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Abstract. Polysaccharide secreted by Rhizobium fredii Tu6 was investigated with composition analysis, linkage analy-
sis, Svensson degradations, "H-NMR, and desorption chemical ionization/mass spectrometry. The polysaccharide is
composed of a nonasaccharide repeating unit (seven glucose, two galactose) with five sugar residues in the side chain
and four sugar residues in the back bone. The terminal residue of the side chain is a galactose residue. The second
residue from the terminal end is a 3-linked glucose substituted by a pyruvate group at the 4, 6-positions. Monosac-
charide sequence was determined by Svensson degradations followed by linkage analysis. After removal of a pyru-
vate group from the methylated polysaccharide, the sugar residues in the side chain were removed sequentially by
Svensson degradations. The reaction product of each degradation was then analyzed by methylation analysis. The
polysaccharide secreted at pH 5 medium has a structure very similar to the polysaccharide secreted in the medium
of pH 7 except that about 30% of the terminal galactose residues are also substituted at the 4, 6-positions by a second
pyruvate group.

Keywords: Desorption chemical ionization/mass spectrometry (DCI/MS); Extracellular polysaccharide; Rhizobium

fredii Tu6; Svensson degradation.

Introduction

Rhizobium species can infect leguminous plants and
form nodules. The exopolysaccharides (EPS) excreted by
the strains of Rhizobium play an important role in the in-
fection of legumes and the Rhizobium / legume symbiosis
(Phillip-Hollingsworth et al., 1989). Rhizobium fredii Tu6,
a fast growing bacterium under neutral (pH 7) and acidic
(pH 5) conditions, was isolated at Ping-Tong, Taiwan
(Cheng and Lin, 1984). We have found a difference in
morphological exhibition between neutral and acidic cul-
ture environments (unpublished data). We assume that
EPS plays not only an important role in infection pro-
cesses, but also a protective role in environmental adapta-
tion. We now describe an investigation of the structure of
the polysaccharide excreted by this bacterium. It is hoped
that the investigation of the structure of EPS can provide
some clues to the mechanism of infection and/or protec-
tion.

Materials and Methods

Isolation of the Polysaccharide

One and half day old (for pH 7) and two day old (for
pH 5) cultures of R. fredii Tu6 were grown in B III me-
dium (Bishop et al., 1976) and centrifuged. The polysac-
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charide was precipitated with cetyltrimethylammonium
bromide. The precipitate was washed with ethanol, dia-
lyzed against water, and lyophilized. The resulting crude
exopolysaccharide was purified by a DEAE-sepharose
column. Fractions containing exopolysaccharide were
identified with a phenol-sulfuric acid test.

Proton NMR Spectroscopy

Samples for n.m.r. spectroscopy were lyophilized sev-
eral times with D O, and dissolved in D,O at a concentra-
tion of 1-3 mg/ml. Spectra were obtained with a Bruker
300-MHz instrument, with the probe heated to 60°C. The
signal at & 1.47 was assigned to the methyl protons of pyru-
vic acid residues; the signal at & 2.13 was assigned to the
methyl protons of O-acetyl groups; and the signals at o
2.57 and & 2.68 were assigned to the methylene protons
of O-succinyl groups (Figure 1). The signal at & 1.17 re-
mains to be assigned.

Desorption Chemical lonization Mass Spectrom-
etry

DCI/MS experiments were performed on a Finnigan
TSQ-46C triplequadrupole mass spectrometer (Finnigan
MAT, CA). Ammonia (from San-Fu Co., Hsinchu, Tai-
wan) was used as the reagent gas. The sample was air-
dried on a platinum or rhenium emitter; the emitter was
heated by a separated power supply at a heating rate of 50
mA/sec until the maximum current of 1.3 A was reached.
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Figure 1. The NMR spectrum of the extracellular polysaccha-
ride secreted by Rhizobium fredii Tu6.

Composition Analysis

The glycosyl composition of the purified polysaccha-
ride was determined by hydrolysis, reduction and acety-
lation followed by gas-liquid chromatography analysis of
the alditol acetates (Biermann and McGinnis, 1989).

Linkage Analysis

Partially methylated alditol acetates were prepared
(Biermann and McGinnis, 1989) and analyzed with a
Hewlett Packard 5890 series 2 GC (Hewlett-Packard, PA,
USA) and a VG-MD800 GC/MS instrument (Fisons,
Manchester, UK). For GC separation, a DB-5 capillary
column (30-m) was used. The column was temperature
programmed by holding for 1 min at 75°C, increasing to
150°C at a rate of 20°C/min, and finally to 300°C at a rate
of 2°C/min. Identification of alditol acetates was achieved
by comparison of GC relative retention times and electron
impact mass spectra of standard compounds.

Svensson Degradation (Jansson et al., 1977)

The EPS was permethylated, reduced by LiAlIH,,
depyruvylated (with 50% acetic acid at 100°C for 2 h) and
then oxidized by DMSO activated by either oxalyl chloride
(Mancuso et al., 1978) or PO, (Taber et al., 1987). After
the oxidation, triethylamine (1 ml) was then added and
stirred for 30 min. The solution was warmed to room
temperature, dialyzed, and concentrated to dryness under
vacuum. The sample was redissolved in 1 ml methylene
chloride, treated with sodium ethoxide in ethanol (1 M, 1
ml), stored at room temperature for 1.5 h, neutralized with
diluted hydrochloric acid, mixed with 1.5 ml 50% acetic
acid, and heated to 100°C for 3 h. The solution was dried
under vacuum and an aliquot of the sample was used for
linkage analysis.

PA (2-Aminopyridine) Labeled Trisaccharide

The reductive amination procedure developed by Hase
et al. (1979) was adopted for the preparation of PA labeled
trisaccharide.
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Results and Discussion

The results of the composition analysis suggested re-
peating units of nine sugars consisting of seven glucose
and two galactose. Proton NMR obtained at 60°C showed
that the EPS was substituted with pyruvate, acetyl,
succinyl, and one unidentified group (Figure 1).

Desorption Chemical Ionization (DCI) mass spectrom-
etry has proved to be a powerful technique for the deter-
mination of polysaccharide sequences (Her et al., 1990).
Although no molecular ion can be detected, useful struc-
tural information may be obtained by DCI/MS with the
detection of pyrolytic fragments. The formation of frag-
ments along the backbone requires the cleavage of two
bonds whereas a single bond cleavage is needed for the
formation of a fragment in the side chain. Consequently,
fragment ions from the side chain should be more abun-
dant than backbone ions. The ammonia DCI mass spec-
trum obtained with permethylated and depyruvylated EPS
(Figure 2) suggested that the side chain could consist of
five sugar residues because the intensities of the signals
decreased sharply after the fifth sugar residue.

Glycosidic linkages of the polysaccharide were deter-
mined by GC and GC/MS after permethylation, hydroly-
sis, reduction, and peracetylation (Harris and Henery,
1984). A total of nine sugar residues, including one non-
reducing terminal galactose, two 3-substituted glucoses,
two 4-substituted glucoses, one 3-substituted galactose,
one 6-substituted glucose, one 4,6-disubstituted glucose,
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Figure 2. The ammonia DCI mass spectrum obtained with
permethylated and depyruvylated EPS.
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and one 3,4,6-trisubstituted glucose were detected. Pyru-
vic acid was linked to the 4,6 positions of the 3,4,6-trisub-
stituted glucose because linkage analysis of the
depyruvylated polysaccharide showed the disappearance
of the signal corresponding to 3,4,6-trisubstituted glucose
and an increase in the intensity of the 3-substituted glu-
cose. The branching point of the polysaccharide was in-
dicated by the 4,6-disubstituted glucosyl residue.

Monosaccharide sequence was determined mainly by
the Svensson degradation method (Figure 3). This method
requires selective exposure of the hydroxyl group followed
by oxidation of the exposed hydroxyl group, base-cata-
lyzed [B-elimination, and mild acid hydrolysis. The resi-
due with the free hydroxyl group is degraded, and the
sugars linked to this residue are released as a nonreducing
and a reducing moieties. The free hydroxyl group in the
reducing moiety provides a point of oxidation for a sec-
ond Svensson degradation.
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Figure 3. Sequence analysis of the extracellular polysaccharide
secreted by Rhizobium fredii Tu6.
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The pyruvate group in EPS Tu6 was reduced and hy-
drolyzed (Taylor and Conrad, 1972). After removal of the
pyruvate group, the sugar residues in the side chain were
removed sequentially by Svensson degradations. Link-
age analysis of the first four degradation products are
shown in Table 1. Seven sugar residues were detected for
the first Svensson degradation indicating the substitution
of pyruvate group on the glucose residue next to the ter-
minal galactose (Gall-3Glc(py)-). The third sugar resi-
due was assigned as a 3 substituted glucose because
linkage analysis of the repermethylated first degradation
product showed the appearance of a terminal glucose and
a decrease of the signal corresponding to 3 substituted glu-
cose (Gall-3Glc(py)1-3Glc-). This assignment is consis-
tent with the linkage analysis of the second degradation
product (see Table 1). Based on this approach, the fourth
and fifth sugar residues in the side chain were designated
a 3 linked glucose and a 6 linked glucose, respectively
(Gal1-3Glc(py)1-3Gle1-3Gle1-6Glc). The side chain was
believed to consist of five sugar residues because no sig-
nal corresponding to terminal sugar residue was observed
in the linkage analysis of the repermethylated fourth deg-
radation product. These data are in agreement with the
results obtained in the DCI mass spectrum.

Table 1. Glycosyl linkage composition of the native and
Svensson degradation products.

EPS Ist Ist*  2nd  2nd*  3rd* 4th*

Ter-Glc 1.1 1.1 0.9
Ter-Gal 1
3-Glc 1.7 1.7 0.9 0.9
4-Glc 2.3 2.3 1.9 2.1 2.3 24 34
3-Gal 1.1 1.0 1.0 1.0 0.9 1 1
6-Glc 1.1 1.0 1.0 1.0 0.7
4,6-Glc 1.1 0.8 1.0 1.1 0.7 0.9

1.1

3.4,6-Glc

*Repermethylated the Svensson degradation products.

Because the side chain consists of five sugar residues
(Gall1-3Gle(py)1-3Glc1-3Glc1-6Gle), the repeating unit of
the backbone should consist of four sugar residues. These
four sugars consist of three 4 substituted glucose (includ-
ing the 4,6 linked branching sugar) and one 3 substituted
galactose. The side chain was cleaved with the first four
degradation reactions. The fifth oxidation reaction should
oxidize the branching sugar, and a trisaccharide was there-
fore left after the reaction. It is known that the branching
sugar is a 4, 6 disubstituted glucose, so there are three pos-
sible arrangements for the three remaining sugars (4Glcl-
4Glc1-3Gal-, 4Glc1-3Gal1-4Glc-, 3Gall-4Glc1-4Glc-).
Linkage analysis of the repermethylated trisaccharide
could determine the terminal sugar but not the order of
the other two sugars. In order to determine the sequence
of the trisaccharide, the reducing sugar was labeled with
2-aminopyridine by reductive amination (Hase et al., 1979)
before the permethylation and linkage analysis. The re-
sult showed that the terminal sugar was a 3 substituted
galactose. This data suggested a sequence of 4Glc
(branching sugar)-4Glc-4Glc-3Gal- for the backbone.
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EPS isolated from pH 5 medium and pH 7 medium have
a very similar structure, except that the terminal galactose
of the EPS obtained under pH 7 was partially substituted
(about 30%) with pyruvic acid. As has been shown in R.
trifolii (Abe et al., 1984), the non-carbohydrate substitu-
tions of the R. fredii EPS change during culture age.
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