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ABSTRACT: The lipopolysaccharide ofPlesiomonas shigelloidesserotype O74:H5 (strain CNCTC 144/
92) was obtained with the hot phenol/water method, but unlike most of the S-type enterobacterial
lipopolysaccharides, the O-antigens were preferentially extracted into the phenol phase. The poly- and
oligosaccharides released by mild acidic hydrolysis of the lipopolysaccharide from both phenol and water
phases were separated and investigated by1H and13C NMR spectroscopy, MALDI-TOF mass spectrometry,
and sugar and methylation analysis. The O-specific polysaccharide and oligosaccharides consisting of the
core, the core with one repeating unit, and the core with two repeating units were isolated. It was concluded
that the O-specific polysaccharide is composed of a trisaccharide repeating unit with the [f2)-â-D-
Quip3NAcyl-(1f3)-R-L-Rhap2OAc-(1f3)-R-D-FucpNAc-(1f] structure, in which D-Qui3NAcyl is
3-amino-3,6-dideoxy-D-glucose acylated with 3-hydroxy-2,3-dimethyl-5-oxopyrrolidine-2-carboxylic acid.
The major oligosaccharide consisted of a single repeating unit and a core oligosaccharide. This
undecasaccharide contains information about the biological repeating unit and the type and position of
the linkage between the O-specific chain and core. The presence of a terminalâ-D-Quip3NAcyl-(1f
residue and thef3)-â-D-FucpNAc-(1f4)-R-D-GalpA element showed the structure of the biological
repeating unit of the O-antigen and the substitution position to the core. Thef3)-â-D-FucpNAc-(1f
residue has the anomeric configuration inverted compared to the same residue in the repeating unit. The
core oligosaccharide was composed of a nonphosphorylated octasaccharide, which represents a novel
core type ofP. shigelloidesLPS characteristic of serotype O74. The similarity between the isolated
O-specific polysaccharide and that found on intact bacterial cells and lipopolysaccharide was confirmed
by HR-MAS NMR experiments.

Plesiomonas shigelloidesis a Gram-negative, flagellated,
rod-shaped bacterium. This ubiquitous and facultatively
anaerobic organism has been isolated from such sources as
freshwater, surface water, and many wild and domestic
animals. The observed infections correlate strongly
with surface water contamination. They are common in
tropical and subtropical habitats (1), but the presence of

P. shigelloidesin the surface waters of the Nordic countries
has also been reported (2).

Human infections withP. shigelloidesare mostly related
to drinking untreated water, eating uncooked shellfish (3,
4), and visiting countries with low sanitary standards (5, 6).
Recent studies implicatedP. shigelloidesas an opportunistic
pathogen in immunocompromised hosts (7) and especially
neonates (8-11). However, it has also been associated with
diarrheal illness (12) and other diseases in normal hosts.P.
shigelloideshas been isolated from an assortment of clinical
specimens, including cerebrospinal fluid, wounds, and
respiratory tract. It causes gastrointestinal and localized
infections originating from infected wounds, which can
disseminate to other parts of the body (13). The cases of
meningitis and bacteremia (11) caused byP. shigelloidesare
of special interest due to their seriousness.

The lipopolysaccharide (LPS)1 consists of O-specific
polysaccharide, core oligosaccharide, and lipid A. All
these components are important for the biological and
physical properties of the LPS and could be involved in the
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pathogen-host interactions. To date, only the structures of
the O-specific polysaccharides from strains 22074, 12254
(14), and CNCTC 113/92 (15) and the structure of the core
oligosaccharide of strain CNCTC 113/92 (16) are known.
To improve our knowledge of the structures ofPlesiomonas
LPS, we now report structural studies of the complete LPS
isolated from P. shigelloides O74:H5 (strain CNCTC
144/92). This strain is a clinical isolate collected from a
patient in Bohemia. LPS preparations did not exhibit
serological cross reactivity with antibodies directed against
P. shigelloidesO54:H2 (strain CNCTC 113/92) core oligo-
saccharide (16), indicating that the core oligosaccharides of
the two strains are different. The structural studies of the
complete LPS presented here concern the O-specific poly-
saccharide, the core oligosaccharide, and the linkage between
them. The lipid A part has been described in ref51.

The similarity between the isolated O-specific poly-
saccharide and that on bacterial cells in situ was shown by
high-resolution magic angle spinning (HR-MAS) NMR
spectroscopy.

EXPERIMENTAL PROCEDURES

Bacteria. P. shigelloidesstrain CNCTC 144/92, classified
as serovar O74:H5 according to Aldova’s antigenic scheme
(17-21), was obtained from the Institute of Hygiene and
Epidemiology (Prague, Czech Republic). The bacteria were
grown and harvested as described previously (15, 22).
Bacteria for the HR-MAS HSQC NMR analysis were grown
in a liquid medium as described above, containingD-[U-
13C]glucose (99%13C, Cambridge Isotope Laboratories,
Woburn, MA), and the culture volume was scaled down to
5 mL.

Lipopolysaccharide and Core Oligosaccharides.LPS was
extracted from bacterial cells by the hot phenol/water method
(23) and purified as previously reported (22). As the yield
of LPS from the water phase was low (0.6-1.1% of dry
bacterial mass), the phenol phase was also collected and
dialyzed extensively against deionized water. LPS was
isolated by ultracentrifugation, and the yield was∼2%. LPS
(200 mg) from both phases were separately degraded by
treatment with 1.5% acetic acid containing 2% SDS at 100
°C for 15 min. The reaction mixture was freeze-dried, the
SDS removed by extraction with 96% ethanol, and the
residue suspended in water and centrifuged. The supernatants
were fractionated by gel permeation chromatography, per-
formed on a column (1.6 cm× 100 cm) of Bio-Gel P-10
equilibrated with 0.05 M pyridine/acetic acid buffer at pH
5.6. Eluates were monitored with a Knauer differential
refractometer, and all fractions were first freeze-dried and
then checked by1H NMR spectroscopy and matrix-assisted
laser desorption ionization time-of-flight (MALDI-TOF)

mass spectrometry (MS). The fractionation yielded two main
fractions containing O-specific polysaccharide (PSH2OI, 30
mg; PSPhOHI, 58 mg) and oligosaccharide (OSH2OIII, 32 mg;
OSPhOHIII, 27 mg) and minor fractions containing shorter
O-specific polysaccharide chains linked to the core (PSII)
and unsubstituted core oligosaccharide (OSIV).

Analytical Methods.The LPS was analyzed by SDS-
PAGE according to the method of Laemmli (24) with
modifications as described previously (25), and the LPS
bands were visualized by the silver staining method (26).
Monosaccharides were analyzed as their alditol acetates by
GC-MS (22, 27). The absolute configurations of the sugars
were determined as described by Gerwig et al. (28, 29) using
(-)-2-butanol for the formation of 2-butyl glycosides and
2-butyl esters for uronic acids. The trimethylsilylated butyl
glycosides were then identified by comparison with authentic
samples [produced from respective monosaccharide and (-)-
2-butanol] via GC-MS. Carboxyl reduction of the core
oligosaccharide fractions was carried out according to the
method of Taylor et al. (30) as previously described (22).
Methylations were performed on both native and carboxyl-
reduced oligosaccharides according to the method of Hako-
mori (31). The methylated sugars were analyzed as partially
methylated alditol acetates by GC-MS as previously de-
scribed (22). GC-MS was carried out with a Hewlett-
Packard 5971A system using an HP-1 fused-silica capillary
column (0.2 mm× 12 m) and a temperature gradient from
150 to 270°C at 8°C/min. Amino acid analysis was carried
out on an LKB ALPHA PLUS amino acid analyzer after
hydrolysis of the oligosaccharides with 6 M hydrochloric
acid at 110°C for 24 h.

O-Deacetylation of Polysaccharide.Polysaccharide (1 mg)
was treated with 1 mL of aqueous 12.5% NH3 for 16 h at
22 °C followed by dilution with water and lyophilization.
The product was analyzed by1H NMR spectroscopy.

Mass Spectrometry.Positive mode MALDI MS of the
investigated fractions was carried out on a Bruker Reflex
III time-of-flight instrument. 2,5-Dihydroxybenzoic acid was
used as a matrix for analysis of oligosaccharides.

NMR Spectroscopy.All NMR spectra were recorded on
Bruker DRX 400 and DRX 600 spectrometers. NMR spectra
of polysaccharide and oligosaccharide fractions were ob-
tained for2H2O solutions at 30°C using acetone (δH 2.225,
δC 31.05) as an internal reference. The polysaccharide and
core oligosaccharides were first repeatedly exchanged with
2H2O (99%) with intermediate lyophilization. The data were
acquired and processed using standard Bruker software. The
processed spectra were assigned with the help of SPARKY
(32). The signals were assigned by one- and two-dimensional
experiments (COSY, clean-TOCSY, NOESY, ROESY,
HMBC, HSQC-DEPT, and HSQC with and without carbon
decoupling). In the clean-TOCSY experiments, the mixing
times of 30, 60, and 100 ms were used. The delay time in
the HMBC was 60 ms and the mixing time in the NOESY
and ROESY experiments 200 ms.1H NMR spectra of the
polysaccharide were also acquired at-10 °C for H2O
solutions containing 15% acetone-d6, using the residual
acetone-d5 (δ 2.204) as an internal reference.

NMR spectra of bacteria and LPS suspensions in2H2O
were obtained using the high-resolution magic angle spinning
(HR-MAS) technique on a Bruker DRX 600 spectrometer.
HR-MAS NMR experiments were carried out at a spin rate

1 Abbreviations: LPS, lipopolysaccharide; MALDI-TOF, matrix-
assisted laser desorption ionization time-of-flight; MS, mass spectrom-
etry; PAGE, polyacrylamide gel electrophoresis; PBS, phosphate-
buffered saline; GC, gas chromatography; COSY, correlated spectroscopy;
TOCSY, total correlation spectroscopy; NOESY, nuclear Overhauser
effect spectroscopy; ROESY, rotating frame nuclear Overhauser effect
spectroscopy; HMBC, heteronuclear multiple-bond correlation; HMQC,
heteronuclear multiple-quantum coherence; HSQC, heteronuclear single-
quantum coherence; DEPT, distortionless enhancement by polarization
transfer;L,D-Hep,L-glycero-D-manno-heptose; Kdo, 3-deoxy-D-manno-
oct-2-ulosonic acid;D-[U-13C]glucose, uniformly13C-substitutedD-
glucose.
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of 5 kHz at 23 °C (the measured temperature of the
pressurized air used for sample spinning) using a Bruker 4
mm HR-MAS probe and a ZrO2 rotor as previously described
(33). Acetone in2H2O placed in the rotor was used as a
reference (δH 2.225, δC 31.05) for HR-MAS NMR in a
separate experiment prior to the actual run. The HSQC
spectra obtained for the13C-labeled bacteria were processed
using exponential multiplication in theF2 dimenssion and a
line broadening parameter adjusted to 10 Hz, to focus on
the large O-antigen molecules.

RESULTS

Isolation of O-Specific Polysaccharide and Core Oligo-
saccharides.The LPS ofP. shigelloidesCNCTC 144/92 was
isolated by the hot phenol/water method. As the yield of LPS
obtained from the water phase (LPSH2O) was low, the phenol
phase (LPSPhOH) was also investigated, resulting in the
isolation of another batch of LPS material. Both LPSH2O and
LPSPhOHwere analyzed by SDS-PAGE (Figure 1), showing
fractions consisting of core oligosaccharide substituted with
different numbers of oligosaccharide repeating units as well
as unsubstituted core oligosaccharides. LPSPhOH exhibited a
higher degree of polymerization within its O-specific poly-
saccharide than LPSH2O did.

The O-specific polysaccharide and different oligosaccha-
ride components were released by mild acidic hydrolysis of
the LPS and isolated by gel filtration on Bio-Gel P-10. Four
main fractions were obtained: PSI (yield, 15% of LPSH2O

and 28% of LPSPhOH), PSII (yield, 1-5% of LPSH2O and
LPSPhOH), OSIII (yield, 16% of LPSH2O and 11% of LPSPhOH),
and OSIV (yield,∼3% of LPSH2O and ∼5% of LPSPhOH).
The fractions were analyzed by NMR spectroscopy and
MALDI-TOF MS, which showed that PSI consisted of the
O-specific polysaccharide, PSII of two O-repeats and the
core, OSIII of the core and one repeating unit, and OSIV of
the core oligosaccharide.

Structure Analysis of the O-Specific Polysaccharide.
Monosaccharide analysis of PSI together with determination
of the absolute configuration and methylation analysis
indicated the presence of equimolar amounts of 3-substituted
L-Rhap, 3-substitutedD-FucpN, and 2-substituted Quip3N
in the O-specific polysaccharide.

The NMR spectra (Figure 1) of PSI isolated from LPSPhOH

and LPSH2O indicated a partly O-acetylated trisaccharide
repeating unit, stoichiometrically N-acylated with a substitu-
ent (R), containing a methylene and two methyl groups. As
all the 1H NMR spectra were complex, the major signals
and spin systems were assigned by several two-dimensional
experiments (Table S1 of the Supporting Information). The
sugar residues are denoted with uppercase letters through
the manuscript. In the main spin systems of PSIPhOH and
PSIH2O, residueI with the H-1/C-1 signals atδ 5.54/96.2
(JH1,H2 < 2 Hz) was assigned as a 3-substitutedR-D-FucpNAc
residue on the basis of the signal of an exocyclic CH3 group
(δ 1.27/16.2), the small chemical shifts of the C-2 signal (δ
48.7), the large chemical shift of the C-3 signal (δ 77.7),
and the small vicinal couplings among H-3, H-4, and H-5.
ResidueK with the H-1/C-1 signals atδ 4.92/99.8 (JH1,H2 <
2 Hz) was assigned as the 3-substitutedR-L-Rhap residue
on the basis of the signal of an exocyclic CH3 group (δ 1.23/
17.6), the large chemical shift of the C-3 signal (δ 78.9),
and the small vicinal couplings among H-1, H-2, and H-3.

FIGURE 1: Anomeric region of the HSQC NMR spectra of the
O-antigen ofP. shigelloidesO74:H5 in situ and the O-specific
polysaccharides obtained from LPS from phenol and water phases
and SDS-PAGE analysis ofP. shigelloidesO74:H5 lipopoly-
saccharide. The HSQC spectrum of intact bacteria was acquired
for 2H2O suspensions of biosynthetically U-13C-enriched bacteria
with the HR-MAS technique on a Bruker DRX 600 spectrometer
(5 kHz spin rate, at 23°C). The spectra of the isolated poly-
saccharides were recorded for2H2O solutions at 600 MHz and 30
°C. The uppercase letters in the anomeric region refer to designa-
tions of carbohydrate residues. The1H and13C resonances of the
O-specific polysaccharide isolated from the phenol phase were
identified in the HR-MAS HSQC NMR spectrum of intact bacteria.
The uppercase letters refer to the carbohydrate residues. The
chemical shift variant for the H-1 resonance of residueK in the
microenvironment of the bacterial cell envelope is marked with an
asterisk. The resonances of the PS population (minor) devoid of
the O-acetyl groups are in parentheses. LPS isolated from the phenol
phase and water phase, using the water/phenol method, was purified
and analyzed by SDS-PAGE (5µg/lane), using a 15% separating
gel, and visualized by the silver staining method.
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ResidueL with the H-1/C-1 signals atδ 4.81/105.0 (JH1,H2

∼ 8 Hz) was assigned as the 2-substitutedâ-D-Quip3NHR
residue on the basis of the signal of an exocyclic CH3 group
(δ 1.22/17.7), small chemical shifts of the C-3 signal (δ 57.1),
the relatively large chemical shift of the C-2 signal (δ 74.2),
and the large vicinal couplings between all ring protons. Each
disaccharide element in the polysaccharide was identified
by NOESY and HMBC experiments, providing the sequence
of the monosaccharides. The inter-residue NOEs were found
between H-1 ofâ-D-Quip3NHR and H-3 (δ 4.04) of 2-O-

Ac-R-L-Rhap, H-1 of 2-O-Ac-R-L-Rhap and H-3 (δ 3.70)
of R-D-FucpNAc, and H-1 ofR-D-FucpNAc and H-2 (δ 3.56)
of â-D-Quip3NHR. The HMBC spectra exhibited cross-peaks
between H-1/C-1 ofâ-D-Quip3NHR and H-3/C-3 (δ 4.04/
78.9) of 2-O-Ac-R-L-Rhap, H-1/C-1 of 2-O-Ac-R-L-Rhap and
H-3/C-3 (δ 3.70/77.7) ofR-D-FucpNAc, and H-1/C-1 ofR-D-
FucpNAc and H-2/C-2 (δ 3.56/74.2) ofâ-D-Quip3NHR. The
spin system of the N-acyl substituent (R), containing a CH2
group (δ 2.42, 2.71/45.5,JH,H ∼ 17 Hz) and two CH3 groups
(δ 1.46/18.6 and 1.35/23.1), was corroborated by TOCSY,

FIGURE 2: 1H NMR and MALDI-TOF mass spectra of the core oligosaccharides ofP. shigelloidesO74:H5. (A) PSII, core oligosaccharide
substituted with two O-repeats, [M+ Na]+ 2809.5, [M- H + 2Na]+ 2831.5; (B) OSIII, core oligosaccharide substituted with a single
O-repeat, [M+ Na]+ 2176.5, [M- H + 2Na]+ 2198.5, [M+ Gly - H + 2Na]+ 2255.5; and (C) OSIV, core oligosaccharide, [M- H2O
+ Na]+ 1525.3, [M+ Na]+ 1543.3, [M- H + 2Na]+ 1565.3. Ions at [M- H2O + Na]+ 1141.4, [M+ Na]+ 1159.4, and [M- H + 2Na]+
1181.3 represent the OSIV population devoid two heptose residues. The1H NMR spectra were obtained for2H2O solutions at 600 MHz and
30 °C. The insets show the corresponding MALDI-TOF mass spectra obtained in the positive reflectron mode with 2,5-dihydroxybenzoic
acid as the matrix.m/z values represent monoisotopic masses. The uppercase letters in the anomeric regions of the1H NMR spectra refer
to carbohydrate residues as shown in the structure, and the Arabic numerals refer to protons in the respective residue. The H-4a,4b resonances
of the CH2 group ofR are designated with an asterisk when present in a single repeating unit.
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HSQC-DEPT, HMBC, and NOESY spectra (Table S1). The
large coupling between protons of the CH2 resonance
together with the multiple bond correlations observed in the
HMBC spectra supported the cyclic structure of theN-acyl
group being 3-hydroxy-2,3-dimethyl-5-oxopyrrolidine-2-car-
boxylic acid (3-hydroxy-2,3-dimethyl-5-oxoproline). The
location of this group was deduced from the inter-residue
correlation between C-1 (δ 175.3) ofR and H-3 (δ 3.98) of
â-D-Quip3NHR observed in the HMBC spectrum. Table S1
contains the complete1H and 13C assignments of both
O-acetylated and non-O-acetylated PSPhOH and PSH2O reso-
nances. The obtained data showed that the repeating unit of
the O-specific polysaccharide has thef2)-â-D-Quip3NHR-
(1f3)-2-O-Ac-R-L-Rhap-(1f3)-R-D-FucpNAc-(1f struc-
ture. The absolute configuration of Quip3NHR was derived
from the 13C glycosylation shift analysis on the basis of a
smallâ-effect (-0.3 ppm) on C-2 ofL-Rhap upon substitu-
tion as previously described for theâ-D-Quip3NHR-(1f3)-
R-L-Rhap disaccharide (34, 35). The repeating unit of the
O-deacetylated polysaccharide has the same structure as the
O-specific polysaccharide ofPseudomonas fluorescensIMV
2366 (35). NMR spectra of O-deacetylated polysaccharides
were compared with spectra from the native polysaccharide.
The chemical shift differences demonstrated an O-acetyl
group at O-2 of the Rha residue, i.e., 2-O-Ac-Rha, as the
chemical shifts of the H-2 and C-2 signals were shifted
upfield after O-deacetylation by 1.09 and 1.5 ppm, respec-
tively. The chemical shifts of signals for the adjacent atoms
such as H-1/C-1 and H-3/C-3 were also affected as expected
for O-acetylation (36).

Signals from O-acetyl groups were only present in the
NMR spectra of PSI and PS populations with fewer O-
repeats. The degree of O-acetylation was determined by
integration of the anomeric signals of 2-O-Ac-R-L-Rhap in
the 1H NMR spectra of PSIH2O and PSIPhOH, relative to the
resolved resonance of a methylene proton at 2.67 ppm of
the N-acyl (integral value of 1, corresponding to a single
proton) present in thef2)-â-D-Quip3NHR-(1f. The ratios
of the integral values have shown that in the polysaccharide
from the water phase 56% of the repeating units were
O-acetylated whereas in that from the phenol phase 84%
were O-acetylated.

The O-acetylation was never observed in the core oligo-
saccharide substituted with one (OSIII) and two repeating
units (PSII) (Figure 2).

The similarity of the isolated O-specific polysaccharides
and the O-antigens observed directly on the bacterial cells
was investigated by high-resolution magic angle spinning
(HR-MAS) NMR spectroscopy combined with13C labeling
(Figure 1 and Figure S1). The U-13C biosynthetically
enriched bacteria (∼5 mg) were obtained from the small-
scale culture, usingD-[U-13C]glucose, and analyzed in the
HR-MAS HSQC NMR experiment.

The detailed assignments of the spin systems originating
from O-acetylated and non-O-acetylated populations of the
isolated O-specific polysaccharides were compared to these
of the O-antigens observed directly on bacteria (Table S1).
The chemical shift values of the O-specific polysaccharide
components in situ were in agreement with those for the
isolated PSPhOH and not those of the non-O-acetylated PS,
demonstrating that the O-specific polysaccharide is present
on bacteria predominantly in the O-acetylated form (Figure

1 and Figure S1). The increased O-acetylation-related
heterogeneity of the isolated PSPhOH, compared to this
observed directly on bacteria, could result from the mild
acidic hydrolysis, used to release the heteropolysaccharide
from the lipid A part, as the procedure can lead to a possible
loss of O-acetyl groups. The presence of chemical shift
variants for the H-1 resonance of residueK , and H-2 and
H-3 resonances of residueI , suggests that these residues
might have different spatial conformations in the micro-
environment of the bacterial cell envelope. Additional signals
found in the HR-MAS HSQC NMR spectrum originated
mainly from the lipid components of the cell envelope.

Assignment of Exchangeable Protons of Amide and Hy-
droxyl Groups. To complete the assignment of the O-specific
polysaccharide resonances, the exchangeable protons of the
amide and hydroxy groups were investigated.1H NMR
spectra of the O-deacetylated polysaccharide were recorded.
The sample in a solution of 85% H2O and 15% acetone-d6

was run at a low temperature (-10 °C) to decrease the
exchange rate and thus allow the observation of exchangeable
protons (37, 38).

The 1H NMR spectrum (Figure 3) exhibited signals for
OH and NH protons, and these were assigned by different
two-dimensional (2D) experiments. The three NH signals at
8.61, 8.73, and 8.29 ppm were assigned as (N2)H of residue
I , (N3)H of residueL , and (N1)H of residueR, respectively.
These assignments were supported by the intraresidue NOE
between (N2)H ofI and the CH3 group of the N-acetyl group,
between (N3)H ofL and H-2 and H-4 ofL , and between
(N1)H of R and the CH3 group ofR. Only five signals were
found for the OH protons from the repeating unit of the de-
O-acetylated O-specific polysaccharide atδ 6.69 [(O3)H of
R], 6.39 [(O4)H ofL ], 6.20 [(O4)H ofK ], 6.00 [(O2)H of
K ], and 5.76 [(O4)H ofI ]. Additional inter-residue NOEs
observed between (N3)H of residueL (δ 8.73) and (N1)H
of residueR (δ 8.29) confirmed the linkage position of this
N-acyl group.

Structure Analysis of Core Oligosaccharides OSIII and
OSIV.An initial NMR investigation indicated the presence
of uronic acid and Kdo residues in oligosaccharides OSIII
and OSIV; thus, all subsequent sugar and methylation

FIGURE 3: 1H NMR spectrum of exchangeable protons of amide
and hydroxyl groups of the O-specific polysaccharide ofP.
shigelloides O74. The PSI of P. shigelloides O74 was O-
deacetylated prior to analysis to simplify the assignment. The
spectrum was obtained for a H2O solution, containing 15% acetone-
d6 at -10 °C. The proton assignments were corroborated by 2D
NOESY experiments. The peak labels designate exchangeable
protons of amide,R (N1)H, I (N2)H, andL (N3)H, and hydroxyl,
I (O4)H, K (O2)H, K (O4)H, L (O4)H, andR (O3)H, groups of
the respective residues.
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analyses were carried out on carboxyl-reduced material so
that these residues could be detected. Composition analysis
of carboxyl-reduced oligosaccharide OSIII together with
determination of the absolute configuration revealed the
presence ofL,D-Hep,D,D-Hep,D-Glc, D-Gal,L-Rha,D-FucN,
andD-Qui3N. Methylation analysis performed on carboxyl-
reduced OSIII showed the presence of 3,7-disubstitutedL,D-
Hepp, 3,4-disubstitutedL,D-Hepp, terminal L,D-Hepp, ter-
minal D,D-Hepp, 2,4-disubstitutedD-Galp, terminalD-Galp,
6-substitutedD-Glcp, 3-substitutedL-Rhap, 3-substituted
D-FucpN, terminalD-Quip3N, and 5-substituted Kdo. Core
oligosaccharide OSIV was devoid ofL-Rhap, D-FucpN, and
D-Quip3N but included 2-substitutedD-Galp instead of 2,4-
disubstitutedD-Galp.

The MALDI-TOF mass spectra of the oligosaccharide
OSIV fractions (Figure 2C) showed clusters of ions separated
by 22 Da with the monosodiated monoisotopic molecules
([M + Na]+) at m/z 1525.3 and 1543.3. These ions
correspond to four Hep molecules, one Glc, two GalA
molecules, and one Kdo, which give together a monoisotopic
mass of 1520.4, and if Kdo is in the anhydro form a
monoisotopic mass of 1502.4, suggesting an octasaccharide
in OSIV. The mass spectrum of OSIII (Figure 2B) with a
cluster atm/z 2176.5 ([M + Na]+) supports an undeca-
saccharide structure with one repeating unit (633 Da) linked
to the core oligosaccharide.

The 1H (Figure 2B) and HSQC-DEPT (Figure 4) NMR
spectra, recorded for main core oligosaccharide OSIII,
contained signals for 10 anomeric protons and carbons, and
a Kdo spin system. These signals derived from the core

oligosaccharide as well as from the O-specific polysaccharide
and supported an undecasaccharide as the main component.
As all the 1H NMR spectra were complex and contained
overlapping signals, the major signals and spin systems were
assigned by COSY, TOCSY with different mixing times,
HSQC-DEPT, and HSQC-TOCSY. By comparing the chemi-
cal shifts with previously published NMR data for respective
monosaccharides (39-41) and considering the3JH,H values
for the coupling between ring protons, estimated from the
cross-peaks in the two-dimensional spectra, we could identify
the sugars and determine their anomeric configuration. All
the spin systems comprising1H and13C resonances (Table
1) were determined by applying the previously described
procedures (16). The D-glycero-R-D-manno-heptose was
differentiated from theL-glycero-R-D-manno-heptose on the
basis of the chemical shifts of their C-6 resonances. The C-6
signal of L,D-Hepp appears in the HSQC spectrum at∼70
ppm, whereas the C-6 signal ofD,D-Hepp resonates at∼72-
73 ppm (41).

ResidueA was identified as a 5-substituted Kdo on the
basis of characteristic deoxy proton signals of H-3ax (δ 1.89)
and H-3eq (δ 2.23) and a large chemical shift of the C-5 signal
(δ 74.1).

ResidueB with the H-1/C-1 signals atδ 5.17/100.7
(JH-1,H-2 < 2 Hz) was recognized as a 3,4-disubstituted
L-glycero-R-D-manno-Hepp residue on the basis of the small
vicinal couplings among H-1, H-2, and H-3 and the relatively
large chemical shift of the C-3 (δ 78.1) and C-4 (δ 72.5)
signals.

FIGURE 4: HSQC-DEPT spectrum of the OSIII oligosaccharide ofP. shigelloidesO74. The spectrum was obtained for2H2O solutions at
600 MHz and 30°C. The uppercase letters refer to carbohydrate residues as shown in Figure 6.
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ResidueC with the H-1/C-1 signals atδ 4.56/102.3
(JH-1,H-2 ∼ 8 Hz) was recognized as 6-substitutedâ-D-Glcp
on basis of the large vicinal couplings between all ring
protons and the characteristic downfield shift of the C-6
signal (δ 68.5).

Residue D with the H-1/C-1 signals atδ 5.15/99.0
(JH-1,H-2 < 2 Hz) was assigned as the terminalR-D-GalpA
residue on the basis of the characteristic five-proton spin
system, the large chemical shifts of the H-4 (δ 4.28), H-5
(δ 4.57), and C-6 (δ 175.7) signals, and the small vicinal
couplings among H-3, H-4, and H-5.

ResidueE with the H-1/C-1 signals atδ 5.11/103.2
(JH-1,H-2 < 2 Hz) was recognized as the 3,7-disubstituted
L-glycero-R-D-manno-Hepp residue from the1H and 13C
chemical shifts, the small vicinal couplings among H-1, H-2,
and H-3, and the relatively large chemical shifts of the C-3
(δ 80.2) and C-7 (δ 70.4) signals.

ResidueF with the H-1/C-1 signals atδ 4.97/100.7
(JH-1,H-2 < 2 Hz) was recognized as the terminalL-glycero-
R-D-manno-Hepp residue from the1H and 13C chemical
shifts, the small vicinal couplings among H-1, H-2, and H-3,
and the C-6 signal atδ 69.6 as in the monosaccharideL-R-
D-Hep (41).

Residue G with the H-1/C-1 signals atδ 5.59/99.1
(JH-1,H-2 < 2 Hz) was assigned as the 2,4-disubstitutedR-D-
GalpA residue on the basis of the characteristic five-proton
spin system, the large chemical shifts of H-5 (δ 4.63), H-4
(δ 4.47), and H-3 (δ 4.16), the large13C chemical shift of
the C-2 (δ 75.0), C-4 (δ 79.8), and C-6 (δ 173.9) signals,

large vicinal couplings between H-2 and H-3, and small
vicinal couplings among H-3, H-4, and H-5.

Residue H with the H-1/C-1 signals atδ 5.10/99.9
(JH-1,H-2 < 2 Hz) was recognized as the terminalD-glycero-
R-D-manno-Hepp residue due to the small vicinal couplings
among H-1, H-2, and H-3 and the characteristic chemical
shift of the C-6 signal atδ 72.8 as in the monosaccharide
D-R-D-Hep (41).

Residue I with the H-1/C-1 signals atδ 4.67/102.9
(JH-1,H-2 ∼ 8 Hz) was assigned as the 3-substitutedâ-D-
FucpNAc residue on the basis of the characteristic signal of
the exocyclic CH3 group (δH 1.25, δC 16.5), the small
chemical shift of the C-2 (δ 52.7) signal, the large chemical
shift of the C-3 (δ 80.7) signal, and small vicinal couplings
among H-3, H-4, and H-5.

ResidueK with the H-1/C-1 signals atδ 4.88/103.2
(JH-1,H-2 < 2 Hz) was assigned as the 3-substitutedR-L-
Rhap residue on the basis of the characteristic signal of the
exocyclic CH3 group (δH 1.28, δC 17.7), the large13C
chemical shift of the C-3 signal (δ 80.7), and small vicinal
couplings among H-1, H-2, and H-3.

ResidueL with the H-1/C-1 signals atδ 4.73/105.4
(JH-1,H-2 ∼ 8 Hz) was assigned as the terminalâ-D-Quip3NR
residue on the basis of the characteristic signal of the
exocyclic CH3 group (δH 1.31, δC 18.0), the small13C
chemical shift of the C-3 (δ 57.9) signal, and large vicinal
couplings between all ring protons.

The 1JC-1,H-1 values, obtained from a HSQC experiment
run without carbon decoupling, confirmed theR-pyranosyl

Table 1: 1H and13C NMR Chemical Shifts of theP. shigelloidesO74:H5 (strain CNCTC 144/92) Core Oligosaccharidesa

fraction chemical shift (ppm)

residue OSIII OSIV
H-1
C-1

H-2(H-3ax)
C-2

H-3(H-3eq)
C-3

H-4(H-4a,4b)
C-4

H-5
C-5

H-6a,6b
C-6

CH3-1

H-7a,7b
C-7

CH3-2

H-8a, 8b
C-8

CH3CO

A f5)-Kdo yes yes 1.89 2.23 4.12 4.17 3.82 3.73 3.52, 3.91
- 96.7 34.7 66.7 74.1 72.7 69.9 64.9

B f3,4)-L-R-D-Hepp-(1f yes yes 5.17 4.03 4.07 4.23 (4.34) 4.25 3.99 3.74
100.7 71.4 78.1 72.4 (72.5) 72.1 69.9 63.9

C f6)-â-D-Glcp-(1f yes yes 4.56 3.25 3.51 3.37 3.56 3.81
102.3 75.2 76.8 70.7 75.7 68.5

D R-D-GalpA-(1f yes yes 5.15 3.88 3.96 4.28 4.57
99.0 68.7 70.1 71.6 72.8 175.7

E f3,7)-L-R-D-Hepp-(1f yes yes 5.11 4.04 3.93 3.93 3.75 4.17 3.66, 3.72
103.2 70.9 80.2 67.0 73.4 68.9 70.4

F l-R-D-Hepp-(1f yes yes 4.97 3.97 3.86 3.86 3.62 4.03 3.68, 3.73
100.7 70.9 71.7 67.0 72.1 69.6 63.7

G f2,4)-R-D-GalpA-(1f yes 5.59 3.94 4.16 4.47 4.63
99.1 75.0 69.0 79.8 72.4 173.9

Gb f2)-R-D-GalpA-(1f yes 5.89 4.16 4.20 4.42 4.61
99.2 72.5 68.3 72.0 74.9 175.9

H D-R-D-Hepp-(1f yes yes 5.10 4.04 3.81 3.86 3.91 4.09 3.75, 3.82
99.9 70.3 71.6 67.1 74.5 72.8 62.8

I* f3)-â-D-FucNAcp-(1f yes 4.67 3.91 3.76 3.78 3.69 1.25 2.09
102.9 52.7 80.7 68.0 71.5 16.5 23.5, 175.9

K* f3)-R-L-Rhap-(1f yes 4.88 4.05 3.99 3.58 3.87 1.28
103.2 71.1 80.7 72.1 70.1 17.7

L* â-D-Qui3NRp-(1f yes 4.73 3.49 3.92 3.24 3.56 1.31
105.4 72.5 57.9 74.0 74.4 18.0

R* 3-hydroxy-2,3-dimethyl-
5-oxoproline

yes - - - 2.47, 2.67 - 1.49 1.38

175.6 71.8 78.4 45.7 179.4 18.7 23.5
a Spectra were obtained for2H2O solutions at 30°C. Acetone (δH 2.225,δC 31.05) was used as internal reference. The chemical shifts are given

as averaged values for the residues in the same environment. The chemical shifts of the O-repeat residues marked with an asterisk were different
from those described for the O-specific polysaccharide fraction. For a comparison, see Figure 6 and Table S2 of the Supporting Information.b The
residue present only in OSIV.
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configuration for residuesK (171 Hz),G (179 Hz),H (174
Hz), F (174 Hz),B (176 Hz),E (174 Hz), andD (178 Hz)
and theâ-pyranosyl configuration for residuesI (164 Hz),
L (163 Hz), andC (161 Hz).

The inter-residue connectivities between adjacent sugar
residues were observed by NOESY (Figure 5 and Table 2)
and HMBC (Table 2) experiments. The results identified the
disaccharide elements in the core oligosaccharides and thus
provided the sequence of monosaccharides in the oligo-

saccharide (Figure 6). For OSIII, inter-residue NOEs were
found between H-1 ofL and H-3 ofK , H-1 of K and H-3
of I , H-1 of I and H-4 ofG, H-1 of G and H-3 ofE, H-1 of
E and H-3 ofB, H-1 of B and H-5 ofA, H-1 of H and H-2
of G, H-1 of F and H-7,7′ of E, H-1 of D and H-6 ofC, and
H-1 of C and H-4 ofB.

The HMBC spectra exhibited cross-peaks between the
anomeric proton and the carbon at the linkage position and
between the anomeric carbon and the proton at the linkage
position (Table 2), which confirmed the sequence of sugar
residues in the core unadecasaccharide. The results are in
agreement with data from the sugar and methylation analyses.
Thus, the combined results suggest the following structure
of the core octasaccharide substituted with one repeating unit
of the O-specific polysaccharide ofP. shigelloidesstrain 144/
92 (Figure 6).

The linkage between the O-specific polysaccharide, i.e.,
f3)-â-D-FucpNAc-(1f (residueI ), and the core structure,
together with the presence ofâ-D-Quip3NR-(1f (residue
L) instead off2)-â-D-Quip3NR-(1f found in the O-repeats,
demonstrated the structure of the biological repeating unit
of the O-antigen.

It is worth noting that the H-4a,4b chemical shift values
of the CH2 group of residueR (δH 2.47, 2.67) in a single
repeating unit differed from those described for the O-specific
polysaccharide (δH 2.42, 2.73). The ratio between the
characteristic outer (RH4a, RH4b) and inner (R*H4a, R*H4b)
doublets (Figure 2) correlated with the degree of polymer-
ization of the analyzed fractions.

In core oligosaccharide OSIII, glycine was identified by
the presence of an additional carbonyl resonance atδ 169.0
in the HMBC spectrum and a negative CH2 cross-peak (HR
δ 3.99, CR δ 41.2) in the HSQC-DEPT spectrum. The
presence of glycine in core oligosaccharide OSIII was further
corroborated by amino acid analysis and mass spectrometry.

Table 2: Selected Inter-Residue NOE and3JH,C Connectivities from the Anomeric Atoms of Core Oligosaccharide OSIII ofP. shigelloidesO74
(strain CNCTC 144/92)a

atom
δH/δC

H-1/C-1
connectivity

to δC

connectivity
to δH

inter-residue
atom/residue

B f3,4)-L-R-D-Hepp-(1f 5.17 4.17 H-5 ofA
100.7

C f6)-â-D-Glcp-(1f 4.56 72.26 4.27 C-4, H-4 ofB
102.3

D R-D-GalpA-(1f 5.15 3.82* H-6 ofC
99.0

E f3,7)-L-R-D-Hepp-(1f 5.11 78.0 4.08* C-3, H-3 ofB
103.2

F L-R-D-Hepp-(1f 4.97 70.6 3.64, 3.72 C-7, H-7,7′ of E
100.7

G f2,4)-R-D-GalpA-(1f 5.59 3.93* H-3 ofE
99.1

H D-R-D-Hepp-(1f 5.10 3.94 H-2 ofG
99.9 5.59* H-1 ofG

I f3)-â-D-FucpNAc-(1f 4.67 79.8 4.47 C-4, H-4 ofG
102.9

K f3)-R-L-Rhap-(1f 4.88 80.7 3.77 C-3, H-3 ofI
103.2

L â-D-Quip3NR-(1f 4.73 80.7 4.00 C-3, H-3 ofK
105.4

R 3-hydroxy-2,3-dimethyl-5-oxoproline - 3.92 H-3 ofL
175.6

a The chemical shifts are given as averaged values for the residues in the same environment. The values marked with asterisks represent NOE
connectivities only.

FIGURE 5: Part of the NOESY spectrum of the OSIII core
oligosaccharide ofP. shigelloidesO74. The spectrum was obtained
for a 2H2O solution at 600 MHz and 30°C. The NOE connectivities
were recorded with a mixing time of 200 ms. The cross-peaks are
labeled as shown in Figure 6.
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The mass difference of 57 between the [M- H + 2Na]+

ions atm/z2198.5 and 2255.5 observed in the MALDI-TOF
spectrum revealed the glycinylated form of core oligo-
saccharide OSIII. However, a connectivity between the
glycine and the oligosaccharide is only implicit as neither
NOESY nor HMBC experiments showed any supporting
correlation.

The 1H and HSQC-DEPT spectra, recorded for oligo-
saccharide OSIV, contained only signals that originated from
the core oligosaccharide. Signals of the monosaccharides
were assigned according to the procedures described for
OSIII (Table 1). The main difference was the presence of
f2)-R-D-GalpA-(1f (residueGb, δ 5.89/99.2) instead of
f2,4)-R-D-GalpA-(1f, supporting the idea that C-4 of
residue G is the linkage point between the core oligo-
saccharide and the O-specific polysaccharide.

In addition, a minor spin system identified as terminalR-D-
GalpA (δ 5.57/101.9) alongside that off2)-R-D-GalpA-(1f
and additional signals atδ 3.77 and 3.87/62.1 attributed to
H-7a and H-7b/C-7 of thef3)-L-R-D-Hepp-(1f variant of
residueE were found. These results were in agreement with
the MALDI-TOF analysis of core oligosaccharide OSIV
showing additionally a minor cluster of the monosodiated
monoisotopic molecule [M+ Na]+ at m/z 1141.4 (Kdo in
the anhydro form) and 1159.4. These ions could be explained
by the presence of an additional core oligosaccharide popu-
lation devoid of residuesH (D-R-D-Hepp) and F (L-R-D-
Hepp). The structure of OSIV was further corroborated by
the results of the MALDI-TOF MS and methylation analysis.

DISCUSSION

We present here the complete structure ofP. shigelloides
lipopolysaccharide possessing a new core oligosaccharide,
the structure of the biological repeating unit of the O-antigen,
and the linkage between them. The detailed analysis of lipid
A and its linkage to the core oligosaccharide are described
in ref 51.

The lipopolysaccharide ofP. shigelloidesserotype O74
was obtained with the hot phenol/water method; however,
rather unexpectedly, the yield of the LPS obtained from the
water phase (LPSH2O) was low, and a substantially larger

amount of LPS was recovered form the phenol phase. The
SDS-PAGE (Figure 1) analysis of both LPSH2O and LPSPhOH

revealed that LPSPhOH contained the O-specific chains with
the higher number of O-repeats, showing a pattern typical
for S-LPS.

The hot phenol/water extraction has been used extensively,
during the LPS isolation from various Gram-negative bacteria
with the majority of the S-type lipopolysaccharides recovered
from the water phase. Typically it is the R-type LPS, which
is retained in the phenol phase due to a higher ratio of fatty
acids to carbohydrate. The lipid A preparations obtained from
both LPSH2O and LPSPhOH were analyzed by MALDI-TOF
MS and exhibited corresponding ions with different intensity
profiles, suggesting the same structure of lipid A, varying
in the heterogeneity as described in ref51.

However, it was reported that S-type lipopolysaccharides
from someAcinetobacter, Azorhizobium, andYersiniaspp.
were primarily isolated as a phenol-soluble fraction (42-
45). Unlike most of the S-type enterobacterial lipopoly-
saccharides, the O-antigens ofP. shigelloidesO74 were
preferentially extracted into the phenol phase, suggesting
unusual physicochemical properties of this LPS.

The NMR analysis of PSI isolated from LPSPhOH and
LPSH2O indicated that the O-specific polysaccharides share
the same structure of the repeating units, possessing only a
few free hydroxyl groups. The O-repeats contain one deoxy
sugar (Rha), two dideoxy amino sugars, such as N-acetylated
2-amino-2,6-dideoxygalactose (FucpNAc) and 3-amino-3,6-
dideoxyglucose (Quip3N) N-acylated with a 3-hydroxy-2,3-
dimethyl-5-oxoproline. The O-repeats differed only in a
degree of O-acetylation at O-2 of the Rhap residue: 84% of
the repeating units from LPSPhOHwere O-acetylated, whereas
56% were O-acetylated in the O-repeats from LPSH2O. The
deoxy and amino sugars, the N-acyl, scarce hydroxyl groups,
and the O-acetyls present in both LPSPhOH and LPSH2O all
contribute to the hydrophobicity of the LPS ofP. shigelloides
O74.

The high-resolution magic angle spinning (HR-MAS)
NMR allows observation of the O-antigen carbohydrate
structures directly on the surface of the bacterial cells.
Moreover, the changes in the HR-MAS NMR spectra provide

FIGURE 6: Structures of the OSIII oligosaccharide and the polysaccharide O-repeat (top) ofP. shigelloidesO74. The uppercase letters refer
to carbohydrate residues. ResidueL constitutes a nonreducing end of the biological repeating unit of the O-antigen (framed with a dashed
line). ResiduesA-H constitute core oligosaccharide OSIV. In OSIII, residueI has the anomeric configuration reversed, compared with the
O-repeat in the PS.
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immediate distinction of structures differing in the O-
acetylation or other chemical modification. A HR-MAS
HSQC NMR experiment combined with biosynthetic U-13C
enrichment of bacteria in a small-scale culture, usingD-[U-
13C]glucose, was used to confirm the assignments of the
O-specific polysaccharide components in situ. Here we have
demonstrated that among the native O-antigens on the surface
of P. shigelloidesO74 the O-acetylated O-repeats prevail
as the chemical shift values of the O-specific polysaccharide
components in situ were in agreement with those for the
isolated PSPhOH and not those of the O-deacetylated PS
(Figure 1, Table S1, and Figure S1).

As shown by HR-MAS NMR, the more hydrophobic
character of the phenol soluble LPS could be explained by
a higher degree of the O-acetylation of the native O-repeats,
possibly influencing the overall conformation of the O-
antigens and leading to its preference for a nonaqueous
surrounding.

The core oligosaccharides of Enterobacteriaceae and
related families are built of the outer core, composed mainly
of hexoses, and the inner core, containing the LPS-specific
components, i.e., heptose and Kdo. The inner core region of
enterobacteria is usually substituted with charged groups such
as phosphate, pyrophosphate, 2-aminoethyl phosphate, and
2-aminoethyl pyrophosphate. The core oligosaccharides
isolated from LPS ofP. shigelloides, belonging to separate
O-serotypes, differ in their structures and cross-reactivity
(16). The core oligosaccharide ofP. shigelloidesO74, similar
to that ofP. shigelloidesO54, lacks these charged groups,
and unlike in the core oligosaccharides of Enterobacteriaceae,
the outer and inner core parts cannot be clearly distinguished.

The core oligosaccharide ofP. shigelloidesO74 contains
the same structural element

present in the majority of characterized enterobacterial
and non-enterobacterial core structures. This inner core
structural element is further substituted with theâ-D-GalpA-
(1f6)-â-D-Glcp-(1f disaccharide (strain O74) compared to
terminalâ-D-Glcp andâ-D-Galp residues in the O54 strain.
The outer core region of the core oligosaccharide ofP.
shigelloidesO74 is limited only to theD-R-D-Hepp-(1f2)-
R-D-GalpA-(1f disaccharide.

The preliminary structural data obtained for four sero-
logically nonrelated core types (data not published) suggest
that none of these oligosaccharides is substituted with
phosphate groups.

In the core oligosaccharides devoid of phosphate residues,
the only negative charges are provided by carboxyl groups
of Kdo and galacturonic acid, sufficiently stabilizing the outer
membrane ofP. shigelloides. We have determined in our
preliminary studies thatP. shigelloidesstrains (O54, O68,
and O74) with known core structures do not release, into
the liquid medium, substantial amounts of the toxic LPS
complex from the outer membrane during growth. The
susceptibility of these bacteria to antimicrobial agents is
comparable with that of other enteropathogens such as

Salmonellaand Shigellapossessing LPS with the typical
phosphorylated core oligosaccharides (46-48).

Although P. shigelloidesis a rare pathogen in humans,
individual cases are usually serious and difficult to treat with
a mortality rate exceeding 60% for septicaemia (7, 49). The
infections are most common but not limited to the tropical
countries, and the bacteria have been isolated more often in
countries with moderate or cold climate, e.g., in Sweden (2),
in Finland (48), and even in a lake above the Polar Circle
(50).

The isolation of the OSIII oligosaccharide, i.e., the
complete core oligosaccharide substituted with one repeating
unit, not only showed the structure of the biological repeating
unit of the O-antigen but also allowed the identification of
the terminal residue of the O-specific side chains and the
linkage to the core. Thef3)-â-D-FucpNAc-(1f residue
(residueI* ) found at the reducing end of the O-specific
polysaccharide repeating unit is linked to O-4 of thef2)-
R-D-GalpA-(1f residue (residueG) of core oligosaccharide
OSIV. The anomeric configuration of that linkage is altered
(â-configuration), compared to that of the O-specific poly-
saccharide (R-configuration).

The core oligosaccharide described herein represents a new
structure described for the LPS of the genusPlesiomonas.
The results obtained further support the previously described
observation, suggesting the lack of a uniform core structure
among theP. shigelloidesO-serotypes.

SUPPORTING INFORMATION AVAILABLE

The HSQC spectra of the O-antigen ofP. shigelloidesO74
on intact U-13C-enriched bacteria (U-13C-bacteria), obtained
using HR-MAS NMR, and that of the O-specific poly-
saccharide isolated from the phenol phase (PSPhOH) are
compared in Figure S1. Table S1 presents the complete
assignment of1H and 13C NMR chemical shifts of the
O-antigen in situ and the O-specific polysaccharides obtained
from phenol and water phases of LPS. This material is
available free of charge via the Internet at http://pubs.acs.org.
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otes (Balows, A., Trüper, H. G., Dworkin, M., Wim, H., and
Schleifer, K. H., Eds.) pp 3012-3043, Springer-Verlag, New
York.

2. Krovacek, K., Eriksson, L. M., Gonzalez-Rey, C., Rosinsky, J.,
and Ciznar, I. (2000) Isolation, biochemical and serological
characterisation ofPlesiomonas shigelloidesfrom freshwater in
Northern Europe,Comp. Immunol. Microbiol. Infect. Dis. 23, 45-
51.

3. Van Houten, R., Farberman, D., Norton, J., Ellison, J., Kiehlbauch,
J., Morris, T., and Smith, P. (1998)Plesiomonas shigelloidesand
Salmonellaserotype Hartford infections associated with a con-
taminated water supply-Livingston County, New York, 1996,
Morbidity and Mortality Weekly Report 47, 394-396.

4. Levy, D. A., Bens, M. S., Craun, G. F., Calderon, R. L., and
Herwaldt, B. L. (1998) Surveillance for waterborne-disease
outbreaks-United States 1995-1996, Morbidity and Mortality
Weekly Report 47, 1-34.

5. Yamada, S., Matsushita, S., Dejsirilert, S., and Kudoh, Y. (1997)
Incidence and clinical symptoms ofAeromonas-associated travel-
lers’ diarrhoea in Tokyo,Epidemiol. Infect. 119, 121-126.

6. Rautelin, H., Sivonen, A., Kuikka, A., Renkonen, O. V., Valtonen,
V., and Kosunen, T. U. (1995) EntericPlesiomonas shigelloides
infections in Finnish patients,Scand. J. Infect. Dis. 27, 495-498.

Lipopolysaccharide fromP. shigelloides Biochemistry, Vol. 45, No. 35, 200610431



7. Lee, A. C., Yuen, K. Y., Ha, S. Y., Chiu, D. C., and Lau, Y. L.
(1996) Plesiomonas shigelloidessepticemia: Case report and
literature review,Pediatr. Hematol. Oncol. 13, 265-269.

8. Riley, P. A., Parasakthi, N., and Abdullah, W. A. (1996)
Plesiomonas shigelloidesbacteremia in a child with leukemia,
Clin. Infect. Dis. 23, 206-207.

9. Clark, R. B., Westby, G. R., Spector, H., Soricelli, R. R., and
Young, C. L. (1991) FatalPlesiomonas shigelloidesSepticemia
in a Splenectomized Patient,J. Infect. 23, 89-92.

10. Delforge, M. L., Devriendt, J., Glupczynski, Y., Hansen, W., and
Douat, N. (1995)Plesiomonas shigelloidesSepticemia in a Patient
With Primary Hemochromatosis,Clin. Infect. Dis. 21, 692-693.

11. Fujita, K., Shirai, M., Ishioka, T., and Kakuya, F. (1994) Neonatal
Plesiomonas shigelloidessepticemia and meningitis: A case and
review,Acta Paediatr. Jpn. 36, 450-452.

12. Bravo, L., Monte, R., Ramirez, M., Garcia, B., Urbaskova, P.,
and Aldova, E. (1998) Characterization ofPlesiomonas
shigelloidesfrom diarrheic children,Cent. Eur. J. Public Health
6, 67-70.

13. Korner, R. J., Macgowan, A. P., and Warner, B. (1992) The
Isolation ofPlesiomonas shigelloidesin Polymicrobial Septicemia
Originating From the Biliary Tree,Zentralbl. Bakteriol., Mikrobiol.
Hyg., Ser. A 277, 334-339.

14. Linnerborg, M., Widmalm, G., Weintraub, A., and Albert, M. J.
(1995) Structural Elucidation of the O-Antigen Lipopolysaccharide
From 2 Strains ofPlesiomonas shigelloidesThat Share a Type-
Specific Antigen WithShigella flexneri6, and the Common Group
1 Antigen WithShigella flexnerispp andShigella dysenteriae1,
Eur. J. Biochem. 231, 839-844.

15. Czaja, J., Jachymek, W., Niedziela, T., Lugowski, C., Aldova,
E., and Kenne, L. (2000) Structural studies of the O-specific
polysaccharide fromPlesiomonas shigelloidesstrain CNCTC 113/
92, Eur. J. Biochem. 267, 1672-1679.

16. Niedziela, T., Lukasiewicz, J., Jachymek, W., Dzieciatkowska, M.,
Lugowski, C., and Kenne, L. (2002) Core oligosaccharides of
Plesiomonas shigelloidesO54:H2 (strain CNCTC 113/92): Struc-
tural and serological analysis of the lipopolysaccharide core region,
the O-antigen biological repeating unit, and the linkage between
them,J. Biol. Chem. 277, 11653-11663.

17. Aldova, E. (1987) Serotyping ofPlesiomonas shigelloidesStrains
With Our Own Antigenic Scheme: An Attempted Epidemiologic
Study,Zentralbl. Bakteriol., Mikrobiol. Hyg., Ser. A 265, 253-
262.

18. Aldova, E., Benackova, E., Shimada, T., and Danesova, D. (1992)
New Czechoslovak Serovars ofPlesiomonas shigelloides, Syst.
Appl. Microbiol. 15, 247-249.

19. Aldova, E. (1992) Comparison of Shimada and Sakazaki and
Aldova Antigenic Schemes For Plesiomonas-Shigelloides,Syst.
Appl. Microbiol. 15, 70-75.

20. Shimada, T., Arakawa, E., Itoh, K., Kosako, Y., Inoue, K.,
Zhengshi, Y., and Aldova, E. (1994) New O-Antigens and
H-Antigens ofPlesiomonas shigelloidesand Their O Antigenic
Relationships toShigella boydii, Curr. Microbiol. 28, 351-354.

21. Aldova, E., and Shimada, T. (2000) New O and H antigens of the
international antigenic scheme forPlesiomonas shigelloides, Folia
Microbiol. (Prague, Czech Repub.) 45, 301-304.

22. Petersson, C., Niedziela, T., Jachymek, W., Kenne, L., Zarzecki,
P., and Lugowski, C. (1997) Structural studies of the O-specific
polysaccharide ofHafnia alVei strain PCM 1206 lipopolysaccha-
ride containingD-allothreonine,Eur. J. Biochem. 244, 580-586.

23. Westphal, O., and Jann, K. (1965) Bacterial lipopolysaccharides:
Extraction with phenol-water and further applications of the
procedure,Methods Carbohydr. Chem. 5, 83-89.

24. Laemmli, U. K. (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage T4,Nature 227, 680-
685.

25. Niedziela, T., Petersson, C., Helander, A., Jachymek, W., Kenne,
L., and Lugowski, C. (1996) Structural studies of the O-specific
polysaccharide ofHafnia alVei strain 1209 lipopolysaccharide,
Eur. J. Biochem. 237, 635-641.

26. Tsai, C. M., and Frasch, C. E. (1982) A sensitive silver stain for
detecting lipopolysaccharides in polyacrylamide gels,Anal. Bio-
chem. 119, 115-119.

27. Sawardeker, J. S., Sloneker, J. H., and Jeanes, A. R. (1965)
Quantitative determination of monosaccharides as their alditol
acetates by gas liquid chromatography,Anal. Chem. 37, 1602-
1604.

28. Gerwig, G. J., Kamerling, J. P., and Vliegenthart, J. F. G. (1978)
Determination of theD and L configuration of neutral mono-

saccharides by high-resolution capillary GLC,Carbohydr. Res.
62, 349-357.

29. Gerwig, G. J., Kamerling, J. P., and Vliegenthart, J. F. (1979)
Determination of the absolute configuration of mono-saccharides
in complex carbohydrates by capillary GLC,Carbohydr. Res. 77,
10-17.

30. Taylor, R. L., Shively, J. E., and Conrad, H. E. (1976) Stoichio-
metric reduction of uronic acid carboxyl groups in polysaccharides,
Methods Carbohydr. Chem. 7, 149-151.

31. Hakomori, S. (1964) A rapid permethylation of glycolipid and
polysaccharide catalyzed by methylsulphinyl carbanion in dimethyl
sulphoxide,J. Biochem. 55, 205-208.

32. Goddard, T. D., and Kneller, D. G. (2001)SPARKY 3, University
of California, San Francisco.

33. Jachymek, W., Niedziela, T., Petersson, C., Lugowski, C., Czaja,
J., and Kenne, L. (1999) Structures of the O-specific polysaccha-
rides fromYokenella regensburgei(Koserella trabulsii) strains
PCM 2476, 2477, 2478, and 2494: High-resolution magic-angle
spinning NMR investigation of the O-specific polysaccharides in
native lipopolysaccharides and directly on the surface of living
bacteria,Biochemistry 38, 11788-11795.

34. Lipkind, G. M., Shashkov, A. S., Knirel, Y. A., Vinogradov, E.
V., and Kochetkov, N. K. (1988) A computer-assisted structural
analysis of regular polysaccharides on the basis of13C-NMR data,
Carbohydr. Res. 175, 59-75.

35. Zatonsky, G. V., Kocharova, N. A., Veremeychenko, S. P.,
Zdorovenko, E. L., Shashkov, A. S., Zdorovenko, G. M., and
Knirel, Y. A. (2002) Somatic antigens of pseudomonads: Structure
of the O-specific polysaccharide ofPseudomonas fluorescensIMV
2366 (biovar C),Carbohydr. Res. 337, 2365-2370.

36. Jansson, P. E., Kenne, L., and Schweda, E. (1987) Nuclear
magnetic resonance and conformational studies on monoacetylated
methylD-gluco- andD-galacto-pyranosides,J. Chem. Soc., Perkin
Trans. 1, 377-383.

37. Sandstro¨m, C., Baumann, H., and Kenne, L. (1998) The use of
chemical shifts of hydroxy protons of oligosaccharides as con-
formational probes for NMR studies in aqueous solution. Evidence
for persistent hydrogen bond interaction in branched trisaccharides,
J. Chem. Soc., Perkin Trans. 2, 2385-2393.

38. Sandstro¨m, C., Baumann, H., and Kenne, L. (1998) NMR
spectroscopy of hydroxy protons of 3,4-disubstituted methylR-D-
galactopyranosides in aqueous solution,J. Chem. Soc., Perkin
Trans. 2, 809-815.

39. Gorin, P. A., and Mazurek, M. (1975) Further studies on the
assignment of signals in13C magnetic resonance spectra of aldoses
and derived methyl glycosides,Can. J. Chem. 53, 1212-1227.

40. Jansson, P. E., Kenne, L., and Widmalm, G. (1989) Computer-
Assisted Structural-Analysis of Polysaccharides With an Extended
Version of Casper Using H-1-NMR and C-13-NMR Data,
Carbohydr. Res. 188, 169-191.

41. Susskind, M., Brade, L., Brade, H., and Holst, O. (1998)
Identification of a novel heptoglycan ofR 1f2-linkedD-glycero-
D-manno-heptopyranose: Chemical and antigenic structure of
lipopolysaccharides fromKlebsiella pneumoniaessp.pneumoniae
rough strain R20 (O1(-): K20(-)), J. Biol. Chem. 273, 7006-
7017.

42. Haseley, S. R., Holst, O., and Brade, H. (1997) Structural Studies
of the O-Antigenic Polysaccharide of the Lipopolysaccharide from
Acinetobacter(DNA Group 11) Strain 94 Containing 3-Amino-
3,6-dideoxy-D-galactose Substituted by the Previously Unknown
Amide-LinkedL-2-Acetoxypropionic Acid orL-2-Hydroxypropi-
onic Acid, Eur. J. Biochem. 247, 815-819.

43. Haseley, S. R., Holst, O., and Brade, H. (1998) Structural studies
of the O-antigen isolated from the phenol-soluble lipopoly-
saccharide ofAcinetobacter baumannii(DNA group 2) strain 9,
Eur. J. Biochem. 251, 189-194.

44. Gao, M., D’Haeze, W., De Rycke, R., Wolucka, B., and Holsters,
M. (2001) Knockout of an azorhizobial dTDP-L-rhamnose syn-
thase affects lipopolysaccharide and extracellular polysaccharide
production and disables symbiosis withSesbania rostrata, Mol.
Plant-Microbe Interact. 14, 857-866.

45. Caroff, M., Bundle, D. R., and Perry, M. B. (1984) Structure of
the O-chain of the phenol-phase soluble cellular lipopolysaccharide
of Yersinia enterocoliticaserotype O:9,Eur. J. Biochem. 139,
195-200.

46. Carlson, J. R., Thornton, S. A., DuPont, H. L., West, A. H., and
Mathewson, J. J. (1983) Comparative in vitro activities of 10
antimicrobial agents against bacterial enteropathogens,Antimicrob.
Agents Chemother. 24, 509-513.

10432 Biochemistry, Vol. 45, No. 35, 2006 Niedziela et al.



47. Gomi, H., Jiang, Z.-D., Adachi, J. A., Ashley, D., Lowe, B.,
Verenkar, M. P., Steffen, R., and DuPont, H. L. (2001) In Vitro
Antimicrobial Susceptibility Testing of Bacterial Enteropathogens
Causing Traveler’s Diarrhea in Four Geographic Regions,Anti-
microb. Agents Chemother. 45, 212-216.

48. Gonzalez-Rey, C., Svenson, S. B., Bravo, L., Siitonen, A.,
Pasquale, V., Dumontet, S., Ciznar, I., and Krovacek, K. (2004)
Serotypes and anti-microbial susceptibility ofPlesiomonas
shigelloidesisolates from humans, animals and aquatic environ-
ments in different countries,Comp. Immunol. Microbiol. Infect.
Dis. 27, 129-139.

49. Jagger, T. D. (2000)Plesiomonas shigelloides: A veterinary
perspective,Infect. Dis. ReV. 2, 199-210.

50. Gonzalez-Rey, C., Svenson, S. B., Eriksson, L. M., Ciznar, I.,
and Krovacek, K. (2003) Unexpected finding of the “tropical”
bacterial pathogenPlesiomonas shigelloidesfrom lake water north
of the Polar Circle,Polar Biol. 26, 495-499.

51. Lukasiewicz, J., Dzieciatkowska, M., Niedziela, T., Jachymek, W.,
Augustyniuk, A., Kenne, L., and Lugowski, C. (2006) Complete
Lipopolysaccharide ofPlesiomonas shigelloidesO74:H5 (Strain
CNCTC 144/92). 2. Lipid A, its structural variability, linkage to
the core oligosaccharide, and biological activity of the lipo-
polysaccharide,Biochemistry 45, 10434-10447.

BI0607709

Lipopolysaccharide fromP. shigelloides Biochemistry, Vol. 45, No. 35, 200610433


