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Two different polysaccharides were obtained by mild acid degradation of the lipopolysaccharide of Rah-
nella aquatilis 33071T. These were studied by sugar and methylation analyses along with 1D and 2D 1H
and 13C NMR spectroscopy. The following structures were established for the polysaccharides:
The former structure is new, whereas the latter has been reported earlier as the structure of the O-spe-
cific polysaccharide of R. aquatilis 95 U003 (Zdorovenko, E. L.; Varbanets, L. D.; Zatonsky, G. V.; Kachala,
V. V.; Zdorovenko, G. M.; Shashkov, A. S.; Knirel, Y. A. Carbohydr. Res. 2008, 343, 2494–2497).

� 2009 Elsevier Ltd. All rights reserved.
Microorganisms of the family Enterobacteriaceae are an integral
part of the biosphere. Owing to their polybiothrophy and adapta-
tion plasticity, they are widespread in objects of the abiotic envi-
ronment and are found in organisms in the flora and fauna.
These bacteria essentially influence various spheres of human
activity. Recently, a number of new genera and species were dis-
covered in the family due to the improvement of traditional meth-
odologies and development of new methods in taxonomy.
However, a diversity of biological properties of the bacteria
significantly complicates the identification of representatives of
Enterobacteriaceae, especially strains of new (firstly described)
and poorly studied species.

Rahnella aquatilis1,2 is among more than 80 species that were
recognized within the family Enterobacteriaceae but remained
practically unexplored before 1995. These microorganisms are iso-
lated from environmental objects, such as water reservoirs and soil
(mostly the rhizospheres of the cereals,3,4 corn, wheat and rice),
and from clinical material.5,6 R. aquatilis is a heterogeneous species,
whose systematic taxonomy has many unsettled questions. Com-
position and structure of the lipopolysaccharide is one of the rec-
ognized chemotaxonomic criteria of Gram-negative bacteria, and
ll rights reserved.
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its O-specific polysaccharide chain, called O-antigen, serves as
the basis for the serological classification of bacterial strains. Ear-
lier, we have elucidated structures of the O-specific polysaccha-
rides of a number of R. aquatilis strains.7–10 In this work, we
obtained two different polysaccharides from the lipopolysaccha-
ride of the type strain of the species R. aquatilis 33071T and estab-
lished their structures.

The lipopolysaccharide was isolated from dried bacterial cells of
R. aquatilis 33071T by phenol–water extraction. Mild acid degrada-
tion of the lipopolysaccharide, followed by GPC on Sephadex G-50,
resulted in two polysaccharides (PSI and PSII).

Sugar analysis by GLC of the alditol acetates obtained after acid
hydrolysis of PSI revealed glucose, mannose and galactose in the
ratios 0.6:1:1. In addition, glucuronic acid (GlcA) was identified
by anion-exchange chromatography of the hydrolysate using a su-
gar analyzer. Determination of the absolute configuration by GLC
of the acetylated glycosides with (S)-2-octanol indicated that all
monosaccharides have the D configuration. Methylation analysis
of PSI, including GLC–MS of the partially methylated alditol ace-
tates, revealed derivatives of 2,3,4,6-tetra-O-methylhexopyranose,
3,4,6-tri-O-methylhexopyranose, 2,4,6-tri-O-methylhexopyranose
and 4,6-di-O-methylhexopyranose. In addition to these monosac-
charides, after carboxyl reduction of the methylated polysaccha-
ride, 2,3-di-O-methylhexose was identified, which was evidently
derived from a 4-substituted GlcA residue.
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Figure 1. 13C NMR spectrum of PSII from R. aquatilis 33071T.

Table 1
500-MHz 1H NMR and 125-MHz 13C NMR data of PSII from R. aquatilis 33071T (d,
ppm)

Sugar residue H-1 H-2 H-3 H-4 H-5 H-6a,6b

?4)-a-D-RhapI-(1? 5.07 4.14 3.97 3.66 3.95 1.32
?3)-a-D-RhapII-(1? 5.04 4.15 3.92 3.57 3.90 1.30
?3)-b-D-Manp-(1? 4.80 4.13 3.73 3.73 3.47 3.76, 3.95

C-1 C-2 C-3 C-4 C-5 C-6

?4)-a-D-RhapI-(1? 103.3 71.0 70.2 83.5 68.9 17.9
?3)-a-D-RhapII-(1? 103.4 71.2 79.8 72.5 70.5 17.9
?3)-b-D-Manp-(1? 101.5 71.7 81.9 67.2 77.5 62.3
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The 13C NMR spectrum of PSI demonstrated a regular structure.
It contained signals for six anomeric carbons at d 96.4–105.1, five
HOCH2–C groups (C-6 of Man, Glc and Gal) at d 62.2–62.7, one car-
boxyl group (C-6 of GlcA) at d 174.6 and sugar ring carbons in the
region d 66.2–80.6. Accordingly, the 1H NMR spectrum of PSI con-
tained signals for six anomeric protons at d 4.61–5.46 and other su-
gar protons in the region of d 3.30–4.23. The NMR spectra of PSI
were remarkably similar to those of the O-specific polysaccharide
of R. aquatilis 95 U003, whose structure has been established ear-
lier.9 Based on these similarities, combined with the data from
both the compositional and methylation analyses, PSI from R.
aquatilis 33071T has the same structure as the polysaccharide of
R. aquatilis 95 U003:

Sugar analysis and determination of the absolute configuration
of the monosaccharides from PSII revealed D-rhamnose and D-man-
nose in the ratio 1:1 (detector response). Methylation analysis
showed the presence of 2,4-di-O-methylrhamnose, 2,3-di-O-methyl-
rhamnose and 2,4,6-tri-O-methyl-mannose, as well as minor
components, which were evidently derived from the lipopolysac-
charide core and a PSI contamination. Therefore, PSII is linear.

The 13C NMR spectrum of PSII contained signals for three ano-
meric carbons at d 101.5–103.4, two CH3–C groups (C-6 of Rha)
at d 17.9, one HOCH2–C group (C-6 of Man) at d 62.3 and 12 sugar
ring carbons in the region d 67.2–83.5. The absence of signals from
the region of d 84–88 characteristic of furanosides11 showed that
all monosaccharide residues are in the pyranose form. The 1H
NMR spectrum of PSII contained inter alia three signals at d
4.80–5.07 for anomeric protons and two signals for CH3–C groups
(H-6 of Rha) at d 1.30 and 1.32. These data confirmed the compo-
sition of PSII as determined by sugar and methylation analyses. A
higher than expected content of mannose detected in sugar analy-
sis could be accounted for by partial destruction of rhamnose dur-
ing acid hydrolysis.

The chemical shifts in the 1H and 13C NMR spectra of PSII (Fig. 1)
were assigned using 2D COSY, TOCSY, NOESY and 1H,13C HSQC
experiments (Table 1), and spin systems for one mannose and
two rhamnose residues (RhaI and RhaII) were revealed. The assign-
ment was based on correlations of H-1 with H-2–H-4 and H-6 with
H-5–H-2 for RhaI and RhaII, as well as H-1 with H-2 and H-2 with
H-3–H-6 for Man in the TOCSY spectrum. The assignment within
each spin system was performed using the COSY spectrum.

The b configuration of Man was established by the relatively
low-field position of the C-5 signal at d 77.5 in the 13C NMR spec-
trum, and the a configuration of RhaI and RhaII by the relatively
high-field positions of the C-5 signals at d 68.9–70.5 (compare pub-
lished data d 69.4 and 73.1 for a- and b-rhamnopyranoses, respec-
tively12). Relatively low-field positions of the signals for C-4 of
RhaI, C-3 of RhaII and C-3 of Man at d 83.5, 79.8 and 81.9, respec-
tively, as compared with their positions in the spectra of the corre-
sponding non-substituted monosaccharides,12 were in agreement
with the substitution pattern determined by methylation analysis
(see above).

The NOESY spectrum of PSII (Fig. 2) showed strong interresidue
cross-peaks between the anomeric protons and protons at the link-
age carbons, which were assigned taking into account the 13C NMR
chemical shift data (see above) as follows: H-1 RhaI/H-3 RhaII; H-1
RhaII/H-3 Man; and H-1 Man/H-4 RhaI, at d 5.07/3.92, 5.04/3.73,
4.80/3.66, respectively. These correlations revealed the monosac-
charide sequence in the repeating unit. The presence of H-1/H-2
intraresidue cross-peaks confirmed the a configuration of RhaI

and RhaII, and H-1/H-2; H-1/H-3 and H-1/H-5 cross-peaks were
in accord with the b configuration of Man.



Figure 2. Part of a 2D NOESY spectrum of PSII from R. aquatilis 33071T. The corresponding parts of the 1H NMR spectrum are displayed along the axes.
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Based on the data obtained, it was concluded that PSII from
R. aquatilis 33071T has the following structure, which to the best
of our knowledge, has not been hitherto reported for any bacterial
polysaccharide:

! 4Þ-a-d-Rhap-ð1! 3Þ-a-d-Rhap-ð1! 3Þ-b-d-Manp-ð1!
1. Experimental

1.1. Growth of bacteria and isolation of the lipopolysaccharide
and polysaccharides

R. aquatilis 33071T isolated from excrements of a clinically
healthy patient5 was kindly provided by Dr. S. I. Pohyl (Institute
of Microbiology and Immunology, Medical Academy of Sciences
of Ukraine, Kharkov, Ukraine). The culture was grown at 28 �C for
24 h on a beef-extract agar medium, cells were separated by cen-
trifugation, washed subsequently with acetone and ether and dried
on air. The lipopolysaccharide isolated by the phenol–water proce-
dure13 was recovered from the aqueous layer and was purified by a
three-step ultracentrifugation (105,000g, 4 h).

The polysaccharides were obtained by degradation of the lipo-
polysaccharide with 3% aq HOAc (100 �C, 3 h), followed by GPC
on a column (70 � 3.0 cm) of Sephadex G-50 (S) using 0.05 M
pyridine acetate pH 4.5 as eluent and monitoring by the phenol–
sulfuric acid reaction. The yields of PSI and PSII were 30% and
25%, respectively.

1.2. Sugar analysis

Hydrolysis of the polysaccharides was performed with 2 M
CF3CO2H (120 �C, 2 h). The monosaccharides were analyzed by
GLC as the alditol acetates on an Ultra 2 capillary column
(25 m � 0.2 mm, film thickness 0.33 lm) using a Hewlett–Packard
5880 instrument and a temperature gradient of 180 �C (1 min) to
290 �C at 10 �C min�1. A portion of the hydrolysate was analyzed
using a Biotronik LC 2000 sugar analyzer equipped with a column
(80 � 4 mm) of a DA � 8 anion-exchange resin (70 �C, 0.02 M
KH2PO4–H3PO4 buffer, pH 2.9) and detection with the Cu-bicin-
choninate reagent.14 The absolute configurations were determined
by GLC of the acetylated glycosides with (S)-2-octanol as
described.15

1.3. Methylation analysis

Methylation of the polysaccharides was carried out with CH3I in
dimethyl sulfoxide in the presence of methylsulfinylmethanide.16

A portion of the methylated PSI was reduced with LiBH4 in 70%
aq 2-PrOH (20 �C, 2 h). Hydrolysis of the methylated polysaccha-
ride was performed with 2 M CF3CO2H (120 �C, 2 h), and the par-
tially methylated monosaccharides were conventionally reduced
with NaBH4 and acetylated. GLC–MS analysis was performed on
a Hewlett–Packard HP 5989A instrument equipped with an HP-
5ms column using a temperature gradient of 150 �C (3 min) to
320 �C at 5 �C min�1.

1.4. NMR spectroscopy

Samples were deuterium-exchanged by freeze-drying from
99.9% 2H2O. 1H and 13C NMR spectra were recorded on a Bruker
DRX-500 spectrometer for solutions in 99.96% 2H2O at 50 �C.
Chemical shifts are reported with internal sodium 3-trimethylsilyl-
propanoate-d4 (dH 0.00) and external acetone (dC 31.45). A mixing
time of 150 and 200 ms was used in TOCSY and NOESY
experiments, respectively.
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