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The O-specific polysaccharide (O-antigen) structure of a Shigella flexneri type 4a strain from the Dysentery
Reference Laboratory (London, UK) was elucidated in 1978 and its characteristic feature was found to be
a-D-glucosylation of GlcNAc at position 6, which defines O-factor IV. Our NMR spectroscopic studies of
the O-specific polysaccharides of two other strains belonging to S. flexneri type 4a (G1668 from Adelaide,
Australia, and 1359 from Moscow, Russia) confirmed the carbohydrate backbone structure but revealed
in both strains an additional component, ethanolamine phosphate (EtnP), attached at position 3 of one of
the rhamnose residues:
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Phosphorylation has not been hitherto reported in any S. flexneri O-antigen. Reinvestigation of
the O-specific polysaccharide of S. flexneri type 4b showed that it is not phosphorylated and con-
firmed its structure established earlier.

� 2009 Published by Elsevier Ltd.
Shigella flexneri is an important human pathogen that causes
shigellosis or bacillary dysentery. Based on O-antigens (O-specific
polysaccharides, OPSs), S. flexneri strains are classified into 14 ser-
otypes. O-antigens of S. flexneri types 1–5 are closely related due to
a common polysaccharide backbone having a tetrasaccharide re-
peat of ?2)-a-L-Rhap-(1?2)-a-L-Rhap-(1?3)-a-L-Rhap-(1?3)-b-
D-GlcpNAc(1?. Antigenic diversity within this group of bacteria
is achieved by specific glucosylation or/and O-acetylation of the
backbone giving rise to type O-factors I to V and group O-factors
3,4; 6; and 7,8.1–3

Inasmuch as the OPSs define the immunospecificity of S. flexneri
strains, are important for their virulence, and are promising com-
ponents of vaccines against shigellosis (see Refs. cited in Ref. 4),
their structure elucidation was repeatedly undertaken. In 1978–
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1988, basic structures of S. flexneri OPSs were established1,5,6 but
some details (e.g., location of O-acetylation sites in most types) re-
mained to be determined. Recently, the exact O-acetylation pattern
has been elucidated in OPSs of S. flexneri types 1a, 1b, and 2a.4,7 In
the present work, we found unexpectedly that the OPS of S. flexneri
type 4a is phosphorylated and its structure is established.

The OPSs were obtained by mild acid degradation of the lipo-
polysaccharides from two S. flexneri type 4a strains, G1668 from
Australia and 1359 from Russia. A comparison of their 1D 1H and
13C NMR as well as 2D NMR spectra demonstrated the identity of
the OPSs from both strains, and further studies were performed
with the OPS from strain G1668.

The 13C NMR spectrum of the OPS (Fig. 1) contained signals for
five anomeric carbons in the region d 99.5–104.0, two HOCH2–C
groups (C-6 of GlcNAc and Glc) at d 62.0 and 67.0, one nitrogen-
bearing carbon (C-2 of GlcNAc) at d 56.9, 19 oxygen-bearing non-
anomeric sugar ring carbons in the region d 69.7–82.6, three
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Chart 1. Structure of the O-specific polysaccharide of S. flexneri type 4a strains
G1668 and 1359 and type 4b strain G1669.
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CH3–C groups (C-6 of RhaI–RhaIII) at d 17.9–18.2, and one N-acetyl
group at d 23.8 (CH3) and 175.7 (CO). In addition, two characteristic
signals for a phosphoethanolamine (EtnP) were observed at d 41.5
(3JP,C 4 Hz) and d 63.4 (2JP,C 8 Hz).

The 1H NMR spectrum of the OPS showed signals for five ano-
meric protons at d 4.74–5.19, other sugar protons in the region d
3.37–4.33, three methyl groups of RhaI–RhaIII at d 1.25–1.31, one
N-acetyl group at d 2.09, and one EtnP group at d 4.16 (CH2O)
and 3.28 (CH2N). The 31P NMR spectrum of the OPS contained
one major signal for monophosphate at d 0.45.

The 1H and 13C NMR spectra of the OPS were assigned using 2D
COSY, TOCSY, ROESY, 1H, 13C HSQC, and HMBC experiments (Table
1). Based on intra-residue H,H correlations and coupling constant
values estimated from the COSY and TOCSY spectra, the spin sys-
tems were assigned to Glc, GlcNAc, and RhaI–RhaIII, all being in
the pyranose form. A J1,2 coupling constant of �3 Hz showed that
Glcp is a-linked, whereas a relatively large J1,2 value of �7 Hz indi-
cated that GlcpNAc is b-linked. The position of the signals for C-5 at
d 70.4–70.7 indicated that RhapI–RhapIII are a-linked (compare
with published data for a- and b-Rhap8). JC-1,H-1 coupling constants
of 169.2–170.4 for RhaI–RhaIII determined from the HMBC spec-
trum confirmed the a configuration of all Rha residues.

Monosaccharide sequence in the repeating unit was determined
by a 2D ROESY experiment, which showed the following inter-res-
idue correlations between anomeric protons and protons at the
linkage carbons: RhaIII H-1, RhaII H-2; RhaII H-1, RhaI H-3; RhaI
H-1, GlcNAc H-3; GlcNAc H-1, RhaIII H-2; and Glc H-1, GlcNAc
Figure 1. 13C NMR spectrum of the O-specific polysaccharide of S. flexneri type 4a strain G
Etn and sugar residues denoted as followed: G, Glc; GN, GlcNAc; RI–RIII, RhaI–RhaIII.

Table 1
1H and 13C NMR chemical shifts (d, ppm) and inter-residue correlations for the anomeric at
G1668

Sugar residue 1 2 3 4 5

?2)-a-L-RhapIII3P-(1? 1H 5.06 4.33 4.26 3.37 3.
13C 102.7 79.0 76.6 72.7 70

?2)-a-L-RhapII-(1? 1H 5.19 4.07 3.90 3.52 3.
13C 102.2 80.3 71.4 73.7 70

?3)-a-L-RhapI-(1? 1H 4.89 3.86 3.80 3.56 4.
13C 102.7 72.0 78.4 73.0 70

a-D-Glcp-(1? 1H 4.98 3.56 3.76 3.42 3.
13C 99.5 73.0 74.5 71.0 73

?3,6)-b-D-GlcpNAc-(1? 1H 4.74 3.89 3.68 3.68 3.
13C 104.0 56.9 82.6 69.7 75

EtnP 1H 4.16 3.28
13C 63.4 41.5
H-6a (Table 1). This sequence was confirmed by inter-residue cor-
relations for anomeric protons and anomeric carbons revealed by a
heteronuclear 1H, 13C HMBC experiment (Table 1). These data are
in agreement with the glycosylation pattern of the OPS as inferred
from significant downfield displacements of the signals for C-3 of
RhaI, C-2 of RhaII and RhaIII, and C-3 and C-6 of GlcNAc, as com-
pared with their positions in the corresponding non-substituted
monosaccharides.8 The type 4a OPS carbohydrate backbone struc-
ture thus established is shown in Chart 1.

The 2D 1H, 31P HMQC spectrum of the OPS showed a correlation
of the phosphate group at d 0.45 with CH2O and CH2NH2 groups of
Etn at d 4.16 (strong) and 3.28 (week), respectively, as well as with
H-3 of RhaIII at d 4.26 (Fig. 2). A downfield displacement of the sig-
nals for C-3 of RhaIII to d 76.6 is in agreement with phosphoryla-
tion of this residue at position 3.
1668. Signal for CO of the N-acetyl group is not shown. Numbers refer to carbons in

oms in the 2D ROESY and 1H, 13C HMBC spectra of the OPS of S. flexneri type 4a strain

6 NAc NOE (ROESY) 3JH,C (HMBC)

72 1.25 H-2 RhaII C-2 RhaII
.7 18.2 H-2 RhaII

76 1.31 H-3 RhaI, H-5 RhaIII C-3 RhaI
.5 18.0 H-3 RhaI

02 1.25 H-3 GlcNAc C-3 GlcNAc
.4 17.9 H-3 GlcNAc

71 3.76; 3.86 H-6b GlcNAc C-6 GlcNAc
.5 62.0 H-6 GlcNAc

67 3.80; 3.97 2.09 H-2 RhaIII C-2 RhaIII
.7 67.0 23.8, 175.7 H-2 RhaIII



Figure 2. 1H, 31P HMQC spectrum of the O-specific polysaccharide of S. flexneri type 4a strain G1668. The corresponding parts of the 1H and 31P NMR spectra are displayed
along the horizontal and vertical axis, respectively. A minor cross-peak marked with asterisk was not assigned. Numbers refer to protons in Etn and RhaIII denoted as RIII.
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Therefore, the OPS of S. flexneri type 4a studied has the same car-
bohydrate backbone structure as reported earlier for another S. flex-
neri type 4a strain from the Dysentery Reference Laboratory
(London, UK).1,5,6 A peculiar feature of type 4a OPS is 6-O-glucosy-
lation of the GlcNAc residue, which defines O-factor IV. We also con-
firmed that the type 4 OPS is devoid of O-acetylation. However, the
Australian and Russian strains studied in this work differ in the
presence of a phosphoethanolamine group that is linked
stoichiometrically at position 3 of RhaIII, while phosphorylation
has not been reported for the OPS of UK type 4a strain, nor any other
S. flexneri strain. It remains to be determined how important is con-
tribution of phosphoethanolamine to the serospecificity of S. flex-
neri type 4a.

Our reinvestigation of the OPS of S. flexneri type 4b strain from
the Australian collection showed that it is not phosphorylated and
fully confirmed its structure established earlier (Chart 1).1,5,6

1. Experimental

1.1. Bacterial strains, cultivation, and isolation of
lipopolysaccharides

S. flexneri types 4a and 4b strains G1668 and G1669 were ob-
tained from the Institute of Medical and Veterinary Science, Ade-
laide, Australia (IMVS), and S. flexneri type 4a strain 1359 from
the I.I. Mechnikov Institute of Vaccines and Sera, Moscow, Russia.
Strains G1668 and G1669 were grown to late log phase in 8 L Luria
broth using a 10-L fermentor (BIOSTAT C-10, B. Braun Biotech
International, Germany) under constant aeration at 37 �C and pH
7.0. Strain 1359 was cultivated in semi-synthetic neutral medium
under the same conditions. Bacterial cells were washed and dried
as described.9

Lipopolysaccharides were isolated in yields 8–10% from dried
cells by the phenol–water method10 and were purified by precipi-
tation of nucleic acids and proteins with aq 50% trichloroacetic
acid.11

1.2. Preparation of O-specific polysaccharides

Delipidation of the lipopolysaccharides (�100 mg each) was
performed with aq 2% HOAc at 100 �C until precipitation of lipid
A (�2 h). The precipitate was removed by centrifugation
(13,000g, 20 min), and the supernatant was fractionated by GPC
on a column (56 � 2.6 cm) of Sephadex G-50 (S) (Amersham Bio-
sciences, Sweden) in 0.05 M pyridinium acetate buffer, pH 4.5,
monitored by a differential refractometer (Knauer, Germany).
High-molecular-mass OPSs were obtained in yields 30–35% of
the lipopolysaccharide mass.

1.3. NMR spectroscopy

Samples were deuterium-exchanged by freeze-drying twice
from 99.9% D2O and then examined as solutions in 99.95% D2O at
40 �C. NMR spectra were recorded on a Bruker Avance 600 MHz
spectrometer (Germany) using internal TSP (dH 0.00) and acetone
(dC 31.45) as references. 2D NMR spectra were obtained using stan-
dard BRUKER software, and Bruker XWINNMR 2.6 program was used to
acquire and process the NMR data. Mixing times of 200 and 100 ms
were used in TOCSY and ROESY experiments, respectively.
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