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Abstract—The O-specific polysaccharide (OPS) of Mesorhizobium loti mutant Mlo-13 was obtained by mild-acid degradation of the
lipopolysaccharide and studied by sugar and ethylation analyses, Smith degradation, as well as 'H and '*C NMR spectroscopy. The
O-polysaccharide has a trisaccharide repeating unit composed of 6-deoxy-L-talose (L-6dTal), 4-O-acetyl-6-deoxy-L-talose (L-6dTal-
4Ac) and L-rhamnose residues. An analysis of NMR spectra revealed that the rhamnose residue was substituted nonstoichiometri-
cally with O-methyl group at C-3. The following structure of the repeating unit of the Mlo-13 OPS was established:

—2)-0-L-6dTalp-(1—-3)-a-L-6dTalp4Ac-(1—-2)-a-L-Rhap-(1—
3
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1. Introduction

The bacterium Mesorhizobium loti has been described as
a microsymbiont of plants classified in the genus Lo-
tus."* Strain NZP2213 of M. loti is a representative of
a group of species that form nitrogen-fixing nodules
on a limited range of legume hosts, that is, on Lotus
corniculatus, and ineffective nodules on Lotus peduncula-
tus and Leucaena leucocephala.’ Bacteriophage Al, iso-
lated from uncultivated soil,* was used to isolate
rhizobial strains not only resistant to phage-lytic activity
but also with enhanced symbiotic behavior. One mutant,
designated Mlo-13, showed greater efficiency in nodulat-
ing the plant host L. corniculatus than the parental strain
NZP2213. Higher biomass of the harvested plants after
inoculation with strain Mlo-13 correlated with an in-
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creased number of nodules and higher nitrogen fixation
activity (determined by the acetylene reduction assay”).
Nodule occupancy assessed in a dual inoculation exper-
iment clearly showed that Mlo-13, with its higher com-
petitive ability could be used as a more efficient field
inoculant than the wild-type strain. Moreover, the deter-
mined resistance of the mutant strain to phage Al,
which required a lipopolysaccharide (LPS) with an O-
chain composed of 1,3 linked 2-O-acetyl-6-deoxytalan
as a receptor,*® suggested that this molecule might be
altered. Since the role of M. loti surface polysaccharides
in the nodulation process is not yet fully understood,’
recognition of the structure of the O-antigenic poly-
saccharides of M. loti species seems indispensable.

2. Results and discussion

The O-specific PS was obtained by mild-acid degra-
dation of the mutant Mlo-13 lipophilic LPS and
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fractioning on a Sephadex G-50 column. GLC-MS
analyses of appropriate sugar derivatives of high mole-
cular mass fraction, including establishing of the
absolute configurations of monosaccharides, revealed
3-O-methyl-L-rhamnose, 6-deoxy-L-talose, and L-rham-
nose in a molar ratio 1:8:3. An analysis of partially
ethylated alditol acetates showed the presence of glyco-
sidically substituted 6-deoxyhexoses at O-2 or O-3 (60%
and 30%, respectively) and 2-substituted 3-O-methyl-
rhamnose (about 8%). These data also indicated that
all the sugar residues were in the pyranose form.

The 'H and '*C NMR spectra of the OPS contained
two series of signals with a ratio of integral intensities
~3:1, thus indicating a lack of strict regularity in the
O-polysaccharide structure. The major series in the '*C
NMR spectrum (Fig. 1) contained, inter alia, signals
for the oligosaccharide unit composed of 6-deoxytalose
(6dTal), 4-O-acetylated 6dTal (6dTal4Ac), and rham-
nose residues. There were signals for three anomeric
carbons at ¢ 98.3, 102.2, and 104, for CH3;-C groups
(C-6 of 6dTal and Rha) at ¢ 16.6-18.1, sugar ring
carbons in the region § 67.5-80, and two carbon atoms
of an O-acetyl group (CH; at ¢ 21.8, CO at 6 175). A
minor series of signals in the '*C NMR spectrum

Ll

belonged to a second oligosaccharide containing 6dTal,
6dTal4Ac, and 3-O-methylrhamnose (Rha3Me) resi-
dues. It included signals for three anomeric carbons
at 0 98.2, 103.8, and 102.4, CH5-C groups (C-6 of
6dTal, Rha) at 6 16.6-18.2, two carbon atoms of an
O-acetyl group (CHj3 at 6 21.8, CO at 6 175), and one
O-methyl group at ¢ 58.8. The absence of any signal
in the '*C NMR spectrum (except for an O-methoxy-
lated carbon atom of Rha3Me) in the region J 80.0—
86.0 demonstrated the pyranose form of all the sugar
residues.®

The '"H NMR spectrum of the major oligosaccharide
unit (Fig. 2) contained in the low-field region signals for
three anomeric protons at ¢ 5.18, 5.12, 5.13 and H-4 of
4-O-acetylated 6dTal at 5.28 ppm. In the high-field re-
gion, there were signals for the CH3—C groups of 6dTal
and Rha (H-6, 3H) at 6 1.19-1.30 and an O-acetyl group
at 6 2.20. In addition, the "H NMR spectrum included
minor series of signals belonging to the components of
the second oligosaccharide. These included signals for
three H-1 at 5.125, 5.08, and 5.16 ppm, H-4 of 6dTal4Ac
at 5.28 ppm, three doublets at 6 1.19-1.33 related to the
methyl groups of 6-deoxy sugars, an O-acetyl group at
2.20 ppm, and one O-methyl group at 6 3.51.

IS

[TTTTT1
180 170 100

|IIII|IIII|IIII|IIII|IIII|IIII]lll![IIII|IIII|IIII|!III]I

ppm

Figure 1. '3C NMR spectrum of the O-specific polysaccharide of M. loti mutant Mlo-13. Capital letters and Arabic numerals refer to the carbons in
the sugar residues denoted as shown in Table 1. Asterisks indicate signals of anomeric carbon atoms of the O-methylated oligosaccharide unit;
OAc—O-acetyl group (¢ 21.8 ppm); OMe—O-methyl group (dc 58.8 ppm); IS—acetone as internal standard (J¢c 31.45 ppm).
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Figure 2. '"H NMR spectrum of the O-specific polysaccharide of M. loti mutant Mlo-13. Capital letters and Arabic numerals refer to the protons in
the sugar residues denoted as described in Table 1. The chemical shifts of the O-methylated rhamnose residue are underlined. OAc—O-acetyl group
(0 2.20 ppm); OMe—O-methyl group (dy 3.51 ppm); IS—internal acetone (Jdy 2.225 ppm); asterisk—free acetic acid.
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Table 1. '"H NMR and '*C NMR data (J in ppm) for the O-specific polysaccharide of M. loti mutant Mlo-13

Sugar residue H-1 H-2 H-3 H-4 H-5 H-6 OCH; CH;CO
C-1 C-2 C-3 C-4 C-5 C-6
Major repeating unit
—2)-0-L-6dTalp-(1— A 518 3.80 4.05 3.73 4.15 1.29
98.3 78.0 67.5 73.1 67.5 16.8
—3)-0-L-6dTalp4Ac-(1— B 5.12 4.02 4.13 5.28 4.22 1.19 2.20
104 69.5 67.5 71.0 67.6 16.6 21.8
—2)-0-L-Rhap-(1— C 5.13 4.11 3.91 3.47 3.74 1.30
102.2 79.8 71.3 73.8 70.9 18.1
O-methylated oligosaccharide unit
—2)-0-L-6dTalp-(1— A 5125 4.14 3.93 3.97 4.06 1.29
98.2 79.8 67.6 72.2 67.5 16.9
—3)-a-L-6dTalp4Ac-(1—- B 5.08 3.96 4.12 5.28 4.22 1.19 2.20
103.8 69.3 67.5 71.0 67.6 16.6 21.8
—2)-0-L-Rhap3Me-(1— C 5.16 4.33 3.58 3.49 3.73 1.33 3.51
102.4 75.5 81.0 74.0 70.9 18.2 58.8
Oligosaccharide-glyceraldehyde
a-L-6dTalp-(1— B 5.08 4.12 3.92 4.01 4.10 1.19
103.5 70.2 66.8 73.0 68.0 16.9
—2)-a-L-Rhap3Me-(1—- C 5.13 4.33 3.60 3.52 3.94 1.32 3.50
100.0 75.0 81.0 72.5 70.8 18.2 58.5
—2)-Gro-al 5.10 3.68 3.74°
90.2 81.2 61.2

2 H-3a; H-3b at 6 3.88.

The 'H and '*C NMR spectra of the OPS of Mlo-13
assigned using 2D COSY, TOCSY, and H-detected 'H,
13C HSQC experiments are presented in Table 1. In the
TOCSY spectrum, there were cross-peaks between H-1
and H-2,3,4 of a-6dTalp residues (but only H-2 and
H-3 of 2-substituted 6dTalp of the minor series). The
NOESY spectrum showed H-1,H-2, H-4,H-5, and
H-4,H-6 correlation for a-6dTalp residues. The other
"H NMR signals of 6dTalp of the minor series were
assigned using correlations between the coupled protons
in the COSY spectrum. The spin systems for a-Rhap
residues were identified by cross-peaks between H-1
and H-2,3 as well as a correlation of H-6 and H-2—
H-5 in the TOCSY spectrum.

The stereoconfigurations of 6-deoxytalose and rham-
nose residues were discriminated according to the 3J3,4
and 3J4,5 coupling constant values, which were 3.5 Hz,
and less than 1 Hz, respectively, for the talo configura-
tion, and ~10 Hz for the rhamnose residue.®®

The 1JC,H coupling constant values (above 175 Hz)
indicated that all the sugar residues had an o anomeric
configuration. The positions of the signals for H-5 (at
0 3.73-4.22 ppm) and C-5 (at 6 67.5) of sugars, and
the intra-residue H-1, H-2 correlations for all 6-deoxy-
hexoses observed by the 2D NOESY experiment con-
firmed that 6dTalp and Rhap were o-linked in both
oligosaccharide units (compare published data®'?).

The substitution pattern established by '*C NMR
chemical shifts was in agreement with ethylation analy-
sis data. The downfield displacement of the main signal
for C-2 (6 79.8) of rhamnose residue, observed for the

major oligosaccharide unit, confirmed that the residue
was glycosylated at C-2. In contrast, the signals for
C-2 and C-3 in the minor series shifted downfield to ¢
75.5 and 81.0, respectively, thus confirming that the
rhamnose residue glycosylated at C-2 was also 3-O-
methylated. Non-acetylated 6dTalp was glycosylated at
C-2, which was confirmed by the chemical shifts of the
corresponding carbon atoms at 78 and 79.8 ppm. The
linkage pattern of 6dTalp4Ac residues was identified
by determining the position of these signals for C-3 at
0 67.5. A smaller than expected, but supported by pub-
lished data,'' downfield displacement for C-3 of 6dTal-
p4Ac residues (at § 67.1), as compared with ¢ 66.3 in the
corresponding nonsubstituted monosaccharide,® could
be accounted for by O-acetylation of these sugars at
C-4. This was demonstrated by a low-field position at
0 5.28 of the H-4 signal, which was due to a deshielding
effect of the O-acetyl group (compare with the chemical
shifts ¢ 3.73 or 3.97 for H-4 in the nonacetylated 6dTalp
residues). Moreover, the position of O-acetylation was
supported by a chemical shift of H-5 at 6 4.22, which
was influenced mostly by the O-acetyl group at O-4.
This contrasted with chemical shift at 6 4.15 of a corres-
ponding proton of nonacetylated 6dTalp of the major
oligosaccharide unit. The degree of O-acetylation of
3-substituted sugar residue was estimated to be close
to 100%.

The 2D NOESY experiment (Fig. 3) revealed interres-
idue correlations between the following anomeric pro-
tons and protons at the linkage carbons of the major
oligosaccharide unit: 6dTal H-1,6dTal4dAc H-3 at o



480 A. Turska-Szewczuk et al. | Carbohydrate Research 343 (2008) 477482

5.18/4.13, 6dTal4Ac H-1,Rha H-2 at 6 5.12/4.11, Rha
H-1,6dTal H-2 at 6 5.13/3.80. An H-detected 'H, "°C
heteronuclear multiple-bond correlation (HMBC)
experiment revealed 6dTal H-1,6dTal4Ac C-3, 6dTal-
4Ac H-1,Rha C-2, and Rha H-1,6dTal C-2 correlations
at 6 5.18/67.5, 5.12/79.8, and 5.13/78. These data con-
firmed the glycosylation pattern and established the
sugar sequence in the major repeating unit of the mutant
Mio-13 OPS, which has the following structure (1):

6dTalp-4Ac, and Rhap residues, where 3-substituted
6dTalp is 4-O-acetylated stoichiometrically and about
25% of the rhamnose residues carry an O-methyl group
at C-3.

A similarly composed bacterial O-polysaccharide
built of L-6dTalp and L-Rhap residues has been reported
for an O-antigen of Mesorhizobium huakuii strain
IFO15243T."? Although less common than L-rhamnose,
6-deoxy-L-talose occurs in a number of bacterial poly-

—2)-a-L-6dTalp-(1—3)-0-L-6dTalp4Ac-(1-2)-o-L-Rhap-(1—

A B

Analogically, for the O-methylated oligosaccharide unit,
the sugar sequence was determined from the NOESY
data (Fig. 3). In particular, there were 6dTal H-
1,6dTalp-4Ac H-3, 6dTalp4dAc H-1,Rha3Me H-2, and
Rha3Me H-1,6dTal H-2 correlations at 6 5.125/4.12,
5.08/4.33, as well as 5.16/4.14 (a low intensity of cross-
peak), respectively. On the basis of these data, it was
suggested that the minor O-methylated oligosaccharide
has the following structure (2):

(1)
C

saccharides and is often present in an O-acetylated form.
The OPS of M. loti NZP2213°® was completely O-acet-
ylated at C-2 similarly to 1-6dTalp residue in the main
chain of Aeromonas hydrophila 0:34."* However, the
presence of an O-acetyl group at O-4 of 6dTalp is not
so frequent. An acidic polysaccharide isolated from
the marine bacterium Pseudoalteromonas flavipulchra
contains L-6dTalp4Ac as a main component.'! 6dTalp
residues nonstoichiometrically acetylated at C-4 also

—2)-0-L-6dTalp-(1—-3)-0-L-6dTalp4Ac-(1—2)-0-L-Rhap3Me-(1—

A B

The chemical shifts of some '"H NMR signals and most
13C NMR signals of the O-methylated oligosaccharide
fragment were practically identical to those in the major
repeating unit. The presented data clearly show that the
studied OPS lacks strict regularity due to the nonstoi-
chiometric substitution of the Rhap residue with an
O-methyl group. To confirm the position of the
O-methyl group, Smith degradation of the OPS was per-
formed, which yielded an oligosaccharide. An analysis
of the '"H and '>C NMR spectra (Table 1) showed that
the oligosaccharide contained 6dTalp, Rhap3Me, and
a glyceraldehyde (Gro-al) residue in a hydrated form
(0n-1 5.10; ¢y 90.2 and dc.3 61.2). The latter was
formed by the oxidation of a 2-substituted 6dTalp resi-
due. This oligosaccharide was evidently derived from
the O-methylated oligosaccharide unit and its structure
(3) was established as follows:

a-L-6dTalp-(1-2)-o-L-Rhap3Me-(1—2)-Gro-al
B C
On the basis of the data obtained, it was concluded

that the O-polysaccharide of M. loti mutant Mlo-13
has a trisaccharide repeating unit composed of 6dTalp,

(2)
C

build a linear homopolysaccharide of Agrobacterium
tumefaciens strain C58.'

Participation of two repeating units in the building up
of O-polysaccharides and their relation with the lack of
strict regularity of the latter has been observed in some
bacterial O-antigens.!®!>!® Heterogeneity of the OPS
structure caused by nonstoichiometric substitution with
an O-methyl group of one of the rhamnose residues was
previously recognized in Pseudomonas syringae and
Xanthomonas campestris O-polysaccharides.'®!’

3. Experimental
3.1. Bacterial strain and isolation of LPS and OPS

M. loti strain NZP2213 (HAMBI 1129) was kindly pro-
vided by Prof. K. Lindstrom (Department of Applied
Chemistry and Microbiology, University of Helsinki,
Finland). Strain Mlo-13 was isolated after Tn5 muta-
genesis of M. loti NZP2213 (according to the method
described previously'®) and selected as resistant to phage
Al, which recognized LPS of the parental strain as a
receptor.* The phage-resistance selection marker was
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Figure 3. A part of a 2D 'H, '"H NOESY spectrum of the O-specific
polysaccharide of M. loti mutant Mlo-13. The map shows the
correlations between anomeric protons and protons at the linkage
carbon atoms. Arabic numerals refer to H/H pairs in sugar residues
denoted by capital letters as shown in Table 1. Only transglycosidic
correlations are marked. Correlations between the linkage protons of
the O-methylated oligosaccharide unit are underlined.

chosen assuming that this kind of phenotype might be
associated with LPS alteration. All the obtained deriva-
tives were then screened for their symbiotic properties.
The mutant Mlo-13, with an increased nodulation effi-
ciency in comparison to the parent strain, was chosen
for this study.

M. loti Mlo-13 bacteria were cultivated at 28 °C in
liquid mannitol-yeast extract medium'® aerated by vig-
orous shaking. Cells were pelleted at 10,000g, washed
twice with 0.5 M saline and once more with distilled
water. The bacterial mass was extracted three times by
the hot phenol-water method.° Lypophilic S-type lipo-
polysaccharide was recovered from the phenol phase as
described by Russa et al.,”! purified by repeated ultra-
centrifugation at 105,000g, and lyophilized to give the
LPS in a yield of 1.5% of dry bacterial weight. The
LPS was then degraded by mild acid hydrolysis with
1.5% HOACc at 100 °C for 2 h. The supernatant contain-
ing O-specific PS, after the removal of lipid A by centri-
fugation, was concentrated and fractionated on a
Sephadex G-50 fine column (90 x 1.8 cm) using 1.5%
acetic acid as an eluent and monitored with a Knauer
K2301 differential refractometer. The yield of the OPS
was 25% of the LPS weight.

3.2. Chemical analyses

The O-polysaccharide of M. loti Mlo-13 was hydrolyzed
with 2M CF;CO,H (120 °C, 2 h). Monosaccharides
were identified by GLC-MS of alditol acetates®' on a
Hewlett-Packard gas chromatograph (model
HP5890A) equipped with a capillary column (HP-
5MS, 30 m x 0.25 mm) and connected to a mass selective
detector (MSD model HP 5971). Helium was the carrier
gas (0.7 mL min~!), and the temperature program was
initially 150 °C for 5 min, then raised to 310°C at a
ramp rate of 5 °C min~', final time 20 min. The absolute
configurations of 6-deoxytalose and rhamnose residues
were determined by GLC of the trimethylsilylated (—)-
2-butyl glycoside derivatives using authentic sugars as
standards according to the published method.*?

3.3. Ethylation analysis

Ethylation of the OPS with ethyl iodide was performed
according to the Hakomori method,* and the products
were purified on a Sep-Pak Cg cartridge.* The resulting
material was subjected to hydrolysis in 2 M CF;CO,H
(120 °C, 2 h), and then to reduction with NaBDy. Par-
tially ethylated alditols were converted into acetate
derivatives and analyzed by GLC-MS as above.

3.4. Smith degradation

OPS of M. loti Mlo-13 (20 mg) was oxidized with 0.1 M
NalOy in the dark for 72 h at 4 °C. After reduction with
NaBH, and dialyzing against distilled water, the pro-
duct was hydrolyzed with 2% HOAc for 2 h at 100 °C,
and purified on a column of Bio-Gel P-2 (90 x 1 cm)
yielding an oligosaccharide fraction (4 mg) and higher-
molecular mass products.

3.5. NMR spectroscopy

Samples were deuterium-exchanged by freeze-drying
from D>0O and then examined in a solution of 99.96%
D,O with acetone as an internal standard (dy
2.225 ppm, dc 31.45ppm). 1D (NOE) and 2D (DQF
COSY, TOCSY) 'H NMR and 'H/"*C ge-HSQC (gradi-
ent enhanced-HSQC) and ge-HMBC experiments were
carried out on a Varian Unity plus 500 instrument at
60 °C using standard Varian software. 1D '>C NMR
was obtained with a Bruker DRX-500 Avance spec-
trometer in D,O at 60 °C.
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