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ABSTRACT. The lipopolysaccharide dPlesiomonas shigelloideserotype 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 investigateltHand*C 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-20-p-
QUuip3NAcyl-(1—3)-0-L-Rhg20Ac-(1—3)-a-pD-FugpNAc-(1—] structure, in whichp-Qui3NAcyl is
3-amino-3,6-dideoxy-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 teffyir@Uip3NAcyl-(1—

residue and the—3)-5-p-FugNAc-(1—4)-a-b-GalpA element showed the structure of the biological
repeating unit of the O-antigen and the substitution position to the core—13)e5-p-FugpNAc-(1—

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 shigelloides a Gram-negative, flagellated, P. shigelloidesn the surface waters of the Nordic countries
rod-shaped bacterium. This ubiquitous and facultatively has also been reported)(
anaerobic organism has been isolated from such sources as {yman infections witP. shigelloidesare mostly related

freshwater, surface water, and many wild and domestic (4 grinking untreated water, eating uncooked shellfih (
ammals. The observed .|nfe.ct|ons correlate stronglly 4), and visiting countries with low sanitary standar8is@).
with surface water contamination. They are common in pecent studies implicate®l shigelloidesis an opportunistic
tropical and subtropical habitatd)( but the presence of pathogen in immunocompromised host &nd especially
neonates§—11). However, it has also been associated with
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pathogen-host interactions. To date, only the structures of mass spectrometry (MS). The fractionation yielded two main
the O-specific polysaccharides from strains 22074, 12254 fractions containing O-specific polysaccharide {R§ 30
(14), and CNCTC 113/921(5) and the structure of the core  mg; PS$nod, 58 mg) and oligosaccharide (@glll, 32 mg;
oligosaccharide of strain CNCTC 113/926f are known. OSenodll, 27 mg) and minor fractions containing shorter
To improve our knowledge of the structuresRiésiomonas  O-specific polysaccharide chains linked to the core (PSII)
LPS, we now report structural studies of the complete LPS and unsubstituted core oligosaccharide (OSIV).
isolated from P. shigelloidesO74:H5 (strain CNCTC Analytical Methods.The LPS was analyzed by SBS
144/92). This strain is a clinical isolate collected from a PAGE according to the method of LaemmR4j with
patient in Bohemia. LPS preparations did not exhibit modifications as described previouslg25, and the LPS
serological cross reactivity with antibodies directed against bands were visualized by the silver staining meth6).(
P. shigelloidesD54:H2 (strain CNCTC 113/92) core oligo- Monosaccharides were analyzed as their alditol acetates by
saccharide6), indicating that the core oligosaccharides of GC—MS (22, 27). The absolute configurations of the sugars
the two strains are different. The structural studies of the were determined as described by Gerwig et28, 29) using
complete LPS presented here concern the O-specific poly-(—)-2-butanol for the formation of 2-butyl glycosides and
saccharide, the core oligosaccharide, and the linkage betwee-butyl esters for uronic acids. The trimethylsilylated butyl
them. The lipid A part has been described in 5éf glycosides were then identified by comparison with authentic
The similarity between the isolated O-specific poly- samples [produced from respective monosaccharide-ajd (
saccharide and that on bacterial cells in situ was shown by2-butanol] via GC-MS. Carboxyl reduction of the core
high-resolution magic angle spinning (HR-MAS) NMR oligosaccharide fractions was carried out according to the

spectroscopy. method of Taylor et al.30) as previously describe®?2).
Methylations were performed on both native and carboxyl-
EXPERIMENTAL PROCEDURES reduced oligosaccharides according to the method of Hako-

Bacteria. P. shigelloidestrain CNCTC 144/92, classified ~Mori (31). The methylated sugars were analyzed as partially
as serovar O74:H5 according to Aldova’s antigenic scheme Methylated alditol acetates by GBS as previously de-
(17-21), was obtained from the Institute of Hygiene and Scribed 2). GC-MS was carried out with a Hewlett-
Epidemiology (Prague, Czech Republic). The bacteria were Packard 5971A system using an HP-1 fused-silica capillary

grown and harvested as described previoud, (22). column (0.2 mmx 12 m) and a temperature gradient from
Bacteria for the HR-MAS HSQC NMR analysis were grown 150 to 270°C at 8°C/min. Amino ac.|d ana!yS|s was carried
in a liquid medium as described above, containifiJ- out on an LKB ALPHA PLUS amino acid analyzer after

13C]glucose (99%13C, Cambridge Isotope Laboratories, hydrolysis of the oligosaccharides Wi M hydrochloric

Woburn, MA), and the culture volume was scaled down to acid at 110°C for 24 h. . .
5 mL. O-Deacetylation of Polysaccharidolysaccharide (1 mg)
Lipopolysaccharide and Core OligosaccharideBS was ~ Was treated with 1 mL of aqueous 12.5% Hier 16 h at
extracted from bacterial cells by the hot phenoliwater method 22 °C followed by dilution with water and lyophilization.
(23) and purified as previously reporte@ld). As the yield ~ The product was analyzed BiA NMR spectroscopy.
of LPS from the water phase was low (6.:6.1% of dry . MaS_S Spectrometry?osnwe mode MALDI MS of the
bacterial mass), the phenol phase was also collected andnvestigated fractions was carried out on a Bruker Reflex
dialyzed extensively against deionized water. LPS was [l time-of-flight |_nstrument. 2_,5-D|hydroxybenzp|c acid was
isolated by ultracentrifugation, and the yield wa2%. LPS used as a matrix for analysis of oligosaccharides.
(200 mg) from both phases were separately degraded by NMR SpectroscopyAll NMR spectra were recorded on
treatment with 1.5% acetic acid containing 2% SDS at 100 Bruker DRX 400 and DRX 600 spectrometers. NMR spectra
°C for 15 min. The reaction mixture was freeze-dried, the Of polysaccharide and oligosaccharide fractions were ob-
SDS removed by extraction with 96% ethanol, and the tained for?H,O solutions at 30C using acetoned 2.225,
residue suspended in water and centrifuged. The supernatantéc 31.05) as an internal reference. The polysaccharide and
were fractionated by gel permeation chromatography, per- €oré ollgosacc_;hqudes were first repgatgdly exchanged with
formed on a column (1.6 cnx 100 cm) of Bio-Gel P-10 2HZO_(99%) with |ntermed|a_te lyophilization. The data were
equilibrated with 0.05 M pyridine/acetic acid buffer at pH acquired and processed using standgrd Bruker software. The
5.6. Eluates were monitored with a Knauer differential Processed spectra were assigned with the help of SPARKY
refractometer, and all fractions were first freeze-dried and (32 The signals were assigned by one- and two-dimensional
then checked byH NMR spectroscopy and matrix-assisted €xperiments (COSY, clean-TOCSY, NOESY, ROESY,
laser desorption ionization time-of-flight (MALDI-TOF) HMBC, HSQC-DEPT, and HSQC with and without carbon
decoupling). In the clean-TOCSY experiments, the mixing
R o . o . . times of 30, 60, and 100 ms were used. The delay time in
assisted faser desorption ionisation fme-oHfight. MS, mass spectrom the HMBC was 60 ms and the mixing time in the NOESY
etry; PAGE, polyacrylamide gel electrophoresis; PBS, phosphate- and ROESY experiments 200 ni$l NMR spectra of the
buffered saline; GC, gas chromatography; COSY, correlated spectroscopy;po|ysaccharide were also acquired afl0 °C for H,O

TOCSY, total correlation spectroscopy; NOESY, nuclear Overhauser - L 0 . .
effect spectroscopy; ROESY, rotating frame nuclear Overhauser effect SClUtions containing 15% acetong- using the residual

spectroscopy; HMBC, heteronuclear multiple-bond correlation; HMQC, acetoneds (0 2.204) as an internal reference.
heteronuclear multiple-quantum coherence; HSQC, heteronuclear single- NMR spectra of bacteria and LPS suspension3HsO

quantum coherence; DEPT, distortionless ?nhancement by polarization,.are obtained using the high-resolution magic angle spinning
transfer;L,b-Hep,L-glycerap-manneheptose; Kdo, 3-deoxy-manne .
oct-2-ulosonic acidp-[U-23C]glucose, uniformly3C-substitutedo- (HR-MAS) technique on a Bruker DRX 600 spectrometer.

glucose. HR-MAS NMR experiments were carried out at a spin rate
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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 Zrgotor as previously described
(33). Acetone in?H,0 placed in the rotor was used as a
reference ¢y 2.225, 6c 31.05) for HR-MAS NMR in a
separate experiment prior to the actual run. The HSQC
spectra obtained for tHéC-labeled bacteria were processed
using exponential multiplication in the, 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-
saccharidesThe LPS ofP. shigelloidesCNCTC 144/92 was
isolated by the hot phenol/water method. As the yield of LPS
obtained from the water phase (LB§ was low, the phenol
phase (LP&.oy was also investigated, resulting in the
isolation of another batch of LPS material. Both L .RSand
LPSshonwere analyzed by SDSPAGE (Figure 1), showing
fractions consisting of core oligosaccharide substituted with
different numbers of oligosaccharide repeating units as well
as unsubstituted core oligosaccharides. gBgexhibited a
higher degree of polymerization within its O-specific poly-
saccharide than LR 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 RS
and 28% of LP&won), PSII (yield, 5% of LPS,0 and
LPSshon), OSIII (yield, 16% of LPg,0 and 11% of LP&on),
and OSIV (yield,~3% of LPS,0 and ~5% of LPSnoH.
The fractions were analyzed by NMR spectroscopy and
MALDI-TOF MS, which showed that PSI consisted of the
O-specific polysaccharide, PSIl 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-Rha, 3-substitutecb-FupN, and 2-substituted QpBN
in the O-specific polysaccharide.

The NMR spectra (Figure 1) of PSl isolated from RS
and LPS,c 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 'H NMR spectra were complex, the major signals
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Ficure 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 spin systems were assigned by several two-dimensionafnd SDS-PAGE analysis ofP. shigelloidesO74:H5 lipopoly-

experiments (Table S1 of the Supporting Information). The
sugar residues are denoted with uppercase letters throug
the manuscript. In the main spin systems of R&| and
PSh,o, residuel with the H-1/C-1 signals ab 5.54/96.2
(JHn2 < 2 Hz) was assigned as a 3-substitutien-FugNAC
residue on the basis of the signal of an exocycli@Qkbup

(6 1.27/16.2), the small chemical shifts of the C-2 sigral (
48.7), the large chemical shift of the C-3 signéal {7.7),
and the small vicinal couplings among H-3, H-4, and H-5.
ResidueK with the H-1/C-1 signals ai 4.92/99.8 Jy1 12 <

2 Hz) was assigned as the 3-substituted-Rha residue

on the basis of the signal of an exocyclic &gtoup ¢ 1.23/
17.6), the large chemical shift of the C-3 signal 18.9),
and the small vicinal couplings among H-1, H-2, and H-3.

saccharide. The HSQC spectrum of intact bacteria was acquired

ﬁﬁr 2H,0 suspensions of biosynthetically 18c-enriched bacteria

ith the HR-MAS technique on a Bruker DRX 600 spectrometer
(5 kHz spin rate, at 23C). The spectra of the isolated poly-
saccharides were recorded fbf,O solutions at 600 MHz and 30
°C. The uppercase letters in the anomeric region refer to designa-
tions of carbohydrate residues. Thé and*3C 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 resi¢uén 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 SDSPAGE (5ug/lane), using a 15% separating
gel, and visualized by the silver staining method.
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Ficure 2: 'H NMR and MALDI-TOF mass spectra of the core oligosaccharideR. shigelloidesD74:H5. (A) PSlI, core oligosaccharide

substituted with two O-repeats, [M NaJ" 2809.5, [M— H + 2Na]" 2831.5; (B) OSlII, core oligosaccharide substituted with a single

O-repeat, [M+ NaJt 2176.5, [M— H + 2NaJ* 2198.5, [M+ Gly — H + 2NaJ" 2255.5; and (C) OSIV, core oligosaccharide, fMH,0O

+ NaJ* 1525.3, [M+ NaJ* 1543.3, [M— H + 2Na]* 1565.3. lons at [M~ H,O + Na]* 1141.4, [M+ Na]* 1159.4, and [M— H + 2NaJ*

1181.3 represent the OSIV population devoid two heptose residue$HMBIR spectra were obtained féiH,0 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 matrixm/z values represent monoisotopic masses. The uppercase letters in the anomeric regiofid ditie 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 CH, group ofR are designated with an asterisk when present in a single repeating unit.

Residuel with the H-1/C-1 signals ab 4.81/105.0 Ju1 12 Ac-o-L-Rha, H-1 of 2-O-Ac-a-L-Rhg and H-3 ¢ 3.70)
~ 8 Hz) was assigned as the 2-substityeo-Quip3NHR of a-p-FU@NACc, and H-1 ofa-p-Fug@NAc and H-2 ¢ 3.56)
residue on the basis of the signal of an exocycli@Qkbup of 5-p-Quip3NHR. The HMBC spectra exhibited cross-peaks
(0 1.22/17.7), small chemical shifts of the C-3 signab{.1), between H-1/C-1 of-b-Quip3NHR and H-3/C-3 § 4.04/
the relatively large chemical shift of the C-2 signal14.2), 78.9) of 20-Ac-a-L-Rhag, H-1/C-1 of 20-Ac-a-L-Rhg and
and the large vicinal couplings between all ring protons. Each H-3/C-3 (¢ 3.70/77.7) ofx-b-FugNAc, and H-1/C-1 ofu-p-
disaccharide element in the polysaccharide was identified Fug@NAc and H-2/C-2 § 3.56/74.2) of3-p-Quip3NHR. The
by NOESY and HMBC experiments, providing the sequence spin system of the N-acyl substitueft)( containing a CH
of the monosaccharides. The inter-residue NOEs were foundgroup ¢ 2.42, 2.71/45.5)y 4 ~ 17 Hz) and two CHgroups
between H-1 of3-p-Quip3NHR and H-3 § 4.04) of 20- (6 1.46/18.6 and 1.35/23.1), was corroborated by TOCSY,
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HSQC-DEPT, HMBC, and NOESY spectra (Table S1). The
large coupling between protons of the Cliesonance
together with the multiple bond correlations observed in the
HMBC spectra supported the cyclic structure of Mwacyl
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(175.3) ofR and H-3 ¢ 3.98) of
-D-Quip3NHR observed in the HMBC spectrum. Table S1
contains the completéH and *C assignments of both
O-acetylated and non-O-acetylatedsRss and P$,o reso- o
nances. The obtained data showed that the repeating unit o o 3:
the O-specific polysaccharide has the)-5-p-Quip3NHR-
(1—3)-2-0-Ac-a-L-Rhg-(1—3)-a-p-FugNAc-(1— struc-
ture. The absolute configuration of Q@NHR was derived
from the 13C glycosylation shift analysis on the basis of a
small 5-effect (—0.3 ppm) on C-2 of -Rhg upon substitu-
tion as previously described for tifep-Quip3NHR-(1—3)- protons of amideR (N1)H, I (N2)H, andL (N3)H, and hydroxyl,
o-L-Rhap disaccharide 34, 35). The repeating unit of the 1 (O4)H,K (O2)H, K (O4)H, L (O4)H, andR (O3)H, groups of
O-deacetylated polysaccharide has the same structure as th&€ respective residues.

O-specific polysaccharide #fseudomonas fluoresceigV . . )

2366 @5). NMR spectra of O-deacetylated polysaccharides 1 and Figure S1). The increased O-acetylation-related
were compared with spectra from the native polysaccharide. Neterogeneity of the isolated Fg+ compared to this
The chemical shift differences demonstrated an O-acetyl ©0served directly on bacteria, could result from the mild
group at O-2 of the Rha residue, i.e.(@Ac-Rha, as the acidic hy(_jrplyss, used to release the heteropolysacchqude
chemical shifts of the H-2 and C-2 signals were shifted from the lipid A part, as the procedure can lead to qpossmle
upfield after O-deacetylation by 1.09 and 1.5 ppm, respec- Iosg of O-acetyl groups. The presence of chemical shift
tively. The chemical shifts of signals for the adjacent atoms Variants for the H-1 resonance of residkie and H-2 and
such as H-1/C-1 and H-3/C-3 were also affected as expectedi-3 resonances of residue suggests that these residues
for O-acetylation 86). mlg_ht have different spa}tlal conformations |r_1_the micro-

Signals from O-acetyl groups were only present in the enV|r0nment of the bacterial cell envelope. Addltlon_aI_S|gnaIs
NMR spectra of PSI and PS populations with fewer 0- found in the HR-MAS HSQC NMR spectrum originated
repeats. The degree of O-acetylation was determined bymamly from the lipid components of the cell envelope.
integration of the anomeric signals of@Ac-o-L-Rhap in Assignment of Exchangeable Protons of Amide and Hy-
the 'H NMR spectra of PSLo and PSion relative to the droxyl Groups To complete the assignment of the O-specific
resolved resonance of a methylene proton at 2.67 ppm ofPolysaccharide resonances, the exchangeable protons of the
the N-acyl (integral value of 1, corresponding to a single amide and hydroxy groups were investigatéd. NMR
proton) present in the>2)-3-b-Quip3NHR—(1—. The ratios spectra of the O-deacetylated polysaccharide were recorded.
of the integral values have shown that in the polysaccharide The sample in a solution of 85%:8 and 15% acetonés
from the water phase 56% of the repeating units were Was run at a low temperature-{0 °C) to decrease the
O-acetylated whereas in that from the phenol phase 84%¢éxchange rate and thus allow the observation of exchangeable
were O-acetylated. protons 87, 38).

The O-acetylation was never observed in the core oligo- The H NMR spectrum (Figure 3) exhibited signals for
saccharide substituted with one (OSIII) and two repeating OH and NH protons, and these were assigned by different
units (PSII) (Figure 2). two-dimensional (2D) experiments. The three NH signals at

The similarity of the isolated O-specific polysaccharides 8.61, 8.73, and 8.29 ppm were assigned as (N2)H of residue
and the O-antigens observed directly on the bacterial cells!, (N3)H of residud., and (N1)H of residu®, respectively.
was investigated by high-resolution magic angle spinning These assignments were supported by the intraresidue NOE

LO4HH K(O4HH

INDH RODH K(02)H
Lo RONDH ©3)

N

T
9.0

(04)H

1
ppm

IH NMR spectrum of exchangeable protons of amide
and hydroxyl groups of the O-specific polysaccharide Rf
shigelloides O74. The PSI ofP. shigelloidesO74 was O-
deacetylated prior to analysis to simplify the assignment. The
spectrum was obtained for @ solution, containing 15% acetone-

ds at —10 °C. The proton assignments were corroborated by 2D
NOESY experiments. The peak labels designate exchangeable

85 80 75 70 65 60 55

(HR-MAS) NMR spectroscopy combined withC labeling
(Figure 1 and Figure S1). The Y€ biosynthetically
enriched bacteria~5 mg) were obtained from the small-
scale culture, using-[U-13C]glucose, and analyzed in the
HR-MAS HSQC NMR experiment.

between (N2)H of and the CH group of the N-acetyl group,
between (N3)H ol and H-2 and H-4 oL, and between
(N1)H of R and the CH group ofR. Only five signals were
found for the OH protons from the repeating unit of the de-
O-acetylated O-specific polysaccharidedad.69 [(O3)H of

The detailed assignments of the spin systems originatingR], 6.39 [(O4)H ofL], 6.20 [(O4)H ofK], 6.00 [(O2)H of
from O-acetylated and non-O-acetylated populations of the K], and 5.76 [(O4)H ofi]. Additional inter-residue NOEs
isolated O-specific polysaccharides were compared to theseobserved between (N3)H of residue(é 8.73) and (N1)H

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 Pg&non and not those of the non-O-acetylated PS,

of residueR (6 8.29) confirmed the linkage position of this
N-acyl group.

Structure Analysis of Core Oligosaccharides OSIIl and
OSIV.An initial NMR investigation indicated the presence

demonstrating that the O-specific polysaccharide is presentof uronic acid and Kdo residues in oligosaccharides OSlII

on bacteria predominantly in the O-acetylated form (Figure

and OSIV; thus, all subsequent sugar and methylation
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Ficure 4. HSQC-DEPT spectrum of the OSIII oligosaccharidePofshigelloidesO74. The spectrum was obtained fét,0O solutions at
600 MHz and 3C°C. The uppercase letters refer to carbohydrate residues as shown in Figure 6.

analyses were carried out on carboxyl-reduced material sooligosaccharide as well as from the O-specific polysaccharide
that these residues could be detected. Composition analysisind supported an undecasaccharide as the main component.
of carboxyl-reduced oligosaccharide OSIII together with As all the'H NMR spectra were complex and contained
determination of the absolute configuration revealed the overlapping signals, the major signals and spin systems were
presence of,b-Hep,b,D-Hep, b-Glc, p-Gal, L-Rha,b-FucN, assigned by COSY, TOCSY with different mixing times,
andp-Qui3N. Methylation analysis performed on carboxyl- HSQC-DEPT, and HSQC-TOCSY. By comparing the chemi-
reduced OSIII showed the presence of 3,7-disubstituted  cal shifts with previously published NMR data for respective
Hem, 3,4-disubstituted ,o-Hepp, terminal L,o-Hepp, ter- monosaccharideS89—41) and considering th&ly  values
minal o,o-Hepp, 2,4-disubstitutea-Galp, terminalp-Galp, for the coupling between ring protons, estimated from the
6-substitutedp-Glep, 3-substitutedL-Rhep, 3-substituted  cross-peaks in the two-dimensional spectra, we could identify
D-FugN, terminalp-Quip3N, and 5-substituted Kdo. Core  the sugars and determine their anomeric configuration. All
oligosaccharide OSIV was devoid 0fRha, b-FU®N, and  the spin systems comprisirigl and13C resonances (Table
D-Quip3N but included 2-substitutentGalp instead of 2,4- 1) were determined by applying the previously described
disubstitutecb-Galp. . ~ procedures X6). The p-glyceroa-p-manneheptose was

The MALDI-TOF mass spectra of the oligosaccharide (jfferentiated from the-glyceroo-p-manneheptose on the
OSIV fractions (Figure 2C) showed clusters of ions separated hasis of the chemical shifts of their C-6 resonances. The C-6
by 22 Da with the monosodiated monoisotopic molecules signal ofL,0-Hepp appears in the HSQC spectrum-af0

(IM + NaJ") at m/z 1525.3 and 1543.3. These ions ppm, whereas the C-6 signal ob-Hep resonates at 72—
correspond to four Hep molecules, one Glc, two GalA 73 ppm @1).

molecules, and one Kdo, which give together a monoisotopic . . o .
mass of 1520.4, and if Kdo is in the anhydro form a ResidueA was identified as a 5-substituted Kdo on the

monoisotopic mass of 1502.4, suggesting an octasaccharidd@@Sis Of characteristic deoxy proton signals of (8 1.89)

in OSIV. T?le mass spectrum of %gsm (Igigure 2B) with a and H-34(0 2.23) and a large chemical shift of the C-5 signal

cluster atm/z 2176.5 ([M + Na]*) supports an undeca- (0 74.1).

saccharide structure with one repeating unit (633 Da) linked ResidueB with the H-1/C-1 signals abv 5.17/100.7

to the core oligosaccharide. (J-14-2 < 2 Hz) was recognized as a 3,4-disubstituted
The 'H (Figure 2B) and HSQC-DEPT (Figure 4) NMR  L-glycerca-bD-manneHepp residue on the basis of the small

spectra, recorded for main core oligosaccharide OSIIl, vicinal couplings among H-1, H-2, and H-3 and the relatively

contained signals for 10 anomeric protons and carbons, andarge chemical shift of the C-35(78.1) and C-4 § 72.5)

a Kdo spin system. These signals derived from the core signals.
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Table 1: *H and*3C NMR Chemical Shifts of thé. shigelloidesO74:H5 (strain CNCTC 144/92) Core Oligosaccharides

fraction chemical shift (ppm)
H-6a,6b H-7a,7b  H-8a, 8b
H-1 H-2(H-3,) H-3(H-39 H-4(H-4a,4b) H-5 C-6 C-7 C-8
residue oslll Oslv C-1 C-2 C-3 C-4 C-5 CHs-1 CHs;-2 CH;CO
A —b5)-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 74.1 727  69.9 64.9
B —3,4)i-o-D-Hepp-(1—  yes yes 5.17 4.03 4.07 4.23 (4.34) 4.25 399 374
100.7 71.4 78.1 72.4 (72.5) 72.1 69.9 63.9
C —6)-3-p-Glcp-(1— 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 o-p-GalpA-(1— yes yes 5.15 3.88 3.96 4.28 457
99.0 68.7 70.1 71.6 728 1757
E —3,7)i-o-D-Hepp-(1—  yes yes 5.11 4.04 3.93 3.93 3.75 417  3.66,3.72
103.2 70.9 80.2 67.0 73.4 689 704
F  l-o-D-Hep-(1— yes yes 4.97 3.97 3.86 3.86 3.62 403 3.68,3.73
100.7 70.9 717 67.0 72.1 69.6 63.7
G —24)a-p-GapA-(1I—  yes 5.59 3.94 4.16 4.47 4.63
99.1 75.0 69.0 79.8 72.4 1739
G* —2)-0-p-GapA-(1— yes 5.89 4.16 4.20 4.42 4.61
99.2 725 68.3 72.0 749 1759
H p-a-p-Hepp-(1— yes yes 5.10 4.04 3.81 3.86 3.91 409 3.75,3.82
99.9 70.3 71.6 67.1 74.5 728 628
I*  —3)-4-D-FUCNA®-(1— vyes 4.67 3.91 3.76 3.78 3.69 1.25 2.09
102.9 52.7 80.7 68.0 715 16.5 23.5,175.9
K* —3)-a-L-Rhgp-(1— yes 4.88 4.05 3.99 3.58 3.87 1.28
103.2 711 80.7 72.1 70.1 17.7
L*  [-D-Qui3NRp-(1— 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- yes - - - 2.47,2.67 - 1.49 1.38
5-oxoproline
175.6 71.8 78.4 45.7 179.4 18.7 235

a Spectra were obtained féiH,O solutions at 30C. Acetone § 2.225,0c 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 Iffd@imeation.
residue present only in OSIV.

ResidueC with the H-1/C-1 signals at 4.56/102.3 large vicinal couplings between H-2 and H-3, and small
(Jn-1.4—2 ~ 8 Hz) was recognized as 6-substitufed-Glcp vicinal couplings among H-3, H-4, and H-5.
on basis of the large vicinal couplings between all ring  ResidueH with the H-1/C-1 signals a® 5.10/99.9
protons and the characteristic downfield shift of the C-6 (J,_, 4> < 2 Hz) was recognized as the termibagjlycero

signal ¢ 68.5). o-D-manneHepp residue due to the small vicinal couplings
Residue D with the H-1/C-1 signals at 5.15/99.0 among H-1, H-2, and H-3 and the characteristic chemical

(JH-1.1-2 < 2 Hz) was assigned as the terminab-GalpA shift of the C-6 signal ab 72.8 as in the monosaccharide

residue on the basis of the characteristic five-proton spin p-o-D-Hep @1).

system, the large chemical shifts of the H&44.28), H-5 Residuel with the H-1/C-1 signals a®t 4.67/102.9

(0 4.57), and C-64 175.7) signals, and the small vicinal (Jy_14-2 ~ 8 Hz) was assigned as the 3-substitufd-

couplings among H-3, H-4, and H-5. FugNAc residue on the basis of the characteristic signal of

Residue E with the H-1/C-1 signals aty 5.11/103.2 the exocyclic CH group ¢n 1.25, 6c 16.5), the small
(Jh-1n-2 < 2 Hz) was recognized as the 3,7-disubstituted chemical shift of the C-2¢(52.7) signal, the large chemical
L-glyceroa-p-manneHepp residue from the'H and 3C shift of the C-3 § 80.7) signal, and small vicinal couplings
chemical shifts, the small vicinal couplings among H-1, H-2, among H-3, H-4, and H-5.
and H-3, and the relatively large chemical shifts of the C-3  ResidueK with the H-1/C-1 signals ath 4.88/103.2
(60 80.2) and C-7 ¢ 70.4) signals. (JH-11-2 < 2 Hz) was assigned as the 3-substituted-

ResidueF with the H-1/C-1 signals at® 4.97/100.7 Rhap residue on the basis of the characteristic signal of the
(Ju-14—2 < 2 Hz) was recognized as the terminaglycerc exocyclic CH group ¢u 1.28, 6c 17.7), the large*C
o-b-manneHepp residue from the'H and 3C chemical chemical shift of the C-3 signab(80.7), and small vicinal
shifts, the small vicinal couplings among H-1, H-2, and H-3, couplings among H-1, H-2, and H-3.
and the C-6 signal ai 69.6 as in the monosaccharide:- ResiduelL with the H-1/C-1 signals at 4.73/105.4
D-Hep @1). (Jn—1.1—2 ~ 8 Hz) was assigned as the termifiab-Quip3NR

Residue G with the H-1/C-1 signals a® 5.59/99.1 residue on the basis of the characteristic signal of the
(Ju-14-2 < 2 Hz) was assigned as the 2,4-disubstitutent exocyclic CH group ¢n 1.31, 6c 18.0), the small*C
GalpA residue on the basis of the characteristic five-proton chemical shift of the C-3 57.9) signal, and large vicinal
spin system, the large chemical shifts of Hb4.63), H-4 couplings between all ring protons.

(0 4.47), and H-3 ¢ 4.16), the large3C chemical shift of The *Jc-1 41 values, obtained from a HSQC experiment
the C-2 ¢ 75.0), C-4 ¢ 79.8), and C-6{ 173.9) signals, run without carbon decoupling, confirmed thepyranosyl
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Table 2: Selected Inter-Residue NOE aiddc Connectivities from the Anomeric Atoms of Core Oligosaccharide OSIP o$higelloidesO74

(strain CNCTC 144/92)

atom
Onldc connectivity connectivity inter-residue
H-1/C-1 to oc to on atom/residue
B —3,4)+-0-D-Hepp-(1— 5.17 4.17 H-5 oA
100.7
C —6)-3-D-Glcp-(1—~ 4.56 72.26 4.27 C-4,H-4 @
102.3
D o-D-GalpA-(1— 5.15 3.82* H-6 ofC
99.0
E —3,7)1-0-D-Hepp-(1— 5.11 78.0 4.08* C-3,H-3 0B
103.2
F L-a-D-Hepp-(1— 4.97 70.6 3.64,3.72 C-7,H-7,8f E
100.7
G —2,4)a-p-GalpA-(1— 5.59 3.93* H-3 ofE
99.1
H D-a-D-Hepp-(1— 5.10 3.94 H-2 ofG
99.9 5.59* H-1 ofG
I —3)--p-FugNAc-(1— 4.67 79.8 4.47 C-4,H-4 d&
102.9
K —3)-0-L-Rha-(1— 4.88 80.7 3.77 C-3, H-3 df
103.2
L f-D-Quip3NR-(1— 4.73 80.7 4.00 C-3,H-3df
105.4
R 3-hydroxy-2,3-dimethyl-5-oxoproline - 3.92 H-3 ofL
175.6

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

connectivities only.
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Ficure 5: Part of the NOESY spectrum of the OSIIl core
oligosaccharide dP. shigelloide€D74. The spectrum was obtained

for a2H,0 solutior_1 at 60(_) I_\/IHz_and 3WC. The NOE connectivities
were recorded with a mixing time of 200 ms. The cross-peaks are repeating unit differed from those described for the O-specific

labeled as shown in Figure 6.

configuration for residuek (171 Hz),G (179 Hz),H (174
Hz), F (174 Hz),B (176 Hz),E (174 Hz), andD (178 Hz)
and theg-pyranosyl configuration for residues(164 Hz),

L (163 Hz), andC (161 Hz).

saccharide (Figure 6). For OSIII, inter-residue NOEs were
found between H-1 of and H-3 ofK, H-1 of K and H-3

of I, H-1 of | 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 Bf shigelloidestrain 144/

92 (Figure 6).

The linkage between the O-specific polysaccharide, i.e.,
—3)-4-D-FU@NAC-(1— (residuel), and the core structure,
together with the presence Bfp-Quip3NR-(1— (residue
L) instead 0f~2)-4-p-Quip3NR-(1— 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 CH, group of residueR (dn 2.47, 2.67) in a single

polysaccharide oy 2.42, 2.73). The ratio between the
characteristic outerRpaa, Ruap) and inner R* pyaa, R* pap)
doublets (Figure 2) correlated with the degree of polymer-
ization of the analyzed fractions.

In core oligosaccharide OSIllI, glycine was identified by

The inter-residue connectivities between adjacent sugarthe presence of an additional carbonyl resonanceld#9.0
residues were observed by NOESY (Figure 5 and Table 2)in the HMBC spectrum and a negative £étoss-peak (H
and HMBC (Table 2) experiments. The results identified the 6 3.99, G 6 41.2) in the HSQC-DEPT spectrum. The
disaccharide elements in the core oligosaccharides and thugpresence of glycine in core oligosaccharide OSIII was further
provided the sequence of monosaccharides in the oligo-corroborated by amino acid analysis and mass spectrometry.
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Ficure 6: Structures of the OSIII oligosaccharide and the polysaccharide O-repeat (p3tufelloideD74. The uppercase letters refer

to carbohydrate residues. Residueonstitutes a nonreducing end of the biological repeating unit of the O-antigen (framed with a dashed
line). Residue®\—H constitute core oligosaccharide OSIV. In OSlII, residiles the anomeric configuration reversed, compared with the
O-repeat in the PS.

The mass difference of 57 between the fMH + 2Na]" amount of LPS was recovered form the phenol phase. The
ions atm/z2198.5 and 2255.5 observed in the MALDI-TOF SDS-PAGE (Figure 1) analysis of both LRg and LP$nhon
spectrum revealed the glycinylated form of core oligo- revealed that LPSon contained the O-specific chains with
saccharide OSIIl. However, a connectivity between the the higher number of O-repeats, showing a pattern typical
glycine and the oligosaccharide is only implicit as neither for S-LPS.
NOESY nor HMBC experiments showed any supporting  The hot phenol/water extraction has been used extensively,
correlation. during the LPS isolation from various Gram-negative bacteria
The *H and HSQC-DEPT spectra, recorded for oligo- with the majority of the S-type lipopolysaccharides recovered
saccharide OSIV, contained only signals that originated from from the water phase. Typically it is the R-type LPS, which
the core oligosaccharide. Signals of the monosaccharidess retained in the phenol phase due to a higher ratio of fatty
were assigned according to the procedures described foracids to carbohydrate. The lipid A preparations obtained from
OSIlI (Table 1). The main difference was the presence of both LPS,,0 and LPS$hon Were analyzed by MALDI-TOF
—2)-0-D-GalpA-(1— (residueGP, 6 5.89/99.2) instead of  MS and exhibited corresponding ions with different intensity
—2,4)0-p-GalpA-(1—, supporting the idea that C-4 of profiles, suggesting the same structure of lipid A, varying
residueG is the linkage point between the core oligo- in the heterogeneity as described in Bdf

saccharide and the O-specific polysaccharide. However, it was reported that S-type lipopolysaccharides

In addition, a minor spin system identified as termiaa- from someAcinetobacterAzorhizobiumandYersiniaspp.
GalpA (6 5.57/101.9) alongside that 6f2)-a-p-GalpA-(1— were primarily isolated as a phenol-soluble fractid®-
and additional Signals at 3.77 and 3.87/62.1 attributed to 45). Unlike most of the S-type enterobacterial lipopoly-
H-7a and H-7b/C-7 of the-3)-L-a-D-Hepp-(1— variant of  gaccharides, the O-antigens Bf shigelloidesO74 were
residueE were found. These results were in agreement with preferentia"y extracted into the phen0| phase, Suggesting
tf;]e MALDEJ_QF a”nalysis_ of C?fe olig?sre:ccharide S'SIVd unusual physicochemical properties of this LPS.
showing additionally a minor cluster of the monosodiate ; ;
monoisotopic molecule [M+ NaJ" at n/z 1141.4 (Kdo in LPTSh4e N'\élR f\r:ja![)r/]s?”?f (F;SI |sqlf<'_:1ted Ifrom la%g andh
he anhydro form) and 1159.4. These ions could be explained 0 Incicated that the &-Specriic polysaccharides share
L h Y f dditional i harid the same structure of the repeating units, possessing only a

y the presence of an additional core oligosaccharide popu-g, free hydroxyl groups. The O-repeats contain one deoxy
lation devoid of residue$l (p-a-D-Hepp) and F (L-a-D- : :

sugar (Rha), two dideoxy amino sugars, such as N-acetylated
Hepp). The structure of OSIV was further corroborated by 2-amino-2,6-dideoxygalactose (FINAC) and 3-amino-3,6-
the results of the MALDI-TOF MS and methylation analysis. dideoxygltjcose (QuBN) N-acylated with a 3-hydroxy-é,3-
dimethyl-5-oxoproline. The O-repeats differed only in a
DISCUSSION degree of O-acetylation at O-2 of the Rhasidue: 84% of

We present here the complete structur@oshigelloides  the repeating units from LR&were O-acetylated, whereas
lipopolysaccharide possessing a new core oligosaccharidep6% were O-acetylated in the O-repeats from LBSThe
the structure of the biological repeating unit of the O-antigen, deoxy and amino sugars, the N-acyl, scarce hydroxyl groups,
and the linkage between them. The detailed analysis of lipid and the O-acetyls present in both LR& and LPS,0 all
A and its linkage to the core oligosaccharide are described contribute to the hydrophobicity of the LPS®f shigelloides
in ref 51. 074.

The lipopolysaccharide d?. shigelloidesserotype O74 The high-resolution magic angle spinning (HR-MAS)
was obtained with the hot phenol/water method; however, NMR allows observation of the O-antigen carbohydrate
rather unexpectedly, the yield of the LPS obtained from the structures directly on the surface of the bacterial cells.
water phase (LR$o) was low, and a substantially larger Moreover, the changes in the HR-MAS NMR spectra provide
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immediate distinction of structures differing in the O- Salmonellaand Shigellapossessing LPS with the typical
acetylation or other chemical modification. A HR-MAS phosphorylated core oligosaccharidd6-48).

HSQC NMR experiment combined with biosynthetic & Although P. shigelloidess a rare pathogen in humans,
enrichment of bacteria in a small-scale culture, usiqty- individual cases are usually serious and difficult to treat with
*C]glucose, was used to confirm the assignments of the a mortality rate exceeding 60% for septicaena4@). The
O-specific polysaccharide components in situ. Here we haveinfections are most common but not limited to the tropical
demonstrated that among the native O-antigens on the surfac@ountries, and the bacteria have been isolated more often in
of P. shigelloidesO74 the O-acetylated O-repeats prevail countries with moderate or cold climate, e.g., in Swedn (

as the chemical shift values of the O-specific polysaccharidein Finland @8), and even in a lake above the Polar Circle
components in situ were in agreement with those for the (50).

isolated Psnon and not those of the O-deacetylated PS  The solation of the OSIII oligosaccharide, i.e., the

(Figure 1, Table S1, and Figure S1). ~ complete core oligosaccharide substituted with one repeating

As shown by HR-MAS NMR, the more hydrophobic  ynit, not only showed the structure of the biological repeating
character of the phenol soluble LPS could be explained by ynit of the O-antigen but also allowed the identification of
a higher degree of the O-acetylation of the native O-repeats,the terminal residue of the O-specific side chains and the
possibly influencing the overall conformation of the O- linkage to the core. The~3)-3-p-FuNAc-(1— residue
antigens and leading to its preference for a nonaqueous(residuel*) found at the reducing end of the O-specific
surrounding. polysaccharide repeating unit is linked to O-4 of th@)-

The core oligosaccharides of Enterobacteriaceae ando-p-GalpA-(1— residue (residu6) of core oligosaccharide
related families are built of the outer core, composed mainly OSIV. The anomeric configuration of that linkage is altered
of hexoses, and the inner core, containing the LPS-specific (5-configuration), compared to that of the O-specific poly-
components, i.e., heptose and Kdo. The inner core region ofsaccharide -configuration).
enterobacteria is usually substituted with charged groups such  The core oligosaccharide described herein represents a new
as phosphate, pyrophosphate, 2-aminoethyl phosphate, andiycture described for the LPS of the gerRissiomonas
2-aminoethyl pyrophosphate. The core oligosaccharidesThe results obtained further support the previously described

isolated from LPS oP. shigelloidesbelonging to separate  gpservation, suggesting the lack of a uniform core structure
O-serotypes, differ in their structures and cross-reactivity among theP. shigelloidesO-serotypes.

(16). The core oligosaccharide Bf shigelloideD74, similar

to that of P. shigelloidesO54, lacks these charged groups, SUPPORTING INFORMATION AVAILABLE

and unlike in the core oligosaccharides of Enterobacteriaceae,

the outer and inner core parts cannot be clearly distinguished. The HSQC spectra of the O-antigenfafshigelloide<O74

The core oligosaccharide & shigelloideD74 contains ~ ©n intact U23C-enriched bacteria ((:C-bacteria), obtained
saccharide isolated from the phenol phasep(Bi are

L-0-D-Hepp o-Kdo compared in Figure S1. Table S1 presents the complete
1 2 assignment offH and *C NMR chemical shifts of the
1 \ O-antigen in situ and the O-specific polysaccharides obtained
7 4

from phenol and water phases of LPS. This material is

—3)-L-0-D-Hepp-(1-3)-L-0-D-Hepp-(1-5)-Kdo available free of charge via the Internet at http://pubs.acs.org.
present in the majority of characterized enterobacterial REFERENCES

and non-enterobacterial core structures. This inner core
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