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Abstract

The following structure of the O-specific polysaccharide of Proteus mirabilis O5 was established by 1H and 13C
NMR spectroscopy at 500 MHz, including two-dimensional COSY, TOCSY, NOESY, and H-detected 1H, 13C
heteronuclear multiple-quantum coherence (HMQC) experiments:

where O-acetylation of a-D-GlcNAc at both positions is nonstoichiometric. © 1999 Elsevier Science Ltd. All rights
reserved.
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Bacteria of the genus Proteus are a com-
mon cause of urinary tract infections that can
lead to severe complications, such as acute
or chronic pyelonephritis and formation of
bladder and kidney stones. Cell-surface
lipopolysaccharide is considered among po-
tential virulence factors mediating the infec-

tious processes and serves as the main surface
antigen of Proteus [1–3]. Strains of Proteus
are serologically heterogeneous due to the
high diversity of composition and structure
of the O-specific polysaccharide chains of
the lipopolysaccharides (O-antigen) [4,5]. Ac-
cordingly, strains of Proteus mirabilis and
Proteus 6ulgaris have been classified into 60
O-serogroups [6,7], and some more sero-
groups proposed for strains of Proteus pen-
neri [5].

* Corresponding author. Tel.: +7-095-938-3613; fax: +7-
095-135-5328.

E-mail address: knirel@ioc.ac.ru (Y.A. Knirel)

0008-6215/99/$ - see front matter © 1999 Elsevier Science Ltd. All rights reserved.

PII: S 0 0 0 8 -6215 (99 )00132 -9



A.S. Shashko6 et al. / Carbohydrate Research 319 (1999) 199–203200

Structures of the O-specific polysaccharides
of a number of Proteus strains have been
elucidated with the aim of creating the chemi-
cal basis for the serological classification [4,5].
Most of the polysaccharides (�80%) were
found to be acidic, some of them containing
more than one acidic function in the oligosac-
charide repeating unit. Typical acidic compo-
nents of the Proteus O-antigens are uronic
acids, their amides with amino acids, phos-
phate groups, ether-linked lactic acid and ac-
etal-linked pyruvic acid [4,5]. Now we report
the structure of a new acidic O-specific
polysaccharide of P. mirabilis O5, which con-
tains two residues of D-galacturonic acid in a
tetrasaccharide repeating unit.

The O-specific polysaccharide (PS-1) was
obtained by mild acid degradation of the lipo-
polysaccharide isolated from dried bacterial
cells of P. mirabilis O5 by the phenol–water
procedure [8]. Sugar analysis after acid hy-
drolysis of PS-1 revealed the presence of GlcN
and GalA, which were identified using amino
acid and sugar analysers, respectively. GLC of
acetylated (+ )-2-butyl glycosides indicated
the D configuration of both monosaccharides.

The 13C NMR spectrum of PS-1 (Fig. 1)
contained signals for four anomeric carbons at

d 97.5, 99.4 and 102.0 (2C), two N-acetyl
groups (CH3 at d 23.2 and 23.3), and two
O-acetyl groups (CH3 at d 21.5 and 21.7). The
signals for other sugar ring carbons in the
region d 52.7–83.6 had different intensities,
most probably owing to nonstoichiometric O-
acetylation. In contrast, the 13C NMR spec-
trum of the O-deacetylated polysaccharide
(PS-2) was typical of a regular polymer spec-
trum (Fig. 1). It contained signals for four
anomeric carbons at d 97.1–102.2, two car-
bons bearing nitrogen (C-2 of GlcNAc) at d
54.1 and 55.2, 14 other sugar ring carbons at
d 68.0–82.9, two HOCH2�C groups (C-6 of
GlcNAc) at d 60.9 and 61.7 and two N-acetyl
groups at d 23.2 and 23.3 (CH3), but no
O-acetyl groups; four signals for CO groups
(NAc and C-6 of GalA) were at d 174.8–
175.4.

The 1H NMR spectrum of PS-2 contained,
inter alia, signals for four anomeric protons at
d 4.66–5.32 and two N-acetyl groups at d
2.01 and 2.08 (both s). Three more signals in
the region close to the anomeric proton reso-
nances at d 4.41–4.58 were assigned to C-4,5
of GalA (see below).

Therefore, PS-1 has a tetrasaccharide re-
peating unit containing two residues each of

Fig. 1. 13C NMR spectra of the O-specific polysaccharide (PS-1, top) and O-deacetylated polysaccharide (PS-2, bottom).
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Table 1
1H NMR data (d, ppm) of the O-deacetylated polysaccharide (PS-2) a

ProtonSugar residue

H-1 H-2 H-3 H-4 H-5 H-6a H-6b

3.93 3.88 3.64�4)-a-D-GlcpNAcI-(1� 4.174.95 3.67 3.78
4.66�3)-b-D-GlcpNAcII-(1� 3.80 3.79 3.69 3.52 3.74 3.90

3.95 3.98 4.495.32 4.23�3)-a-D-GalpAI-(1�
3.92 4.05 4.41 4.58�4)-a-D-GalpAII-(1� 5.22

a Additional chemical shifts: NAc at d 2.01 and 2.08.

D-GlcNAc and D-GalA, as well as two O-
acetyl groups in nonstoichiometric amounts.
Both the monosaccharides and O-acetyl
groups are typical components of Proteus O-
antigens [4,5].

The 1H NMR spectrum of PS-2 (Table 1)
was assigned using 2D COSY and TOCSY
experiments. The latter displayed cross-peaks
of H-1 with H-2,3,4,5,6a,6b of both GlcNAc
residues and H-2,3,4,5 of both GalA residues.
This allowed the identification of the four
sugar spin systems, which was confirmed by
typical 3JH,H coupling constant values [9]. The
J1,2 coupling constant values of B4 Hz indi-
cated that both residues of GalA (GalAI and
GalAII) and one of the GlcNAc residues
(GlcNAcI) are a-linked, whereas the J1,2 value
of 8 Hz showed that GlcNAcII is b-linked.

A NOESY experiment with PS-2 showed
the following inter-residue cross-peaks be-
tween the transglycosidic protons: GlcNAcI

H-1, GalAII H-4, GlcNAcII H-1, GlcNAcI H-4
and GalAI H-1, GlcNAcII H-3 at d 4.95/4.41,
4.66/3.64 and 5.32/3.79, respectively. GalAII

H-1 gave two inter-residue cross-peaks with
GalAI H-3 and H-4 at d 5.22/3.98 and 5.22/
4.49, respectively, which is typical of a(1�3)-
linked disaccharides with the galacto
configuration of the glycosylated pyranose
and the same absolute configuration of the
constituent monosaccharides [10]. Therefore,
these data demonstrated the linear sequence
and the glycosylation pattern of the sugar
residues.

The 13C NMR spectrum of PS-2 (Table 2)
was assigned using an 1H, 13C HMQC experi-
ment. The spectrum revealed significant
downfield displacements to d 82.9, 76.5, 80.7
and 80.1 of the signals for C-3 of GlcNAcII

and GalAI and C-4 of GlcNAcI and GalAII, as
compared with their positions in the spectra of
the corresponding unsubstituted monosaccha-
rides at d 74.81, 70.26, 71.26 and 71.64, re-
spectively [11]. These data independently
confirmed the modes of substitution of the
monosaccharides in PS-2.

Therefore, the PS-2 has the following
structure:

�4)-a-D-GalpAII-(1�3)-a-D-GalpAI-(1�3)-

b-D-GlcpNAcII-(1�4)-a-D-GlcpNAcI-(1�

Similarly, the 1H and 13C NMR spectra of
PS-1 were assigned, and the latter was com-
pared with the spectrum of PS-2. Partial dis-
placements of two characteristic signals for
C-2 and C-6 of GlcNAcI were clearly ob-
served. The former shifted upfield from d 54.1
in PS-2 to d 52.7 in PS-1, thus indicating
O-acetylation of GlcNAcI at a neighbouring
HO-group, i.e., at position 3 [12]. The latter
shifted downfield from d 60.9 in PS-2 to d
63.5 (major) and 63.7 (minor) in PS-1, show-
ing O-acetylation of GlcNAcI also at position
6 [12]. Two signals for AcOCH2�C at d 63.5
and 63.7 in the spectrum of PS-1 corre-
sponded to 3,6-di-O-acetylated and 6-O-acety-
lated GlcNAcI; accordingly, the spectrum also
contained two minor signals for HOCH2�C at
d 60.7 and 60.9 which belonged to 3-O-acetyl-
ated and non-O-acetylated GlcNAcI, respec-
tively. As judged by the ratios of the integral
intensities of the signals in the O-acetylated
and non-O-acetylated residues, the degrees of
O-acetylation of GlcNAcI at positions 3 and 6
are �80 and �70%, respectively.

On the basis of the data obtained, it was
concluded that the O-specific polysaccharide
of P. mirabilis O5 has the following structure:
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Table 2
13C NMR data (d, ppm) of the O-deacetylated polysaccharide (PS-2) a

Sugar residue Carbon

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

54.1 70.7 80.799.1 71.7�4)-a-D-GlcpNAcI-(1� 60.9
55.2 82.9 71.7�3)-b-D-GlcpNAcII-(1� 76.6102.2 61.7
68.0 76.5 68.6101.5 72.9�3)-a-D-GalpAI-(1 175.3 b

�4)-a-D-GalpAII-(1� 69.297.1 70.1 80.1 72.2 174.8 b

a Additional chemical shifts: NAc at d 23.2 and 23.3 (CH3), 175.2 b and 175.4 b (CO).
b Assignment could be interchanged.

(pH 5.28) at 80 °C. Hexuronic acids were
analysed with a Biotronik LC-2000 sugar
analyser at 70 °C using a column (0.4×15
cm) of a Dionex A×8-11 anion-exchange
resin and 0.02 M potassium phosphate buffer
(pH 2.4), respectively. The absolute configura-
tions of the monosaccharides were determined
by the published method [15] modified as de-
scribed [16], using GLC of acetylated (S)-2-
butyl glycosides on a Hewlett–Packard 5890
chromatograph equipped with an Ultra 2 cap-
illary column.

NMR spectroscopy.—1H and 13C NMR
spectra were recorded with a Bruker DRX-500
spectrometer in D2O at 30 and 60 °C for PS-1
and PS-2, respectively. Internal acetone (dH

2.225, dC 31.45) was used as reference. Stan-
dard Bruker software (XWINNMR 1.2) was
used to acquire and maintain the NMR data.
Mixing times of 200 and 100 ms were used in
TOCSY and NOESY experiments, res-
pectively.
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