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ISOLATION AND CHARACTERIZATION OF 3-C-CARROXY-5-DEOXY-L- 
XYLOSE. A NATURALLY OCCURRING, BRANCHED-CHAIN, ACIDIC 
MONOSACCHARIDE’,* 

ABSTRAC:T 

.A branched-chain acidic monosaccharide, 3.C-carboxy~S-deoxy-L-xylose, has 
been identified for the first time as a component of plant cell-walls. This sugar was 
first observed as a constituent of rhamnogalacturonan II, a primary cell-wall, pectic 
polysaccharide. The sugar was shown to be a 3-C-carboxy-5-deoxypentose by nu- 
clear magnetic resonance spectroscopy and mass spectrometry of the underivatized 
sugar and of several derivatives. X-Ray crystallography of one of the derivatives 
confirmed these structural features, and established that the sugar has the xylo con- 
figuration. The absolute configuration of the sugar was elucidated by the idcntifica- 
tion of L-lactic acid as the major product of periodate oxidation of the methyl 
glycoside. “Aceric acid” (AceA) has been proposed as a trivial name for this, the 
lirst branched-chain, acidic sugar to be found as a natural product. 

INTRODUCTTON 

Rhamnogalarturonan II (RG-11) is a peck polysaccharide released from pri- 
mary cell-walls of suspension-cultured, sycamore (Acerpseudol?latanus) cells by in- 
cubation with an endopolygalacturonase purified from the culture fluid of the fun- 
gus Colfefotrichum lindemuthianum. RG-II is an extremely complex polysac- 
charide that constitutes -3% of the plant cell-wall and contains at least 10 different 
monosaccharides, including apiose [3-C‘-(hydroxymethyl)-D-glycero-letrose], 2-0- 
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methylfucose, and 2-O-methylxylose. The glycosyl residues of RG-II are intercon- 
nected by a great variety of glycosyl linkages*. 

The presence in RG-II of two unidentified glycosyl residues has been re- 
ported*. These residues were detected by gas-liquid chromatography (g.1.c.) 
analysis after hydrolysis of RG-II, reduction of the resulting aldoses to alditols, and 
acetylation. One of the unidentified components was subsequently found2a to be an 
underacetylated derivative of apiose. 

The electron impact-mass spectrometry (e.i.-m.s.) fragmentation-patters of 
the second unidentified component did not allow its identification as an alditol ace- 
tate. However, the gross features of the mass-spectral data were consistent with 
those of an acetylated carbohydrate derivative. The e.i.-mass spectrum was charac- 
terized by losses of ketene, acetic acid, and acetic anhydride3*4. The component 
could only be reduced with borohydride after acid hydrolysis; therefore, the un- 
known compound appeared to be an internal glycosidic residue of RG-II. We now 
describe the isolation and characterization of this sugar. 

EXPERIMENTAL 

‘H-N.m.r. spectroscopy. - ‘H-N m.r. spectra were recorded with a Bruker . 

WM-250, Fourier-transform, n.m.r. spectrometer operated at 250 MHz. Water- 
soluble samples were lyophilized twice from deuterium oxide (99.7 atom% D), and 
then dissolved in deuterium oxide (99.997 atom% D). Chemical shifts were asses- 
sed relative to an external standard (capillary) of hexamethyldisilazane (S 0.6995). 
The spectrum of the acetylated sample (compound 3) was recorded for a solution 
in deuteriochloroform (99.997 atom% D), and chemical shifts were assigned rela- 
tive to internal chloroform (S 7.26). 
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“C’-N.m.r. spectroscopy. - _ “C-N m.r. spectra were recorded with a Bruker 
WM-250, Fourier-transform. n.m.r. spectrometer operated at 62.9 MHz, for solu- 
tions of samples in deuterium oxide (99.7 atom% II)). Chemical shifts were asses- 
sed relative to internal 1,4-dioxane (6 67.4). The ‘“C-n.m.r. spectra of compounds 
1 and h were recorded at pH 1.5. At this pII, the carboxyl resonances were sharper 
and more intense than those observed when the spectra were recorded at neutral 
PH. 

Fast-atom bombardment-mass spectrometry (f.u.b-m.s.). - F.a.b.-m.s.’ 
spectra were recorded with a VG Analytical HP-ZAB 1F mass spectrometer fitted 
with a f.a.b. source. Samples were dissolved-in 1: 19 (v/v) acetic acid-or methanol- 
water (native and derivatized samples, respectively) (5 to 10 PgIpL). and a 1-PL 
aliquot was added to a drop of glycerol on the stainless-steel target. Xenon was 
used as the bombarding gas. Spectra were recorded on u.v.-sensitive chart-paper, 
and m/z ratios were determined by manual counting. 

G.l.c. and g.l.c.-m.s. - All g.1.c. and g.l.c.-m.s. conditions were as de- 
scribedh.‘. 

I.solu&n o[RG-II. -Cell walls were prcparzd from suspensiorl-cullured. sy- 
camore (Acer pseudoplatanus) cell?. Isolated cell-walls were incubated with C. lin- 

demuthianum endopolygalacturonase”, as described. The material solubilized from 
the cell walls by the enzyme was dialyzed against H,O, lyophilized, and de-es- 
terified with NaOH (pH 12) for 2 h at 2”. The pH was adjusted to 5.2 with acetic 
acid, and 100 units of C. Zindemuthiunum endopolygalacturonase were added to the 
de-esterificd wall-polymer. Thimerosal (0.1% w/v) was added as an antimicrobial 
agent. The solution was incubated overnight at 30”. dialyzed against HzO, and then 
lyophilized. The lyophilized material was dissolved in 5umM sodium acelate buffer. 
pH 5.2 (S mL), and chromatographcd on a column of Rio-Gel P-10, as described’. 

Isolation of’3-C-carboxy-5-deoxy-L-xylose (1) from RG-II. - Isolated RG-II 
(4 mg) was hydrolyzed in 2M trifluoroacetic acid (TFA) for 1 h at 120”, and the TFA 
was removed by evaporation. The hydrolyzate was applied to a column (1 x 70 cm) 
of Bio-Rad AGl-X8 (acetate form) anion-exchange resin (200-400 mesh) that had 
been pre-equilibrated with 0.2M acetic acid. Galacturonic acid and glucuronic acid 
were eluted from the column by a gradient consisting of o.sM acelic acid (200 mL) 
and 2M acetic acid” (ZOO mL). The column was then eluted with 4M acetic acid (200 
mL). Compound 1. which was detected by g.1.c. and e.i.-m.s. after reduction and 
acetylation, was eluted from the column in the last cluate. 

Preparation of a polysaccharide-enriched fraction from Pectinoi AC. - Pec- 
tinol AC (600 g) was suspended in H&I (2.5 L), insoluble material was removed by 
filtration through a GFK glass-fiber filter (Whatman), and the tiltrale was concen- 
trated to 800 mL by rotary evaporation. Solid trichloroacetic acid (TCA; 80 g) was 
added, the solution was kept for 2 h at 4”. and precipitated protein was removed by 
ccntrifugation. 

Absolute ethanol was added to the supernatant liquor to a final concentration 
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of 63% (v/v). After 12 h at 4”, the suspension was centrifuged, and the precipitate 
discarded. The ethanol concentration of the supematant liquor was brought to 
86% (v/v), the mixture was kept for 12 h at 4”, and the suspension centrifuged. The 
material that was soluble in 63% ethanol but insoluble in 86% ethanol constituted 
~60% of the orcinol-positive” carbohydrate initially present in the Pectin01 AC. 

Preparation of 3-C-carboxy-5-deoxy-L-xylitol-3’ ,I-lactone (2). - Sodium 
borohydride (1 mg) in M NH40H (0.1 mL) was added to l(1 mg). The solution was 
kept for 1 h at room temperature, the excess of borohydride was decomposed by 
adding glacial acetic acid, and the solution was evaporated to dryness with a stream 
of filtered air. Boric acid was removed by successive addition and evaporation of 4 
portions (0.5 mL each) of 10% (v/v) acetic acid in methanol and 4 0.5-mL portions 
of methanol12. The residue was dissolved in Hz0 (0.5 mL), the solution was passed 
through a column (2 mL) of Dowex-50 (H+) cation-exchange resin, and the eluate 
was lyophilized. Compound 2 was isolated as a syrup. 

Preparation of 2,3,4-tri-O-acetyl-3-C-carboxy-5-deoxy-~-xylitol-3’,l-lactone 
(3). - Compound 2 (0.25 mg) was treated for 3 h at 120” with acetic anhydride (0.2 
mL) containing sodium acetate (2 mg), and the excess of acetic anhydride was de- 
composed by adding NaHC03. The sample was partitioned between CH2C12 (0.5 
mL) and Hz0 (0.5 mL); the CH2Clz layer was washed with 2 portions (0.5 mL) of 
H20, and then evaporated to dryness with a stream of filtered air, yielding com- 
pound 3. 

Preparation of 1,2,3,3’,4-penta-O-acetyl-5-deoxy-3-C-(hydroxymethyl)-~- 
xylitol(5a). - A carboxyl-reduced alditol (compound 4a) was prepared by reduc- 
tion of compound 2, using the procedure of Jones and Albersheim13. To a solution 
of compound 2 (0.2 mg) in a few drops of LOmM sodium borate buffer (pH 7.5) was 
added a solution of sodium borohydride (2.5 mg) in 0.25 mL of the same buffer. 
After 1 h at room temperature, the reaction was quenched with acetic acid, and the 
boric acid was removed as already described: The sample was per-O-acetylated by 
treatment with 1: 1 pyridine-acetic anhydride (0.2 mL) for 30 min at 120”, to yield 
compound Sa. 

Compound 4b was prepared by an analogous procedure, using sodium 
borodeuteride and LOmM sodium borate buffer made with D20, and then per-O- 
acetylated to yield compound Sb. 

Preparation of 3-C-carboxy-5-deoxy-L-xylono-l,4-lactone (6). - To a solu- 
tion of compound 1 (20 mg) in H20 (3 mL) was added bromine (0.05 mL), with 
vigorous stirring, and the solution was kept for 72 h in the dark. The excess of 
bromine was removed by rotary evaporation, the acid was neutralized with solid 
Ag2C03, the AgBr was removed by filtration through a GF/C glass-fiber filter, and 
the filtrate was lyophilized, yielding a syrup. The syrup was dissolved in 2-pen- 
tanone, and then crystallized from a mixture14 of 2-pentanone and CHCl,, using 
vapor diffusion . l5 The sample wa s recrystallized twice from 2-pentanone-CHC13, 
yieding 15 mg (75%) of 6, m.p. 120-122” (uncorr.). 
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X-Ray cryslullogrcrphy* uf compound 6. - COHX06. HZO, M, = 194.14, 
monoclinic, space group P2,, n = 7.697(2). b = 7.414(2), c = 7.336(2) A, /3 = 
101.88(2)“, Z = 2, F(OO0) = 204, D, = 1.567 g.cm-‘, 787 reflections. [524; I > 

3a(r)], in the range 3 < 0 < 25”. The conformation is -‘E(L). 

A crystal with dimensions 0.14 x 0.12 x 0.12 mm was selected. The crystal 
data showed the systematic absence Ok0 (k = 2n +I) that established the space 
group as P2, (for an optically active compound). Intensity data wcrc collcctcd on 
a Philips PWI 100 diffractometer with MoKa radiation (A = 0.7106 A) and a 0 - 

20 scan-mode. Three standard reflections were measured every 2 h during the 
course of data collection to monitor crystal quality and alignment; thcsc wcrc con- 
stant within fS%. Absorption corrections were not applied. Equivalents were av- 
eraged to give 787 unique reflections. 

The structure was solved by standard, multisolution. tangent refinement with 

SI-IELX76’h. Using E > 1.2, the second E map from the sign expansion (R, = 
0.073) revealed the positions of all 13 nonhydrogen atoms. The H atoms were 

found in a subsequent, difference-Fourier synthesis. The nonhydrogen atoms were 
refined assuming anisotropic motion. and the H atoms on isotropic motion, using 

full-matrix. least-squares methods. Final refinement of the model in the L configu- 
ration gave a conventional R value of 0.0421, and a weighted R value of 0.0401 
using a weighting factor, w = l/‘(F,,). The final Hamilton R, factor” was 0.0425. 
Neutral atom scattering-factors were used’s. A final difference-map showed no sig- 
nificant features. with a maximum residual density of 0.22 e Am3. Final refinement 
of the model in the D configuration from the same starting parameters gave, of 
course. identical values of R. R,. and R,, making therefrom an assignment of the 
optical isomer impossible 

Determination of the absolrrfe configrrration of 1. - Compound 1 (2 pn-101) 
was dried under diminished pressure over P,O,. The sample was treated with 

anhydrous M methanolic hydrogen chloride (1 mL) for 16 h al 85”. the acid neu- 
tralized with solid Ag2C03, and the suspension centrifuged. The insoluble material 
was washed with three l-mL portions of methanol, and the supcrnatant liquors 
were combined and evaporated I”. The product was de-esterified with NaOH (pH 
12) during 2 h at 2”, the base neutralized with acetic acid, the solution passed 
through a column (2 mL) ot Dowex SO (H’) resin. and the cluate lyophilized, 
yielding a mixture of anomeric methyl glycosides (7; see Scheme 1). To a solution 
of the methyl glycosides in 0.05M sodium acetate buffer, pH 5.2 (2.5 mL) was 
added 0.1~ aqueous NaIO, (0.5 mL), and the mixture was kept in the dark for 68 

h at 22”. The excess of periodate was decomposed by adding M glycerol (40 PL). 
I‘he sample was reduced with sodium horohydride as already dcscribcd. the prod- 

*Supplcmcntary data: Fractional atomic coordinates and anisotropic or nsotrop~c thermal parnmeterr 
for nonhydrogrn atoms and hydrogen atoms, hond lengths. bond angles, and observed and calculated 
strucfure tacton for 6 can be obtaIned from Elscv~cr Scierrtltic Publishing Company, BBA Deposition, 
P-0 Box 1527. Amsterdam. The Netherlands Refcrcncr should bc made to BBAIDDf26llC‘arhohydr. 
RL’s.. 122 (1’)83) 115-129. 
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~ ,. a 
acid (2 L). The 2~ a&t 3~ a&tic acid effiuents were coftectcd rn W-mL frsctrons, and aliquots of the 
fractions were assayed’” for uranic acid content (A520), The relative mntent of compound 1 was assayed 
as follows. Aliquota (20 FL) of the fractrons were reduced wth NaBD,, and the products acetylated; 
this treatment converted compound 1 info compound 3, which WBJ quantitated by g.1.c. The relative 
content of 1 was calculated by diwdmg the g.1.0. peak-area of cmnpound 3 by the peak area of an inter- 
na! rtandardof myo-moaitol hexaacet7te ] 

Fig. 2. E.i.-mass spectra nf compound 3, formed by reduction and per-O-ncelyletinn of: (A) compound 
1 lsnlated from sycamore cdl-wall RC-II. and (H) compound I ~mlatcd from the Pcctinot AC polynac- 
charide. 
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Fig. 3. ‘H-N.m.r spectrum of a solul~on in DzO of the nuxture of anumers of compound 1. Chemvzal 
shifts were acsesced rclafwe to an external standard (captllary) of hcxamcthyldlallazane (8 0 6995). 

not contain the characteristic, isotope ratios that would indicate the presence of 
silicon or sulfur in the molecule”. Compound 1 did not contain phosphate, as as- 
saycd by a modification of the Fisk-SubbaRow procedure”‘. Therefore, it was con- 
cluded that the acidic moiety in 1 is a carboxyl group. 

‘H-N.m.r. spectroscopy. -The ‘H-n.m.r. spectrum of I is shown in Fig. 3. 
This spectrum provided evidence that 1 was a 3-C-carhoxy-S-deoxypentose. In 
solution. 1 existed as a mixture of its anomers. present in the ratio of --1.2:1. This 
difference in concentration was large enough to allow each resonance to be as- 
signed to one of the anomers on the basis of its area m the n.m.r. spectrum. Each 

anomer gave rise to an upfieid, 3-proton doublet (6 1.27. and S 1.34); this indicated 
that the molecule contained a methyl group (C-S). In each anomer, H-4 was split 
by the methyl protons, and gave rise to a quartet (6 4.76 and 4.64, respcclivrly). 

The resonances at 6 5.56 and 5.27 arose from the hemiacetal protons (H-l). The 
hemiacetal proton of each anomer was coupled to one other proton (6 4.25 and 
4.13, respectively), which was not further split. The magnitude of the coupling be- 
tween H-l and H-2 of a furanoid sugar can be used to distinguish the anomer in 
which H-l and H-2 are c-is from that in which they are tr~n.r”~‘~. Therefore, the rc- 

sonance at 6 5.56 (J,,2 4.3 Hz) arises from H-l of the anomer containing a c&1,2- 
diol grouping. and the resonance at 6 5.27 (J1,7 2.6) arises from H-l of the anomer 
containing a trams-1.2-diol grouping. 

‘-3C-N.rr~. r. .~~~~frosco~~~y. - The ’ 'C-n.m.r. spectrum of the mixture of 
anomers of 1 was consistent with the proposed structure (see Table 1). The chrmi- 
cal shifts of the C-l atoms of the anomers differed by 5 p.p.m. This difference is 
characteristic of a furanose; the hemiacetal carbon atom of the anomer containing 
a trans-1,2-diol grouping resonates 54 p.p.m. downfield of the corresponding sig- 
nal of the anomer containing a c&1,2-diol grouping’“. T’he resonances that have 
been assigned as those of the C-3’ atom of the anomers had chemical shifts and in- 
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Fig. 4. E.i.-mass spectra of (A) compound 5% and(B) compound .%I. Secondary fragment-ions. formed 
by eliminations of ketene (42 mass units), acetic acid (60 mass units), and acetic anhydride (102 mass 
units) have been indicated. 

The e.i.-mass spectrum of 3 is shown in Fig. 2. The ion with m/z 244 (M - 
44) corresponded to loss of carbon dioxide tram the molecular ion; this is charac- 
teristic of a lactonegO. The M - COz ion sequentially eliminated two molecules of 
ketene, to yield the ions with m/z 202 and m/z 160. The base peak, with m/z 142, 
arose from the elimination of acetic anhydride from the M - CO* ion. The ion 
with m/z 231 arose from the sequential losses of a methyl radical and ketene from 
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Fig. 5. Structure of compound 6, as determinrd by X-ray crystallography 

Compound 6 was prepared by bromine oxidation of compound 1. The gen- 
eral structure of compound 6 was confirmed by ‘H-n.m.r. and 13C-n.m.r. spectros- 
copy. The ‘H-n.m.r. spectrum of 6 in I&O contained a three-proton doublet (J 6.6 
Hz) at fi 1.40 and a I-proton quartet at 6 4.70, arising from the methyl group and 
H-4, respectively; H-2 gave rise to a one-proton singlet at S 4.62. The ‘%Y-n.m.r. 
spectrum of 6 contained, as expected, the following signals: 6 15.7 (methyl); 73.4 
and 80.5 (alcohol); 81 .O (tertiary alcohol); and 173.9 and 175.9 (carbonyl). 

Compound 6 crystallized from a mixture of 2-pentanone and chloroform. X- 
Ray crystallography of compound 6 confirmed all of the previously determined 
structural features, and revealed that the sugar has the xylo configuration (Fig. 5). 
Tt was not, of conrse, pocsihle to determine the ahwlutc confie;nratinn of 6 from the 
crystallographic data. 

Detrrmination of the absolute configuration of 1. - The absolute configura- 
tion of 1 was determined by periodate oxidation of the anomeric mixture of its 
methyl glycosides, prepared by methanolysis of 1, followed by de-esterilication 
with base. The mixed methyl glycosides were subjected to Smith degradation 
(periodate oxidation, followed by borohydride reduction and mild hydrolysis with 
acid)“. The product expected of this series of reactions would be n-lactic acid if 1 

has the D configuration, or L-lactic acid if 1 has the L configuration (see Scheme 1). 
Enzymic analysis was used in order to determine the concentrations of D- and 

L-lactic acid obtained by Smith degradation of the methyl glycosides of 1. L-Lactic 
acid (0.6 pmol of L-lactic acid per pmol of starting material) was the major product 
rccovcred. Therefore, it was concluded hat 1 is an L sugar. A small proportion of 
D-lactic acid (0.1 ~moli~mol of starting material) was also detected. The origin of 
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the n-lactic acid is not under~tnocl. because compound 1 was shown to be optIcally 

pure by the method of C&-wig ?t al. “I (see carlicr). A possible explanation for the 

f<xmation of r,-lactic acid is that some racemization occurred during the series of 

reactions used to form the lactic acid. 

GENERAL DISCUSSION 
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