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Abstract

Shigella flexneri is an important human pathogen causing shigellosis. Strains of
S. flexneri are serologically heterogeneous and, based on O-antigens, are cur-
rently classified into 14 types. Structures of the O-antigens (O-polysaccharides)
of S. flexneri have been under study since 1960s but some gaps still remained.
In this work, using one- and two-dimensional 'H- and '>C-NMR spectroscopy,
the O-polysaccharides of several S. flexneri types were reinvestigated, and their
structures were either confirmed (types 2b, 3b, 3¢, 5b, X) or amended
in respect to the O-acetylation pattern (types 3a, Y, 6, 6a). As a result, the
O-acetylation sites were defined in all O-polysaccharides that had not been
studied in detail earlier, and the long story of S. flexneri type strain O-antigen
structure elucidation is thus completed. New and published data on the S. flex-
neri O-antigen structures are summarized and discussed in view of serological
and genetic relationships of the O-antigens within the Shigella group and
between S. flexneri and Escherichia coli.

serological classification.

Introduction

Bacteria of the Shigella group are important human
pathogens that cause diarrhea and shigellosis (bacillary
dysentery), which is characterized by bloody and mucous
diarrhea, abdominal cramps and fever, and causes over a
million deaths annually. Strains of Shigella flexneri,
Shigella dysenteriae, and Shigella boydii are serologically
heterogeneous, whereas Shigella sonnei is represented by
only one O-serotype (Ewing, 1986). Shigella bacilli are
devoid of capsule, and their serospecificity is defined by
the O-antigen, which is associated with the lipopolysac-
charide (LPS) residing in the outer leaflet of the outer
membrane. The O-antigen also plays an important role in
virulence (Morona et al., 2003; West et al., 2005). The
immune response against the O-antigen can mediate pro-
tection that makes it promising as a component of shigel-
losis vaccines, including conjugate vaccines (Phalipon
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et al., 2009; Robbins et al., 2009; Kiibler-Kielb et al., 2010;
Passwell et al., 2010). The O-antigen (O-polysaccharide)
consists of a number of oligosaccharide repeats (O-units)
and is connected to the lipid anchor of the LPS (lipid A)
via a large oligosaccharide called core (Silipo et al., 2010).
Macromolecules of this type (S-form) are coexpressed on
the cell surface with smaller molecules containing only
one O-unit (SR-form) or devoid of any O-antigen, that is,
composed of the core and lipid A only (R-form).

As in closely related bacteria, Escherichia coli, genes
for the O-antigen synthesis in all Shigella, except for
S. sonnei, are mapped in a cluster located between the
housekeeping genes galF and gnd on the chromosome
(Liu et al, 2008). The major differences between the
diverse O-antigen forms of 13 types of S. dysenteriae and
18 types of S. boydii result from genetic variations in the
O-antigen gene clusters, which are unique in each type
(Liu et al, 2008). In contrast, 14 types of S. flexneri
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possess only two O-antigen gene clusters (Allison & Verma,
2000; Han et al., 2007): one for types 1-5, 7, X and Y and
the other for type 6. The O-antigens of the former group
share a linear tetrasaccharide O-unit containing three resi-
dues of r-rhamnose and one residue of 2-acetamido-2-
deoxy-p-glucosep-GlcNAc) and having the following
structure: —>2)-oc-L-RhapIH-( 1- 2)—0(-L—Rhapn-( 1-3) -ot-L-RhapI-
(1-3)-B-p-GlcpNAc-(1— (Kenne et al., 1978; Foster
et al., 2011). Differences between the types within this
group are conferred by phage-encoded glucosylation or/
and O-acetylation of the basic tetrasaccharide O-unit at
various positions (Allison & Verma, 2000; Stagg et al.,
2009). These modifications define type (I-VII) and group
(3, 4; 6; 7, 8) antigenic determinants (O-factors) (Allison
& Verma, 2000). Shigella flexneri type 6 has a different
O-antigen structure (Dmitriev et al., 1979) but shares a
—>2)—oz—L—RhapHI—( 1 —>2)—a—L—RhapII—(l —disaccharide frag-
ment with the other S. flexneri types.

Knowledge of the fine O-antigen structures is neces-
sary for substantiation of the serospecificity of Shigella
strains on the molecular level, including their serological
cross-reactivity with other bacteria, a better understand-
ing of the role that the O-antigens play in pathogenesis of
shigellosis, and the final vaccine formulation. Studies on
S. flexneri O-antigen structures began as early as in 1960s.
In 1977-1988, the basic carbohydrate structures of all
S. flexneri O-polysaccharides were established and one
O-acetylation site was defined at position 2 of Rha' in
types 1b, 3a, 3b, 3¢, and 4b (Kenne ef al., 1977a, b, 1978;
Dmitriev et al., 1979; Carlin et al, 1984; Jansson
et al., 1987b, 1988; Wehler & Carlin, 1988). Recently, the
same position of the O-acetyl group has been demon-
strated in type 7b (Foster et al., 2011) and new sites of
O-acetylation have been revealed in types la, 1b, 2a, and
5a (Kubler-Kielb et al., 2007; Perepelov et al, 2009a,
2010) but in the other types, the O-acetylation pattern
remained to be determined.

The present paper documents the O-acetylation profiles
in the O-polysaccharides of all S. flexneri type strains that
have not been studied in detail earlier and summarizes
new and published data on the S. flexneri O-antigen
structures. Structural, serological, and genetic relation-
ships between the O-antigens of the Shigella group and
E. coli are discussed as well.

Materials and methods

Bacterial strains, cultivation and isolation of
LPSs

Shigella flexneri type 2a, strain 1605, was from the L.A.
Tarasevich State Research Institute for Standardization
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and Control of Medical Biological Preparations, Moscow,
Russia. Other S. flexneri strains studied are clinical iso-
lates provided by the Institute of Medical and Veterinary
Science (IMVS), Adelaide, Australia. Bacteria were grown
to late log phase in 8 L Luria broth using a 10-L fermen-
tor (BIOSTAT C-10; B. Braun Biotech International,
Germany) under constant aeration at 37 °C and pH 7.0.
Bacterial cells were washed and dried as described
(Robbins & Uchida, 1962).

The phenol-water method (Westphal & Jann, 1965)
was used for isolation of LPS from dried bacterial
cells. The crude extract without separation of the lay-
ers was dialyzed against tap water, nucleic acids and pro-
teins were precipitated by acidification of the retentate
to pH 2 with aqueous 50% CCI;CO,H at 4 °C; the super-
natant was dialyzed against distilled water and freeze-
dried to give purified LPSs in yields 6-11% of dried cells
mass.

Preparation and O-deacetylation of
O-polysaccharides

Delipidation of the LPS was performed with aqueous 2%
AcOH (6 mL) at 100 °C until precipitation of lipid A. The
precipitate was removed by centrifugation (13 000 g,
20 min), and the supernatant was fractionated by gel-
permeation chromatography on a column (56 x 2.6 cm)
of Sephadex G-50 Superfine (Amersham Biosciences,
Sweden) in 0.05 M pyridinium acetate buffer pH 4.5 moni-
tored with a differential refractometer (Knauer, Germany).
High-molecular mass O-polysaccharides were obtained in
yields 29-44% of the LPS mass.

For O-deacetylation, the O-polysaccharides were trea-
ted with aqueous 12.5% ammonia at 37 °C for 16 h,
ammonia was removed with a stream of air, and the
O-deacetylated O-polysaccharides were isolated by gel-
permeation chromatography on a column (90 x 2.5 cm)
of TSK HW-40 (S) (Merck, Germany) in water.

NMR spectroscopy

Samples were deuterium exchanged by freeze-drying twice
from 99.9% D,0O and then examined as solutions in
99.95% D,O at 30-37 °C. NMR spectra were recorded on
a Bruker DRX-500 or Bruker Avance II 600 MHz spec-
trometers (Germany) using internal sodium 3-(trimethylsi-
lyl)propanoate-2,2,3,3-d, (8 0.00) and acetone (8¢ 31.45)
as references for calibration. Two-dimensional NMR spec-
tra were obtained using standard Bruker software. Mix-
ing times of 100 and 150 ms were used in total correlation
spectroscopy (TOCSY) and rotation-frame nuclear Over-
hauser effect spectroscopy (ROESY) experiments, respec-
tively.
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Serological assay

ELISA was performed using commercial rabbit sera
(Agnolla, S.-Petersburg, Russia; series 49—1209) specific to
S. flexneri type 2a essentially as described (Fries et al.,
2001); group-specific (7, 8) serum was used as negative
control. The LPS of S. flexneri type 2a, strain 1605, and
the corresponding O-decylated LPS were used as antigens.
O-deacylation was performed by treatment of the LPS
with 0.5 M triethylamine in aqueous 50% methanol (37 °C,
16 h). Prior to assay, both initial and O-deacylated LPS
were purified by gel chromatography on Sepharose CL-4B
in 0.05 M NH,HCOs;. Protein A-horseradish peroxidase
(Sigma-Aldrich) conjugate was used as secondary anti-
body. Optical density at 492 nm with 630 nm reference
filter was read using an iMark spectrophotometer (Bio-
Rad).

Results

The O-polysaccharides were obtained by mild acid
degradation of the LPSs isolated from bacterial cells of
S. flexneri types 2b, 3a, 3b, 3¢, 5b, X, Y, 6, and 6a by the
phenol-water procedure. The 'H- and "*C-NMR spectra
showed that the O-polysaccharides of S. flexneri types 2b,
5b, and X lack O-acetylation. In types 3b and 3c,
O-acetylation was stoichiometric and, therefore, the
O-polysaccharide structure elucidation of these strains was
straightforward and did not require O-deacetylation. In
contrast, the O-polysaccharides of S. flexneri types 3a, Y, 6
and 6a were O-acetylated non-stoichiometrically and, there-
fore, they were O-deacetylated under mild alkaline
conditions using aqueous ammonia. The initial and
O-deacetylated polysaccharides were analyzed by NMR
spectroscopy using modern techniques (Duus et al., 2000).

The 'H-NMR spectra of the polysaccharides were
assigned using two-dimensional '"H, 'H shift-correlated
experiments, including correlation spectroscopy (COSY),

Fig. 1. ">*C-NMR spectrum of the
O-polysaccharide of Shigella flexneri type 3a.
Numerals refer to carbons in sugar residues
denoted as follows: G, Glc; GN, GIcNAc;
RI-RIll, Rha'-Rha". When different from
GIcNAC, peak annotations for GICNAC6AC are

NAc (CO)

OAc (CO)

Ril1
RIII1

GN1‘ RI1
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TOCSY, and ROESY. Tracing connectivities in, and esti-
mation of H, H coupling constants from, the COSY and
TOCSY spectra enabled identification of spin systems
for three rhamnose residues Rha'-Rha'", one GlcNAc
residue and, when present, one or two glucose residues
(Glc" and Glc™) in all types but type 6. In the latter, the spin
systems for two rhamnose residues (Rha' and Rha'"), and
one residue each of 2-acetamido-2-deoxygalactose (Gal-
NAc) and galacturonic acid (GalA) were recognized.

With the 'H-NMR spectra assigned, the 'C-NMR
spectra of the polysaccharides were assigned using 'H,
C shift-correlated heteronuclear single-quantum coher-
ence (HSQC) and heteronuclear multiple-bond correla-
tion (HMBC) spectroscopy. The '’C-NMR spectrum of
the O-polysaccharide of type 3a is shown as example in
Fig. 1, and the assigned 'H- and ">C-NMR chemical shifts
for types 2b, 3a, 5b, Y, and 6a, which have not been
reported earlier, are shown in supplementary material
(Supporting Information, Table S1).

The o-configuration of Glc residues was inferred by
relatively small J; , coupling constants of 3—4 Hz, whereas
larger values of 7-8 Hz showed the [-configuration of
GIcNAc, GalNAc, and GalA. The "“C-NMR chemical
shifts of 70.4-70.9 p.p.m. for C5 indicated that all Rha
residues are a-linked.

The linkage and sequence analysis was performed by
ROESY and 'H, '*C HMBC experiments, which showed
correlations of the anomeric protons with the linkage
carbons (HMBC) and attached protons (ROESY) as well
as the anomeric carbons with the protons at the linkage
carbons (HMBC) (Table S1). The glycosylation patterns
were confirmed by downfield displacements of the '*C-
NMR signals of the linkage carbons, as compared with
their positions in the corresponding non-substituted
monosaccharides (Lipkind et al., 1988; Jansson et al.,
1989). The chemical shifts for C2—-C6 of all Glc residues
were similar to those of the non-substituted o-glucopyra-
nose (Lipkind et al., 1988), thus confirming their lateral

RI-RIII 6
RIN3
GN 5
G6
RI 3
GN5 |
G1 52
[}
‘ © =5
o~ | Z| GN2 o<
w  |Z( o] g0
GN3 = o ‘, ©
“BE | ‘|n =
= ‘

shown in italics.
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The O-antigen has the same carbohydrate structure
and is serologically identical to that of S. flexneri

The O-antigen is structurally similar and serologically
type 6

related to that of S. flexneri type 2a
The O-antigen is structurally and serologically

The O-antigen is structurally and serologically
identical to that of S. flexneri type 4b

identical to that of S. flexneri type 5a
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*Indicated are strains of S. flexneri studied recently (Perepelov et al., 2009a, b, 2010) and in this work.

Type and group O-factors are shown in boldface in Roman and Arabic numerals, respectively.

*Reference before oblique stroke refers to the paper, in which the complete structure has been established for the first type, and those after oblique stroke to confirmatory papers.
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position in the branched polysaccharides. The O-antigen
carbohydrate  structures thus established (Table 1)
matched the data obtained earlier for all types studied
(Kenne et al., 1977a, b, 1978; Dmitriev et al., 1979).

The positions of the O-acetyl groups in the polysaccha-
rides of S. flexneri types 3a, Y, 6, and 6a were determined
by a comparison of the 'H, "?C-HSQC spectra of the ini-
tial and O-deacetylated polysaccharides taking into
account known effects of O-acetylation on 'H- and "’C-
NMR chemical shifts (Jansson et al., 1987a). Particularly,
the signals of the protons at the O-acetylation sites (posi-
tion 2 in Rha', positions 3 and 4 in Rha', and position 6
in GlcNAc) were shifted downfield by 1.08-1.35 p.p.m.
for Rha and 0.5-0.7 p.p.m. for GIcNAc because of a
deshielding effect of the O-acetyl group. In addition,
diagnostic downfield displacements by 2.2-3.0 p.p.m.
were observed for signals of the carbons at the O-acetyla-
tion sites and upfield displacements by 1.5-2.5 p.p.m. for
the neighboring carbon signals. As in most instances, the
O-acetylation was non-stoichiometric, only parts of the
corresponding signals in the one-dimensional spectra and
the cross-peaks in the two-dimensional spectra were
shifted, and the degree of O-acetylation could be esti-
mated as a ratio of the signal intensities of the corre-
sponding O-acetylated and non-acetylated sugar residues.
As a result, the O-acetylation patterns of the polysaccha-
rides studied were clarified.

Earlier, it has been reported that the O-polysaccharide
of S. flexneri type 6 is O-acetylated at position 3 of Rha''
(Dmitriev et al., 1979). We found that Rha™ in the
O-polysaccharides of types 6 and 6a is either 3-O-
acetylated (major variant) or 4-O-acetylated (minor vari-
ant) (Table 1), and the two types differ only in the degree
of O-acetylation (30% and 15% in type 6 vs. 60% and
30% in type 6a, respectively).

The O-polysaccharide of type Y was found to possess
the same two sites of O-acetylation at positions 3 and 4
of Rha as in type 6 and an additional site on GIcNAc
(Table 1). In the O-polysaccharide of type 3a, in addi-
tion to the known 2-O-acetylation of Rha' at position 2
(Kenne et al,, 1978), again an additional O-acetylation
site. was found on GlcNAc (Table 1). The location of
the O-acetyl group at position 6 of GIcNAc and the
degree of O-acetylation (~ 40%) is the same in types Y
and 3a.

To assess the serological importance of the O-acetyl
groups at the newly identified sites (positions 3 and 4
of Rha'" and position 6 of GIcNAc), the intact and
O-deacylated LPS of S. flexneri 2a were tested with rabbit
monovalent homologous type-specific (II) and group-
specific (3, 4) sera as well as polyvalent serum specific to
types 1-5. No serological difference was observed between
the LPS and O-deacylated LPS (the final titer of the
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monovalent sera was 1:3200 and polyvalent serum
1 : 6400 for both antigens). Therefore, no type 2a-specific
antibodies require for binding O-acetylation, and O-acetyl
groups in the type 2a O-antigen do not interfere with the
binding.

Discussion

Our reinvestigation of the O-antigens of S. flexneri type
strains confirmed the structures reported earlier for types
2b, 3b, 3¢, 5b, and X and amended those for types 3a, Y,
6, and 6a in respect to the O-acetylation pattern. Earlier,
we have amended similarly the O-antigen structures of
types la, 1b, 2a, and 5a (Perepelov et al, 2009a, 2010),
confirmed the structure of type 4b (Perepelov et al,
2009b), and found a novel phosphorylated variant of the
type 4a O-polysaccharide (Perepelov et al., 2009b). Both
amended and earlier established structures are shown in
Table 1.

It has been known that types 2b, 4a, 5b, 7a, and X lack
any O-acetyl modification, whereas Rha' is O-acetylated
at position 2 stoichiometrically in types 3a, 3b, 3¢, and 4b
or by ~80% in types 1b and 7b (Kenne et al., 1978;
Foster et al, 2011). Recently, additional sites of non-
stoichiometric O-acetylation have been reported at posi-
tions 3 (major) and 4 (minor) of Rha'! in types la, 1b,
2a, and 5a (Perepelov et al., 2009a, 2010) and at position
6 of GIcNAc in type 2a (~ 60%) (Kiibler-Kielb et al.,
2007). Now, similar O-acetylation patterns are demon-
strated for Rha'' in types Y, 6, and 6a, for GIcNAc in
types 3a and Y. In types la, 1b, 2a, 3a, 5a, and Y, the
degree of O-acetylation of Rha'" at positions 3 and 4 var-
ies between strains of one type in the ranges of 30-70%
and 15-30%, respectively, and in the same range, it varies
between types 6 and 6a.

In the SR-form LPSs of S. flexneri types 2a and 6,
which consist of only one O-unit linked to the core-lipid
A moiety, Rha'" is terminal and exists in four variants:
non-acetylated and monoacetylated at position 2, 3 (both
major), and 4 (minor) (Kibler-Kielb et al., 2010). In the
interior O-units, in which Rha" is 2-glycosylated with
GlcNAg, its O-acetylation is restricted to positions 3 and
4. Although such random O-acetylation is not common
in O-antigens, earlier a few cases of the sort have been
reported in various bacteria, for example, for L-rhamnose
(Arbatsky et al, 2010; MacLean et al, 2010), r-fucose
(Perepelov et al., 2007) and 6-deoxy-1-talose (Knirel et al.,
2002).

The 2-O-acetyl group on Rha' has been correlated with
group O-factor 6 in all types where present (1b, 3a, 3b,
3¢, 4b, 7b) (Kenne et al., 1978; Foster et al., 2011). An
exceptionally high serological impact of this group may
be accounted for by its axial orientation related to the

FEMS Immunol Med Microbiol 66 (2012) 201-210

207

sugar pyranose ring and, as a result, its easier accessibility
for interaction with receptors and antibodies as compared
with the O-acetyl groups at the other positions. The
O-acetylation of Rha' depends on the presence of the
prophage gene oac for O-acetyl transferase, which has
been acquired from a serotype-converting bacteriophage
SF6 (Allison & Verma, 2000).

No O-factors associated with 6-O-acetylation of Glc-
NAc and random O-acetylation of Rha™ in types 1a, 1b,
2a, 3a, 5a, and Y have been defined so far. Particularly, in
this work, no difference in the serological properties
could be revealed between the LPS and O-deacylated LPS
of S. flexneri type 2a. In contrast, the O-acetyl groups on
Rha™ do contribute to the serospecifity of type 6 as its
subdivision into two subtypes seems to be due exclusively
to a higher degree of O-acetylation in type 6a as
compared with type 6. The genetic basis for O-acetylation
at the other sites remains to be determined.

Most other O-factors, including type O-factors I, II, IV,
V, and group O-factor 7, 8, are associated with one or two
o-D-glucopyranosyl groups, which are attached at various
positions of the basic tetrasaccharide O-unit (Kenne et al.,
1978) (Table 1). These O-factors are not affected by
O-acetylation at any site in the O-unit. Three genes having
a bacteriophage origin are involved in the glucosylation in
each strain, two from which are highly conserved and
interchangeable among types and the third gene encodes a
type-specific membrane glycosyltransferase that adds a
glucosyl group to a particular sugar residue (Allison &
Verma, 2000). Type O-factor VII is associated with a lat-
eral a-p-Glcp-(1-2)-0-D-Glep-(1— disaccharide at posi-
tion 4 of GlcNAc (Wehler & Carlin, 1988; Foster et al.,
2011). A membrane glycosyltransferase that adds the
second Glc residue and thus converts type la to type 7a
has been characterized and found to have both similarity
to and differences from other glucosyltransferases that
modify the O-antigens of S. flexneri (Ramiscal et al.,
2010).

Group O-factor 3, 4 characteristic for types 2a, 3b, 4a,
5a, and Y has been defined as a backbone epitope linked
to the linear —>3)-oc-L-RhapI-(1—>3)-[3-D-GlcpNAc-(1—>2)-
o-L-Rhap™'-(1— trisaccharide fragment, in which GlcNAc
or Rha' can be glucosylated or O-acetylated, respectively
(Carlin et al., 1987). Our serological study on type 2a
showed that O-acetylation of GIcNAc and Rha" does not
interfere with O-factor 3, 4 too. In contrast, the simulta-
neous decoration of GlcNAc and Rha' or glucosylation of
Rha'" abolish this O-factor. However, it remains an
enigma why, in contrast to type 3b, type 3c does not
express O-factor 3, 4 although no distinctions have been
found between the O-antigens of the two types as
reported earlier (Kenne et al., 1978) and confirmed in
this work using strains from another source.
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Remarkable is a recent discovery of a phosphorylated
variant of the type 4 O-antigen (Perepelov et al., 2009b).
It possesses a phosphoethanolamine group at position 3
of Rha"!, which does not interfere with serotyping of this
variant as type 4a. Another type 4 subtype that is absent
from the current typing scheme of S. flexneri and
designated as 4c (Pryamukhina & Khomenko, 1988) or
4X (provisional type E1037) (Carlin & Lindberg, 1987) or
type X variant (Ye et al, 2010) is characterized by the
antigenic formula IV: 7, 8. This X variant and some type
4a strains are recognized by monoclonal antibody MASF
IV-1 produced against a type 4a strain (Carlin &
Lindberg, 1987). An isolate called 4s also bound MASF
IV-1 and had genetic and phenotypic profiles similar to
type X but did not react with anti-7, 8 group serum (Qiu
et al., 2011) and can be considered thus as a type Y
variant. It can be suggested that MASF IV-1 is specific to
a phosphoethanolamine-associated epitope expressed by
all these variants rather than to the glucose-associated
type IV epitope, which is absent from types X and Y.
Chemical and genetic studies of the O-antigens of the
MASF IV-1-positive strains are in progress.

Group O-factor 1 is shared by all S. flexneri types,
including type 6, as well as by S. dysenteriae type 1 (Car-
lin & Lindberg, 1987). The latter includes the o-L-Rhap-
(1-3)-0-1-Rhap disaccharide (Table 1), which is similar
but not identical to the o-L-Rhap"™-(1-2)-o-L-Rhap"
disaccharide characteristic for S. flexneri. The exact struc-
tural rationale for O-factor 1 remains unknown but one
can speculate that it is linked to the rhamnose residue
occupying the non-reducing end of the O-polysaccharides
of both S. flexneri (all types) and S. dysenteriae type 1.

Shigella flexneri clones are serologically related to a
number of other bacteria whose O-polysaccharides contain
o-L-thamnopyranose residues (for instance, Linnerborg
et al.,, 1995; Ansaruzzaman et al., 1996) but most closely
to genetically and biochemically related E. coli clones. The
O-polysaccharides of three E. coli serogroups share the
basic O-unit structure with S. flexneri types 1-5, 7, X, and
Y (Table 1) and, accordingly, their O-antigen gene clusters
are identical with some minor exceptions associated with
non-functional genes (Liu et al., 2008). From them, E. coli
0129 and O135 are structurally (Perepelov et al., 2010)
and serologically (Ewing, 1986) identical to S. flexneri
types 5a and 4b, respectively. Escherichia coli O13 is sero-
logically related to S. flexneri type 2a (Ewing, 1986) but
has a unique structure distinguished by glucosylation of
Rha' at position 2 not observed in S. flexneri (Perepelov
et al., 2010). This distinction is evidently because of the
expression by the two bacteria of different phage-derived
glucosyltransferase genes.

The O-polysaccharide of E. coli O147 possesses the
same structure as that of S. flexneri type 6 except that it
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lacks O-acetylation (Blakeman et al., 1998). This differ-
ence does not affect binding of mouse anti (S. flexneri
type 6)-monoclonal antibody MASF-VI-1, which reacts
equally with the LPSs of both bacteria (Blakeman et al,
1998). As expected, the O-antigen gene clusters of S. flex-
neri type 6 and E. coli O147 are essentially identical (Han
et al., 2007).

Modifications of the O-polysaccharide by glucosylation
and O-acetylation are considered beneficial for S. flexneri.
Thus, they create antigenic variations, which enhance the
survival of the bacteria as the host has to mount a specific
immune response to each different type (Allison & Verma,
2000). Glucosylation of the O-antigen has a significant
impact on virulence of S. flexneri by changing the
O-polysaccharide conformation from a more filamentous
to a more compact structure. This allows a better exposure
on the cell surface of the protruding needle of the type III
secretion system and thus promotes injection of protein
effectors into human cells enabling bacterial invasion of
gut epithelium (West et al., 2005). It remains to be
determined whether O-acetylation of the O-antigen in
itself contributes to pathogenesis of diseases caused by
S. flexneri.
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