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Abstract: The structure of the extracellular polysaccharide from Rhizobium meliloti, a microsymbiont in the nitrogen fixing
symbiosis, has been investigated. The polysaccharide contains a terminal 8-D-glucopyranosyl group with pyruvic acid ketali-
cally linked to its 4 and 6 positions. After removal of this substituent from the methylated polysaccharide the four sugar resi-
dues in the side chain were removed sequentially by specific degradations; each of these steps involved oxidation, 8-elimination
by treatment with base, and, when necessary, acid hydrolysis under mild conditions. The result of each degradation was fol-
lowed by trideuteriomethylation, hydrolysis, and analysis of the product by GLC/MS. The sequence of the sugar residues in
the main chain was determined using a modified Smith degradation in which the polyalcohol, obtained after periodate oxida-
tion-borohydride reduction, was methylated before the mild acid hydrolysis. As a result of these studies, it is concluded that
the polysaccharide is composed of octasaccharide repeating units with the structure 25,

Biosynthetic and structural studies have revealed that
many bacterial polysaccharides are composed of oligosac-
charide repeating units? and the largest of these which have
been conclusively demonstrated are hexasaccharide repeating
units (cf. ref 2-4). There is strong justification for this occur-
rence of small repeating units since larger ones would require
more complex systems of enzymes for their biosynthesis. De-
spite this, however, preliminary studies on the extracellular
polysaccharide from Rhizobium meliloti have indicated that
it should either be composed of octasaccharide repeating units
or have a less regular structure.>6 We now report the structural
elucidation of this polysaccharide, using specific degrada-
tions.

Results and Discussion

The polysaccharide (PS) contained D-glucose, D-galactose,
pyruvic acid, and O-acetyl groups in the approximate pro-
portions 7:1:1:1.5 Methylation analysis,”® including GLC/MS
analysis of partially methylated alditol acetates (Table I, line
A), showed that it contained the structural elements 1-6.56
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The low optical rotation of the PS, [a]s75 —4°, indicated that
all sugar residues were 3 linked. This was supported by the tH
NMR spectrum of the PS, in which signals in the region for
anomeric protons were observed at 6 4.5-4.8. a-Linked D-
glucopyranosyl or D-galactopyranosyl residues should give
signals at lower fields. O-Acetyl groups had been located on
0O-6 of the 3- and 4-substituted D-glucopyranosyl residues in
earlier work.’

We have recently described a method for the specific deg-
radation of polysaccharides starting from a derivative which
is methylated in all but a few defined positions.>!% Such a
polysaccharide is oxidized and subjected to -elimination by
base treatment and subsequent mild acid hydrolysis, with the
result that the residues with free hydroxyls are degraded, and

the sugars linked to these residues are released as nonreducing
and reducing moieties. The terminal group 1 in the Rhizobium
meliloti PS offers a suitable point of attack for this degrada-
tion. After carboxyl reduction,!! performed in order to render
the ketalic linkages of the pyruvic acid moieties more sensitive
to acid hydrolysis, the PS was methylated and hydrolyzed with
acid under conditions chosen to preclude cleavage of glycosidic
linkages. The treatment was monitored by methylation analysis
of part of the material using trideuteriomethyl iodide; 1 mol
of 2,3,4,6-tetra-O-methyl-D-glucose with trideuteriomethyl
groups at O-4 and O-6 was obtained in place of 1 mol of 2,3-
di-O-methyl-D-glucose (Table I, line B). Thus, this treatment
gave a modified PS with the terminal 7 (in this and other for-
mulas, the structure to be demonstrated by a degradation is
anticipated). On oxidation of this material with chlorine-
dimethyl sulfoxide-triethylamine!2 to 8, carbonyl groups were
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introduced. The oxidation was monitored by hydrolyzing an
aliquot; a decrease in the amount of 2,3-di-O-methyl-D-glucose
was observed (Table I, line C). It has been demonstrated, using
model substances,!? that the glycosidic linkage of a dicarbonyl
sugar residue (as in 8) is broken when it is treated first with
alkali to give the hypothetical intermediate 9, and subsequently
with acid under mild conditions. Part of the polymeric residue
of the PS (10) obtained after this treatment was remethylated,
using trideuteriomethyl iodide, and hydrolyzed. Analysis of
the hydrolysate (Table I, line D) showed, inter alia, that it
contained 2,3,4,6-tetra-O-methyl-D-glucose with a trideut-
eriomethyl group at O-3. The terminal groups in the PS are
consequently linked to 3 positions in D-glucopyranose resi-
dues.

The modified polysaccharide 10, which was methylated in
all positions except at O-3 of the new terminal, was subjected
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Table 1. Analyses of Original and Degraded R. meliloti Polysaccharides
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Methylated sugar,% mol % (relative proportions)

Polysaccharide 2,3,4,6-Gle 2,4,6-Glc 2,3,6-Glc and 2,4,6-Gal 2,3,4-Gle 2,3-Gle
material Tb = 1.00 Tb =172 Tb = 1.94 Tt = 2.00 Tt = 3.50
A 28 (2.5) 34 (3) 15(1.3) 23 (2.0)
B 14¢ (1.3) 28 (2.5) 33(3) 14 (1.3) 12 (1.1)
C 30 (2.3) 40 (3) 16 (1.2) 14 (1.1)
D 144 (1.1) 17 (1.3) 38 (3) 17 (1.3) 13 (1.0)
E 18 (1.2) 45 (3 17 (1.1) 20 (1.3)
F 134 (0.9) 7(0.5) 44 (3) 18 (1.2) 19 (1.3)
G 10 (0.6) 51 (3) 18 (1.1) 22(1.3)
H 21¢ (1.2) 8 (0.5) 51(3) 7(0.4) 13(0.8)
1 8 (0.4) 58 (3) 12 (0.6) 22(1.1)
J 17(0.9) 9(0.5) 382(2.1)  18(1) 9(0.5) 8 (0.4)

92,3,4,6-Glc = 2,3 4,6-tetra-O-methyl-D-glucose, etc. b Retention time of the corresponding alditol acetate relative to 1,5-di-O-acetyl-
2,3,4,6-tetra-O-methyl-D-glucitol on an SP-1000 W.C.O.T. column at 220 °C. ¢ Trideuteriomethyl groups at O-4 and O-6. ¢ Trideuteriomethyl
group at O-3. ¢ Present as the 6-O-trideuteriomethyl and 3-O-trideuteriomethyl derivatives in the ratio 3:1. f Present as either the 6-O-tri-
deuteriomethyl or 3-O-trideuteriomethyl derivative. & 2,3,6-Tri-O-methyl-D-glucose partially labeled with a trideuteriomethyl group at O-6
and 2,4,6-tri-O-methyl-D-galactose were separated on an OS-138 S.C.O.T. column.

to a second degradation involving oxidation and treatment with
base. This oxidation was monitored as before; a decrease in the
amount of 2.4,6-tri-O-methyl-D-glucose was observed (Table
I, line E). The glycosidic linkage of the oxidized group 11 was
cleaved on treatment with base as had been demonstrated in
model experiments.'#!3 Using the same methods as above it
was shown that a new terminal D-glucopyranosyl group (12),
with a free hydroxyl at C-3, was formed (Table I, line F).
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The third degradation involved oxidation of 12 to 13 fol-
lowed by treatment with base; it was analogous to the second
degradation, except that a polymer (14) with a terminal D-
glucopyranosyl group, having a free hydroxyl at C-6, was
formed. The oxidation step was again monitored by hydro-
lyzing and analyzing part of the material (Table I, line G)
while the degradation was monitored by methylation analysis
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of part of the material using trideuteriomethyl iodide (Table
I, line H).

On oxidation of 14 a polymer (15) in which the terminal
sugar residue had an aldehyde group at C-6 was produced.
(The oxidation was monitored as before (Table I, line I).) The
degradation of such residues by treatment with base followed
by mild acid hydrolysis is analogous to the degradation of fully
methylated, esterified uronic acid residues!® and has been
previously investigated.!? The unsaturated residue (e.g., that
in 16) most probably gives a furan derivative and the substit-
uents at O-1, O-2, O-3, and O-4 are released. Analysis of the
polymeric product (17) (Table I, line J) showed that the hy-
droxyl at C-6 of the originally branching residue in the PS had
been exposed as a result of the fourth degradation.

It should, in principle, be possible to subject 17 to a fifth
degradation, but this would prove difficult in practice. Firstly,
such a degradation would be more complicated than the pre-
vious degradations during which only nonreducing terminal
sugar groups were eliminated; in this reaction the substituent
sugar at C-4 would be eliminated as a reducing sugar residue
which would be further degraded under the alkaline conditions.
Secondly, although proceeding to a high extent, the previous
degradations had not been complete and material from in-
complete reaction sequences had accumulated (cf. Table I,
lines H and J) and might therefore have obscured the results
of the fifth degradation.

The four consecutive degradations, each of which gave an
unambiguous result, demonstrated the structural element 18,
containing the side chain and the branching point of the PS.
Residues 1, 2 (both residues), 4, and 5 were thus accounted for
and the finding of an ordered structure for them strongly
suggested that the whole PS had a regular structure and that
it was composed of octasaccharide repeating units.

The remaining residues, 3 (both residues) and 6, should be
present in the main chain, and there were three possible al-
ternatives for their mutual arrangement. In order to decide
between these, the native PS was subjected to a Smith degra-
dation.!0'8 The only sugar residue in this part of the polymer
(19) which should not be oxidizable by periodate is the D-
galactopyranose residue (6) and hence reduction of the per-
iodate oxidized PS gave the polyalcohol 20a. It should be
possible, by mild acid treatment of 20a, to hydrolyze selectively
the noncyclic acetals, yielding 2-O-8-D-galactopyranosyl-
D-erythritol (21), but, since the erythritol moiety in 21 could
derive from either a 4-substituted or a 4,6-disubstituted D-
glucopyranose residue, the isolation of this substance would
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Experimental Section

General. For GLC, Perkin-Elmer 990 or Hewlett-Packard 5380A

2l instruments fitted with flame-ionization detectors were used. Sepa-

. . . rations were performed on (a) SP-1000 W.C.QO.T. glass-capillary

not give any further structural mforrpatlop. HOY"CVC” by columns (25 m X 0.25 mm) at 220 °C (for partially methylated alditol
methylatmg the polyalcohol .(as dg:scnbed 1n.51m1lar stud- acetates); (b) OS-138 S.C.QO.T. metal-capillary columns (15 m X 0.5
ies>4:19) to 20b, before the mild acid hydrolysis, the pattern  mm) at 200 °C (for partially methylated alditol acetates); and (c) 3%
of methyl substitution in the derived D-galactosylerythritol OV-1 on Gas Chrom Q (100/120 mesh) packed in 180 X 0.15 cm
should depend upon whether it originated from a chain or a glass tubing at 190 °C (for methylated oligosaccharide derivatives).
branching residue. The oligomeric degradation products were ~ GLC/MS was recorded at 70 eV using OV-225 or the last two men-
realkylated with ethyl iodide and investigated by GLC/MS. 19 tioned columns in Perkin-Elmer 270 or Varian MAT 311 instruments.

Two components were detected, the first of which was identi-
fied from its mass spectrum as the glycosylerythritol derivative
22; the origins of some fragments are indicated in the formula.
The realkylated product was also hydrolyzed, reduced, acet- sulfuric acid.

Gel filtrations of methylated polysaccharides were performed on
columns of Sephadex LH-20 (Pharmacia Fine Chemicals) irrigated
with chloroform-acetone (2:1). Separations were monitored by spot
tests on TLC plates and compounds were detected by charring with

ylated, and investigated by GLC/MSS and among the hy- Isolation and Purification of the Polysaccharide. Growth of RAi-
drolysis products 2-O-acetyl-3,4-di-O-ethyl-1-O-methyl-D-  zobjum meliloti strain U 27 and isolation and purification of the

erythritol (23) was identified. The results of this modified polysaccharide were as described earlier.’

Smith degradation therefore demonstrated that the D-galac- Methylation Analysis. Methylations were performed with sodium

topyranose residue (6) was linked to O-4 of the branching
D-glucopyranose residue (5). Identification by GLC/MS of
the second component after the realkylation, a laminarobios-
ylglycerol derivative (24), further corroborated a sequence of

methylsulfinylmethanide-methyl iodide in dimethyl sulfoxide.”-*
Other alkylations were performed analogously using appropriate al-
kylating agents. Methylated materials were recovered after removal
of dimethyl sulfoxide by freeze drying and purified by gel filtration.
Hydrolyses and transformations into alditol acetates were carried out

three sugar residues already demonstrated as part of the side " 4escribed earlier.® All analyses of methylated sugars were per-

chain. ] i . formed by GLC/MS of their alditol acetates®!° and all identifications
From the combined evidence structure 25 is proposed for (including those of partially trideuteriomethylated or ethylated de-

the repeating unit of the Rhizobium meliloti extracellular  rivatives) were unambiguous and will not be discussed.
—4) 8-D-Glep-(1>4)- 6-D-Glep-(13)- 6-D-Gal p-(1~>4)- 3-p-Glep- (1>

»A—»cy)

£-D-Glep-(1-3)- 3-D-Glep-(1>3)- 8-D-Glep-(1+6)- 3-D- Gl
' Y
\
H,CC-CO,H
25

Journal of the American Chemical Society | 99:11 | May 25, 1977



Sequential Degradations. First Degradation. PS (400 mg) was
carboxyl reduced using 1-cyclohexyl-3-(2-morpholinoethyl)carbo-
diimide metho-p-toluenesulfonate-sodium borohydride,!! dialyzed
against water, and freeze dried (yield 375 mg). This material was
methylated, hydrolyzed with aqueous acetic acid (90%, 75 mL) for
100 min at 100 °C, concentrated, and purified by gel filtration (yield
332 mg). Analiquot (2 mg) was remethylated with trideuteriomethyl
iodide, hydrolyzed, and analyzed (Table 1, line B). The remaining
material was oxidized!? in two equal portions with chlorine (1 M in
25 mL of methylene chloride) and dimethyl sulfoxide (9 mL)-tri-
ethylamine (7 mL) at —45 °C for 7 h; after concentration dimethyl
sulfoxide was removed by freeze drying and the material purified by
gel filtration (yield 266 mg). An aliquot (1 mg) was hydrolyzed and
analyzed (Table 1, line C). The remaining material, in methylene
chloride (20 mL), was treated with sodium ethoxide in ethanol (1 M,
2mL) for 1.5 h at room temperature, neutralized with glacial acetic
acid, and concentrated to dryness. Aqueous acetic acid (50%, 10 mL)
was added and the mixture was kept at 100 °C for 4 h, concentrated,
and purified by gel filtration (yield 233 mg). An aliquot (2 mg) was
remethylated with trideuteriomethyl iodide, hydrolyzed, and analyzed
(Table I, line D).

Second Degradation. The material from the first degradation was
oxidized and worked up as before (yield 170 mg). An aliquot (1 mg)
was hydrolyzed and analyzed (Table 1, line E). The remaining ma-
terial, in methylene chloride (10 mL), was treated with sodium eth-
oxide in ethanol (0.8 M, 10 mL) for 1.5 h at room temperature, neu-
tralized with glacial acetic acid, partitioned between chloroform and
water, and purified by gel filtration (yield 130 mg). An aliquot (2 mg)
was remethylated with trideuteriomethyl iodide, hydrolyzed, and
analyzed (Table 1, line F).

Third Degradation. This was performed essentially as described for
the second degradation. The yield of degraded material was 110 mg.
The oxidation step was monitored by hydrolyzing and analyzing an
aliquot (1 mg) (Table 1, line G) and the degradation was monitored
by remethylation with trideuteriomethyl iodide, hydrolysis, and
analysis of an aliquot (2 mg) (Table 1, line H).

Fourth Degradation. The material from the third degradation was
oxidized essentially as described for the second degradation (yield 100
mg). An aliquot (1 mg) was hydrolyzed and analyzed (Table 1, line
1). The remaining material, in methylene chloride (10 mL), was
treated with sodium ethoxide in ethanol (1.2 M, 5 mL) for 1.25 h at
room temperature, neutralized with glacial acetic acid, and partitioned
between chloroform and water. This material was treated with
aqueous acetic acid (50%, 10 mL) for 14 hat 100 °C, concentrated,
and purified by gel filtration (yield 55 mg). An aliquot (2 mg) was
remethylated with trideuteriomethyl iodide, hydrolyzed, and analyzed
(Table 1, line J).

Smith Degradation. PS (65 mg) was oxidized in the dark with so-
dium metaperiodate (0.03 M in 0.1 M sodium acetate buffer, pH 3.9,
76 mL) for 5 days at 4 °C. Excess periodate was destroyed by addition
of ethylene glycol (2 mL) and the solution was dialyzed and concen-
trated to 50 mL. Sodium borohydride (1 g) was added, the solution
was kept at room temperature overnight, and excess of borohydride
was destroyed by addition of aqueous acetic acid. The solution was
dialyzed and freeze dried. 1n order to obtain complete oxidation, the
oxidation-reduction cycle was repeated (yield 27 mg). The material
was methylated and an aliquot (2 mg) was hydrolyzed and on analysis
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was shown to contain 2,4,6-tri-O-methyl-D-glucose and 2,4,6-tri-
O-methyl-D-galactose in the ratio 2.1:1. Only trace amounts of other
methyl ethers were found, indicating the oxidation to have been almost
complete. The remaining methylated material was hydrolyzed with
aqueous formic acid (90%, 5 mL) for 1 h at 40 °C and evaporated at
dryness. This material was realkylated with ethyl iodide and analyzed
by GLC/MS using an OV-1 column. Two peaks were obtained
showing Tl (retention time relative to methylated melibiitol) 0.41
and 4.9. The mass spectrum of the former compound (22) showed,
inter alia, the following peaks (relative intensities in parentheses and
some assignments'? in brackets: 102 (100), 175 (9) [bA,], 187 (4)
[aA3], 201 (3) [aA,], 233 (1) [aA,], 249 (7) [abJy]. The latter com-
pound (24) showed, inter alia, the following peaks: 45 (100), 101 (53),
102 (78), 117 (22) [cA4], 187 (25) [aA;], 201 (12) [aA;], 233 (4)
[aAy]. Part of the realkylated material was hydrolyzed to completion
and analyzed. 3-O-Ethyl-2,4,6-tri-O-methyl-D-galactose, 3-O-
ethyl-2,4,6-tri-O-methyl-D-glucose, and 2,4,6-tri-O-methyl-D-glucose
were obtained in the proportions 1.2:1.2:1 together with 3,4-di-O-
ethyl-1-O-methyl-D-erythritol.

Acknowledgment. We are indebted to Mrs. Jana Ceders-
trand for her expert technical assistance. This work was sup-
ported by grants from the Swedish Medical Research Council
(B76-03X-02522-08), the Swedish Natural Science Research
Council, Knut och Alice Wallenbergs Stiftelse, Stiftelsen
Sigurd och Elsa Goljes Minne, and Harald Jeanssons Stift-
else.

References and Notes

(1) (a) Department of Microbiology, Agricultural College of Sweden, $-750 07
Uppsala, Sweden. (b) Department of Clinical Chemistry, University Hospital,
§-221 85 Lund, Sweden.

(2) |. W, Sutherland, Adv. Microbiol. Physiol., 8, 143 (1972).

(3) M. Curvall, B. Lindberg, J. Lonngren, and W. Nimmich, Carbohydr. Res.,
42, 73 (1975).

(4) M. Curvall, B. Lindberg, J. Lonngren, and W. Nimmich, Carbohydr. Res.,
42, 95 (1975).

(5) H. Bjorndal, C. Erbing, B. Lindberg, G. Fahraeus, and H. Ljunggren, Acta
Chem. Scand., 25, 1281 (1971).

(6) L. P. T. M. Zevenhuizen, Carbohydr. Res., 26, 409 (1973).

(7) S. Hakomori, J. Biochem. (Tokyo), 55, 205 (1964).

(8) B. Lindberg, Methods Enzymol., 28B, 178 (1972).

(9) L. Kenne, J. Lonngren, and S. Svensson, Acta Chem. Scand., 27, 3692
(1973).

(10) B. Lindberg, J. Lénngren, and S. Svensson, Adv. Carbohydr. Chem. Bio-
chem., 31, 185 (1975).
(11) R. L. Taylor and H. E. Conrad, Biochemistry 11, 1383 (1972).
(12) E. J. Corey and C. U. Kim, Tetrahedron Lett., 919 (1973).
(13) P.E. Jansson, L. Kenne, and S. Svensson, Acta Chem. Scand., Ser. B, 30,
61(1976).
(14) %ingr)me, O. Larm, and S. Svensson, Acta Chem. Scand., 26, 2473
72).
(15) (LigKgr)'me, O. Larm, and S. Svensson, Acta Chem. Scand., 27, 2797
73).
(16) B. Lindberg, J. Lonngren, and J. L. Thompson, Carbohydr. Res., 28, 351
(1973).
(17) P. E. Jansson, L. Kenne, B. Lindberg, and S. Svensson, Acta Chem. Scand.,
Ser. B, 30, 631 (1976).
(18) 1. J. Goldstein, G. W. Hay, B. A. Lewis, and F. Smith, Methods Carbohydr.
Chem., 5, 361 (1965).
(19) J. 9Li:‘mngren and S. Svensson, Adv. Carbohydr. Chem. Biochem., 29, 41
(1974).

Lindberg et al. |/ Extracellular Polysaccharide of Rhizobium meliloti



