum of per-O-methytated trigtycosylatditot 13 were similar to 

those of the abJ,:abJ, - McOH:abJ, -- 2 (MeOH) of per-Ci-mcthytated di- 
gtycosytatditot 6. namely. 1 :O:O.Ol in 13 (see Table VIII) compared to 1 :O.OS:O.Ol 
in 6. Thus, the residue attached to the rhamnitot of 13 is the -t-linked gatacto- 
pyranosyt, and the &linked gatactopyranosyt group is attached to the 3-tinkcd 
gatactosyt residue. ‘The primary structure of 13 is shown in Table III. 

Per-O-methytated c~tigogtycosytatditot 14 was shown to contain two 

‘I’Al3I.E VIII 

6 NY. 377. 34.5 1:11.1)5:0.01 h-linked ,+I~-Galp 

13 WY. 377. 3-15 1:1.3:1 l-linked P-~Cialp” 

613. .5x1, NY 1:0:0.0I h-linked p-I,-Gal/P 

14 WY. 377.3-1s l:l.l:l l-linked ,&rNialp” 
.._ ._._. _.. __. 

“The linkage points in per-0mcthylatcd diglycosylalditols 6 and 7 were unambiguously determined by 

glyc<>syl-link;lge analysis. “These residues were. from ‘H-n.m.r. analysis. known to lx in rho &momeric 

configuration and were later confirmed to he galactopyranosyl rcsiducs hy g.1.c. retention times c>ht;lincd 

during glycos+linkage analysis. 
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deoxyhexosyl residues and two hexosyl residues by the pseudomolecular (M + 
NH&+ ion at m/z 836 in its thermospray mass spectrum. The thermospray aJ, + 18 
fragment-ion at m/z 223 established that one of the “deoxyhexosyl” residues 
(rhamnitol) was the nonreducing terminus of the molecule, and the dA, fragment 
ion at m/z 189 established that the other deoxyhexosyl residue was at the other 
terminal end of the molecule. The pseudomolecular (M + H)+ ion at m/z 819 (very 
weak) in the c.i.-mass spectrum confirmed the composition of per-0-methylated 
triglycosylalditoll4; the c.i. rearrangement ion at m/z 615, the aJ, + 18 fragment- 
ion at m/z 223, and the dA, fragment-ion at m/z 189 confirmed the sequence_ 
derived from the thermospray mass spectrum. In liquid chromatography, 14 was 
eluted with a retention time consistent with that of a triglycosylalditol. The e.i.-mass 
spectrum A and J fragment-ions confirmed the glycosyl sequence of 14 (see Table 

V). The ‘H-n.m.r. spectrum of 14 had three anomeric-proton signals: a doublet 
with a chemical shift of 5.47 p.p.m. and a coupling constant of 2.45 Hz was assigned 
to an a-linked fucopyranosyl residue, and doublets with a chemical shift of 4.27 
p.p.m. (coupling constant of 6.60 Hz) and 4.84 p.p.m. (coupling constant of 7.92 
Hz) were assigned to p-linked galactopyranosyl residues. 

Glycosyl-linkage analysis established that 14 was composed of a terminal 
fucopyranosyl group, a 2-linked galactopyranosyl residue, a 4-linked galacto- 
pyranosyl residue, and a 4-linked rhamnitol residue. The same technique that was 
used to establish the order of the 4- and 6-linked galactosyl residues of 13 was used 
to determine the sequence of the 2- and 4-linked galactosyl residues of 14. The 
ratios of the abundances of the abJ,:abJ, - MeOH:abJ, - 2 (MeOH) fragment- 

ions of 14 closely matched the ratios of the abundances of the abJ,:abJ, - 
MeOH:abJ, - 2 (MeOH) fragment-ions of 7 (see Table V). This match indicated 
that the 4-linked galactosyl unit was attached to the 4-linked rhamnitol residue and 
that the 2-linked galactosyl residue must therefore have been attached to the 4- 
linked galactosyl residue. 

Insufficient quantities of material prevented determination of the complete 
structures of per-0-methylated oligoglycosylalditols B-10,15,16, and 19. Thermo- 
spray, c.i.- and e.i.-mass spectra, and g.l.c.-m.s. retention times permitted the 
sequence of the glycosyl residues of these oligoglycosylalditols to be determined 
(see Table III). Per-0-methylated diglycosylalditols 8 and 9, triglycosylalditol 15, 
and tetraglycosylalditoll9 were of particular interest. Per-0-methylated diglycosyl- 
alditols having the same glycosyl-residue sequence as 8 were eluted from the l.c. 
column at two different retention times, indicating the presence of two different 
di-0-arabinosylarabinitols having differently linked arabinosyl residues or with 

different anomeric configurations of their arabinosyl linkages, or both. Similarly, 9 
represents two different di-0-galactosylgalactitols, 15 represents three different tti- 
0-arabinosylarabinitols, and 19 represents two different tetra-O-arabinosyl- 
arabinitols. 

The structures of per-0-methylated oligoglycosylalditols in Fraction IV. - 
Thermospray l.c.-m.s. analysis of Bio-Gel P-2 Fraction IV (see Fig. 6) showed that 
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one per-0methylatcd tri-0-glycosylalditol (12) and two per-0mcthylatcd tctra-O- 
glycosylalditols (17 and 18) were present. The structure of per-O-methylated tri-O- 
glycosylalditol 1.2, which was found in higher abundance in Bio-Gel P-2 Fraction 
Ill. has already been described. 

The thermospray mass spectrum of 17 had a pseud~~molccuhr (M + NH,)- 
ion at m/z 938 that established the presence of three pentosyl (arabinosyl) residues. 
one hexosyl (,galactosyl) rcsiduc , and one “deoxyhexosyl” (rhamnitol) residue. The 
aJ, + 18 fragment-ion at m/z 223 established that the rhamnitol residue was at the 
“reducing” end of the molecule. The eA, fragment-ion at nz!z 17.5 and cdA, 
fragment-ion at W/Z 335 indicated that both the nonrcducing terminal and the 
penultimate r&dues were arabinosyl residues. D.l.i.-m.s. fnilcd to reveal a 
pseudomolecular (M + E-I)’ ion or any c.i. rearrangement ions. c’.i. Fragment-ions 
(~4, at ml,- 175 and edA, at rnlz 335) were present and wcrc used. together with 
the l.c. retention time in the thetmospray l.c.-m.s., to locate 17 in the l.c. cfflucnt 
of the d.1.i. experiment. The l.c. gradients for the d.1.i. andthermospray experiments 
were identical. G.I.c.--m.s. analysis of the material diverted in the d.1.i. experiment 

showed that 17 had a g.1.c. retention time consistent with that of a per-O-methyl- 
ated tctra-O-glycosylalditol. The c.i. mass spectrum of 17 had an aJ, fragment-ion 
at m/z 205, which was diagnostic of a deoxyhexitol (rhamnitol) at the “reducing” 
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end of the molecule. The aJ, fragment ion at m/z 251 was indicative of a 3-linked 
residue adjacent to the rhamnitol. The abJ, fragment ion at m/z 409 established 
that a hexosyl (galactosyl) residue was attached to the rhamnitol residue. The A 
fragment-ions (eA,, edA,, and edcA, at m/z 175, 335, and 495, respectively) de- 
fined the nonreducing end of the molecule as a linear sequence of arabinosyl 
residues. ‘H-N.m.r. spectroscopy failed to determine unambiguously the anomeric 
configuration of the glycosyl residues of 17. Glycosyl-linkage analysis of 17 showed 
that it contained a terminal arabinofuranosyl residue, a 5-linked arabinofuranosyl 
(or 4-linked arabinopyranosyl) residue, a 2-linked arabinofuranosyl residue, a 3- 
linked galactopyranosyl residue, and a 4-linked rhamnitol residue (see Table III). 
Further attempts to define the structure of this per-0-methylated tetraglycosyl- 
alditol were unsuccessful due to lack of sufficient material. 

Per-0-methylated tetraglycosylalditol 18 was present in small amounts in 
Fraction IV. The thermospray mass spectrum of 18 was weak. However, a 
pseudomolecular (M + NH,)+ ion at m/z 1070 was located by use of reconstructed 
selected-ion chromatograms. In this method, the computer searched for the ion of 
interest among all the scans recorded during the thermospray l.c.-m.s. experiment. 
A computer program written by William York and modified by Scott Doubet, both 
of this laboratory, automatically calculates the pseudomolecular ions of all possible 
per-0-alkylated oligoglycosylalditols, i.e., all the pseudomolecular ions possible for 
per-0-methylated oligoglycosylalditols containing a specified number of glycosyl 
residues, the possible composition of which was determined by the glycosyl residues 
known to be present in RG-I. All such pseudomolecular ions in the mass spectra of 
the l.c.-m.s. experiments were routinely searched for by forming reconstructed ion 
chromatograms. Such a search located 18. 

The g.1.c. retention of 18 was consistent with that of a per-0-methylated 
tetraglycosylalditol. The glycosyl-residue sequence of 18 was determined by g.l.c.- 
m.s. analysis: the e.i.-m.s. J fragment ions (at m/z 205,409, and 613, respectively) 
and A fragment-ions (at m/z 219 and 423, respectively; see Table V) established 
that 18 was composed of four linear galactosyl residues attached to a rhamnitol 
residue (see Table III). Further attempts to elucidate the structure of 18 were un- 
successful due to lack of sufficient material. 

F.a. b-m.s. of the oligoglycosylalditoI products of lithium-treated RG-I. - The 
partially separated oligoglycosylalditols in Bio-Gel P-2 Fractions I-IV were 
examined by f.a.b.-m.s. The per-0-methylated derivatives of the oligoglycosyl- 
alditols were more successfully analyzed by f.a.b.-m.s. than were the corresponding 
per-0-acetylated and underivatized oligoglycosylalditols. In particular, the f.a.b.- 
mass spectrum of per-0-methylated oligoglycosylalditols doped with ammonium 
acetate gave more intense pseudomolecular (M + NH4)+ and (M + H)+ ions. 

F.a.b.-m.s. analysis of the per-0-methylated oligoglycosylalditols in Frac- 
tions III and IV confirmed the presence of the oligoglycosylalditols 5-7, 9-14,17, 
and 18, whose structures had been determined by the methods already described. 

Due to the greater sensitivity of f.a.b.-m.s. (relative to the other analytical 
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TABLE IX 

FAST ATOM BOMBARDMENT-MASS SPECTROMETRY OF PER-O-METHYLATED OLIGOGLYCOSYL ALDITOLS 

DERIVED FROM LITHIUM-TREATED RG-I 

m/z [(M + NH,)+] Composition consistenr 
with pseudomolecular ion 

574 (pent), deoxyhex” 

618 pent hex deoxyhex* 
662 (hex), deoxyhex” 
692 (hex),” 
778 (pent), hex deoxyhex” 

836 (hex)z (deoxyhex)zU 
866 (hex), deoxyhex” 
938 (pent), hex deoxyhex” 

1040 (hex), (deoxyhex),” 
1070 (hex), deoxyhex” 
1100 (hex),’ 
1244 
1274 

1304 
1448 

1464 

1478 
1652 

(hex), (deoxyhex),” 
(hex), deoxyhex” 

(hexLb 
(hex), (deoxyhex),“, 
or (pent), (hex),* 
pent (hex),* 
(hex), deoxyhex” 
(hex), (deoxyhex)2h, 

or (pent), (hex),’ 
2264 deoxyhex (hex),, (deoxyhex),“, 

or (pent), (hex),” 
2308 
2672 

(pent), (hex),’ 
(hex),, (deoxyhex)zh. 
or (pent), (hex)sh 

2846 (hex),, (deoxyhex),b. 
or (pent), (hex), deoxyhex* 

3080 (hex),, (deoxyhex),h 

The ion observed is consistent with a per-0-methylated oligoglycosylalditol. However, f.a.b.-m.s. 
offers little information on the identity of the reducing-end residue. In this case, the per-0-methylated 
oligoglycosylalditol had already been structurally characterized and the sequence is as shown. bThe 
sequence of the per-0-methylated oligoglycosylalditol is not known. However, the glycosyl-composition 
analysis shows that, if a deoxyhexosyl residue is present, it is likely to be located at the reducing end. 

techniques used) for detecting larger per-O-methylated oligoglycosylalditols, 

pseudomolecular ions for a variety of other per-O-methylated oligoglycosylalditols 

that had not previously been detected were observed (see Table IX). The types of 
structures observed with the oligoglycosylalditols of lower d.p. continued and were 

elaborated on at higher d.p. For example, per-O-methylated oligoglycosylalditols 

similar to 1, 6, 7, 13, and 18, having structures defined by the sequence (hexo- 

syl),deoxyhexitol, were detected, where y was 5-7. Oligoglycosylalditols similar to 

14, defined by the structure deoxyhexosyl,(hexosyl),deoxyhexitol, were also de- 

tected, where x was 3-6 and l&13 (see Table IX). These larger oligoglycosyl- 

alditols may be larger homologs of the side chains already characterized. 
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F.a.b.-m.s. analysis also allowed the discovery of other oligoglycosylalditols 

that did not appear to be larger homologs of the side chains that had already been 
structurally characterized. In fact, as the d.p. increased, the number of structurally 
distinct side-chains appeared to increase (see Table IX). Insufficient quantities of 
the larger side-chain compounds prevented further structural characterization. 

GENERAL DISCUSSION 

The galactosyluronic acid residues of the pectic polysaccharide RG-I were 
selectively cleaved by dissolving RG-I in ethylenediamine and subjecting it to treat- 
ment with lithium metal for 1 h. The products of this cleavage were shown, by 
glycosyl-composition analysis, to contain only the neutral glycosyl residues known 
to be part of intact RG-I. The L-rhamnopyranosyl residues of the RG-I backbone 
were recovered as pre-reduced alditols, or reducing aldoses, which confirmed that 
they were the points of attachment of the majority4 of the D-galactosyluronic acid 
residues in intact RG-I. This finding supports previous studies4 in which alternating 
L-rhamnosyl and D-galactosyluronic acid residues were found to constitute the 
backbone of RG-I. 

Of the non-rhamnosyl neutral glycosyl residues, -10% (see Table I) were 
found, by glycosyl-composition analysis, to have been reduced at C-l with hydrogen. 
It is likely that the reduction of these residues occurred during lithium treatment or 
immediately afterwards (with sodium borohydride). Even though the number of 
the neutral residues cleaved was relatively low, their presence indicated that neutral 
residues, in addition to rhamnosyl residues, were glycosidically linked to galactosyl- 
uranic acid residues, or else that lithium degradation (or the procedure for the 
isolation of products) was not restricted to the cleavage of galactosyluronic acid 
residues. Indeed, some galactosyluronic acid residues may be present in the RG-I 
side-chains, as had been proposed3. Side-chain galactosyluronic acid could account 
for the release of some of the arabinitol and galactitol, although some of these 
residues may have been branches on galactosyluronic acid residues of the 
backbone. If galactosyluronic acid residues are present in side chains, some of the 
side chains characterized herein are likely to represent only those parts of the side 
chains attached to galactosyluronic acid residues, or located on the reducing side of 
galactosyluronic acid residues. 

Lithium treatment of RG-I produces a large distribution of molecule sizes. 

All of the more-abundant side-chains were attached to O-4 of a rhamnosyl residue, 
which provides additional evidence 3,4~L8 that the side chains of RG-I are attached to 
O-4 of about half of the rhamnosyl residues of the +2)-a-L-Rha-(1+4)-a-D-GalA- 
(l+ repeating unit of the backbone. 

Despite the wide variety and structural complexity of the side chains present 
in RG-I, the side chains are not random structures. There is, of course, an enorm- 
ous number of possible side-chain structures that were not found. Furthermore, the 
oligoglycosylalditols recovered after lithium treatment of RG-I have been obtained 
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in a reproducible manner from different preparations of RG-I and by different 
lithium treatments (data not presented). The glycosyl-linkage compositions of RG-I 
from the cell walls of different plants are also similar’“-**, and are consistent with 
the side-chain structures described herein. 

The reproducibility of the lithium treatment described allowed us to create a 
procedure for obtaining a more definitive “fingerprint” of RG-I than is provided by 
glycosyl-linkage analysis, the procedure that has most commonly been used to 
identify the presence of RG-I in a sample. The lithium treatment was used re- 
cently22a to demonstrate that RG-I is present in the walls of suspension-cultured 
maize cells. In samples wherein a polysaccharide having a glycosyl-linkage com- 
position consistent with that of RG-I was present, an arabinogalactan for example23, 
great effort would be required for researchers to separate and identify the con- 
taminating polysaccharides. Lithium treatment of such samples followed by methyl- 
ation and g.l.c.-m.s. or l.c.-m.s. analysis of the resulting per-0-methylated oligo- 
glycosylalditols can demonstrate the presence of per-O-methylated oligoglycosyl- 
alditols characteristically derived from RG-I. 

The reproducible complexity of the side chains of RG-I raises questions about 
the biosynthesis of RG-I. The structures of the neutral side-chains of RG-I appear 
to exist as complex “families” (see Table X). For example, starting with oligo- 
glycosylalditol 1, attachment of a single glycosyl residue to the terminal galactosyl 
residue of 1 would yield oligoglycosylalditol 5, 6, or 7. The addition of arabinosyl 
residues to the proper positions of 5 will yield oligoglycosylalditols 12 and 17. By 
the same process, oligoglycosylalditol7 can be converted into 13 by the addition of 
a galactosyl residue, and the further addition of a fucosyl residue will yield 14. 
Almost all of the relatively abundant side-chains found in RG-I are related in this 
way. 

It is possible that individual molecules of RG-I contain only the members of 
a single family of side chains. It is also possible that the different side chains are not 
randomly arranged on a single RG-I molecule. 

Recent evidence24J5 indicates that oligosaccharide fragments of the poly- 
saccharides of cell walls play important roles in the regulation of physiological pro- 
cesses in plants. Although the reasons for the diversity of the RG-I side chains are 
not yet known, it is possible that the different side-chains of RG-I, when enzymi- 
tally released from RG-I, function as regulatory molecules in plant tissues. 
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