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Abstract

The O-specific polysaccharide (OPS) was isolated by mild-acid degradation of the lipopolysaccharide of Vibrio
cholerae O9 and studied by carboxyl reduction, sugar and methylation analyses, Smith degradation, and two-dimen-
sional NMR spectroscopy, including COSY, TOCSY, NOESY, and H-detected 'H,"*C HMQC experiments. The
following structure of the pentasaccharide-repeating unit of the OPS was established:

a-D-Glep

!

4

—4)-0-D-Glcp-(1—-4)-0-D-GalpNAcA-(1-3)-0-D-GalpNAcA-(1-3)-a-D-GlcpNAc-(1—
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1. Introduction

Until 1992, O1 was considered as the only
Vibrio cholerae serogroup associated with epi-
demic cholera.! The emergence then of an
epidemic strain from another V. cholerae
serogroup, 0139, prompted monitoring of di-
arrhoea in endemic areas also for other non-
Ol serogroups. Some of the non-Ol,
non-0O139 serogroups were found to be in-

* Corresponding author. Tel.: + 46-8-58583821; fax: + 46-
8-58583820.

E-mail address: pererik.jansson@kfcmail.hs.sll.se (P.-E.
Jansson).

creasingly associated with cholera-like dis-
eases.>’ In particular, V. cholerae 09 was
found in several cases of diarrhoea in a
prospective study in India between 1993 and
1995.° The virulence mechanisms of this
serogroup of bacteria are not known, and we
have therefore undertaken structural studies
of the lipopolysaccharide.

Serogrouping of V. cholerae is based on the
reactivity of specific antibodies with antigens
that reside in the O-specific polysaccharide
chain (OPS) of the lipopolysaccharides. Struc-
tures of the OPS of V. cholerae vary signifi-
cantly from serogroup to serogroup.
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Structural studies have been performed on the
OPS of serogroups O1-03, 05, 08, 0OI10,
021, 022, O76, O139, O144, and O155, and a
number of unique sugars and
non-carbohydrate groups have been identified
as OPS components (for review see Refs. 9
and 10). Now we report on the structure of
the OPS of V. cholerae O9 containing
2-acetamido-2-deoxy-D-galacturonic acid.

2. Results and discussion

The O-specific polysaccharide (OPS) was
prepared by mild-acid degradation of the lipo-
polysaccharide of V. cholerae O9 followed by
gel-permeation chromatography on Sephadex
G-50. Acid hydrolysis of the OPS revealed
glucose and 2-amino-2-deoxyglucose, which
were identified by GLC of the alditol acetates.
After carboxyl reduction, in addition to these
sugars, 2-amino-2-deoxygalactose was iden-
tified, which was evidently derived from 2-
amino-2-deoxygalacturonic acid (GalNA).
The GIcN:GalN ratio was 1:0.8, which, taking
into account the presence in the repeating unit
of the OPS of one GIcN and two GalNA
residues (see below), indicated reduction of
40% GalNA residues. Determination of the
absolute configuration of the monosaccharides
in the carboxyl-reduced OPS by GLC of the
acetylated ( + )-2-octyl glycosides showed that
they all have the D configuration.

Methylation analysis of the OPS revealed
similar amounts of terminal and 4-substituted
glucose residues, but only a trace amount of
an amino sugar derivative. When the carboxyl
reduced OPS was analysed, derivatives from
the 3-substituted GIcN and 4-substituted and
3,4-disubstituted GalN residues were identified
in the ratios 1:0.5:0.2, respectively. The ab-
sence of the corresponding 3-substituted GIcN
derivative in methylation analysis of the initial
OPS may be accounted for by the slow hy-
drolysis of the glycosidic linkage of GalNA
attached to GIcN (see below).

The '*C NMR spectrum of the OPS (Fig. 1)
contained signals for five anomeric carbons at
0 98.5-102.3, three carbons bearing nitrogen
at 0 50.4-54.3, three HOCH,~C groups at o
62.1-62.3, 17 other carbons bearing oxygen at
0 69.1-81.7, three N-acetyl groups at o 23.4—
23.6 (CH;) and 175.6—-176.1 (CO), and car-
boxyl groups at o 173.6. The absence of
signals above ¢ 82 indicated that all sugars
were pyranoid. Accordingly, the 'H NMR
spectrum of the OPS contained signals for five
anomeric protons at ¢ 5.00-5.28, three N-ace-
tyl groups at 6 1.97-2.05, and other protons
in the region 0 3.48—4.56. These data showed
that the OPS has a pentasaccharide repeating
unit, containing one residue of D-GIcNAc and
two residues each of D-Glc and D-GalNACA.

The 'H and "*C NMR spectra of the OPS
were assigned using two-dimensional COSY,
TOCSY, and H-detected 'H,"*C HMQC ex-

Chemical shift (ppm)

Fig. 1. 125-MHz '3C NMR spectrum of the O-specific polysaccharide of V. cholerae O9.
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Table 1
'"H NMR chemical shifts (5, ppm) *
Sugar residue H-1 H-2 H-3 H-4 H-5 H-6
OPS 1
—4)-a-D-Glep-(1 — (A) 5.00 3.48 4.00 3.66 4.12 3.81
—4)-a-D-GalpNAcA-(1 —» (B) 5.21 4.42 3.92 4.45 4.40
- 3,4)-0-D-GalpNAcA-(1 —» © 5.28 4.52 4.07 4.56 4.45
— 3)-0-D-Glcp NAc-(1 —» (D) 5.28 4.03 3.89 3.72 3.80 3.86
o-D-Glep-(1 —» (E) 5.04 3.52 3.79 3.51 3.96 3.86
Oligosaccharide 2
a-D-GalpNAcA-(1 — (B) 5.13 4.20 3.89 4.32 4.36
— 3)-a-D-GalpNAcA-(1 —» (&) 5.25 4.34 3.97 4.39 4.34
— 3)-a-D-Glcp NAc-(1 —» (D) 5.05 4.01 3.86 3.70 3.81 3.85

2 Additional chemical shifts for NAc are 0 1.97, 2.00, and 2.05 in the OPS; ¢ 1.97, 2.00,

Table 2

13C NMR chemical shifts (5, ppm) *

and 2.04 in the oligosaccharides.

Sugar residue C-1 C-2 C-3 C-4 C-5 C-6
OPS 1

—4)-0-D-Glep-(1 — (A) 101.1 73.6 74.7 78.0 72.6 62.1
—4)-0-D-GalpNAcA-(1 — (B) 98.5 50.8 69.1 80.1 72.8 173.6
—3,4)-0-D-GalpNAcA-(1 — © 101.3 50.4 76.1 79.7 73.0 173.6
— 3)-0-D-Glcp NAc-(1 —» (D) 100.0 54.3 81.7 72.1 74.3 62.3
a-D-Glep-(1 —» (E) 102.3 73.4 74.3 71.3 74.6 62.1
Oligosaccharide 2

a-D-GalpNAcA-(1 — (B) 97.7 50.9 68.6 72.0 73.1 174.9°
— 3)-a-D-GalpNAcA-(1 —» © 100.8 49.6 80.3 71.0 73.1 174.5°
— 3)-a-D-GlcpNAc-(1 —» (D) 98.4 54.0 81.0 72.6 74.0 61.8
—2)-Erythritol 61.1°¢ 76.3 ¢ 68.7° 64.0

# Additional chemical shifts for NAc are ¢ 23.4 and 23.6 (2C) (CH;), 175.6 (2C) and 176.1 (CO) in the OPS; 23.5, 23.6 (2C)
(CH,), 175.9, 176.0, and 176.3 (CO) in the oligosaccharide. Assignment of signals with a chemical shift difference <0.2 ppm could

be interchanged.
® Assignment could be interchanged.
¢ Tentative assignment.

periments (Tables 1 and 2). The spin systems
of the amino sugar residues were identified by
correlation of protons at carbons bearing ni-
trogen to the corresponding carbons. The Gal-
NACcA spin systems were distinguished from
that of GIcNAc by characteristic low J;, and
J,s coupling constant values (not resolved,
<3 Hz) and relatively high oJ-values of the
signals for H-2, H-4, and H-5 (¢ 4.40—-4.56).
Chemical shifts of the anomeric protons (0 >
5.00) and small J,, coupling constant values
(<4 Hz) indicated that all monosaccharides
are o-linked.

Sugar residues in the repeating unit of the
OPS were designated as shown in Fig. 2 and

Tables 1 and 2. Their sequence was deter-
mined by the following interresidue correla-
tions between the transglycosidic protons
revealed by a NOESY experiment on the OPS:
A H-1/B H-4, C H-1/D H-3, D H-1/A H-4,
and E H-1/C H-4 at ¢ 5.00/4.45, 5.28/3.89,
5.28/3.66, and 5.04/4.56, respectively. B H-1 at
0 5.21 gave two interresidue cross-peaks, with
H-3 and H-4 of unit C at ¢ 4.07 and 4.56,
respectively, but since the E-(1—-4)-C se-
quence followed from the E H-1/C H-4 corre-
lation, unit B is attached to unit C at position
3. The glycosylation pattern in the OPS was
confirmed by low-field displacements to ¢
76.1-81.7 of the signals for C-4 of units A and
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B, C-3 of unit D, and C-3 and C-4 of unit C
in the *C NMR spectrum of the OPS (com-
pare chemical shifts 6 69.1-73.5 for C-3 and
C-4 in the corresponding nonsubstituted sug-
ars.'12) The C-2—C-6 chemical shifts of unit
E were close to those in a-Glc.'" These data
together show that the repeating unit of the
O-specific polysaccharide of V. cholerae O9
has structure 1 shown in Fig. 2.

Smith degradation of the OPS resulted in
oxidation of both glucose residues to give a
mixture of two oligosaccharides, each contain-
ing all three amino sugars present in the OPS.
The negative ion mode ESI mass spectrum of
the mixture showed two intense singly charged
[M — H]~ pseudomolecular ions at m/z 758.4
and 800.2. The former, major peak corre-
sponded to the target Smith degradation
product 2 (Fig. 2) containing erythritol as
aglycon (calculated monoisotopic molecular
mass 759.3 Da). The other, minor peak be-

longed to an oligosaccharide having a 42 Da
higher molecular mass, which corresponded to
the presence of an additional C,H,O frag-
ment. Most likely, this fragment was a 2-hy-
droxyethylidene group derived from the
C-1-C-2 fragment of the oxidised 4-substi-
tuted glucose residue, which formed a stable
cyclic acetal with erythritol rather than a
hemiacetal with water with subsequent elimi-
nation by mild-acid hydrolysis (3, Fig. 2).
Smith degradation of (1 —4)-linked glucans
and some bacterial polysaccharides containing
a 4-substituted hexose residue has been re-
ported to give similar by-products (Ref. 13
and refs. cited therein).

The structures of the oligosaccharides were
established using the 'H and '*C NMR data
(Tables 1 and 2). In particular, a low field
position of the C-3 signal of unit C compared
to that of terminal unit B (6 80.3 vs. 68.6)
indicated substitution of the former at posi-

—4)-0-D-Glep-(1—-4)-a-D-GalpNAcA-(1-3)-0-D-GalpNAcA-(1—3)-0-D-GlepNAc-(1—

A B

E
o-D-Glep
4
C D
HoOH

o-D-GalpNAcA-(1-3)-0-D-GalpNAcA-(1—3)-0-D-GlepNAc-(1—0

B C

0-D-GalpNAcA-(1-3)-0-D-GalpNAcA-(1-3)-0.-D-GlepNAc-(1—0

B C

3

D HO
CH>OH

o
O>—CH20H

D CH,0H

Fig. 2. Structures of the repeating unit of the O-specific polysaccharide of V. cholerae O9 (1) and oligosaccharides derived by
Smith degradation of the OPS (2 and 3). GalNACcA stands for 2-acetamido-2-deoxygalacturonic acid.
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tion 3 in the oligosaccharide and thus con-
firmed the attachment of unit E to unit C at
position 4 in the OPS. A signal at J,; 5.00 (t,
J 3 Hz, O-CH-0O), giving correlations with
signals at J, 3.67 (C-CH,OH) in the COSY
spectrum and at J. 104.5 in the 'H,"C
HMQC spectrum, demonstrated the presence
of an acetal group and a 1,3-dioxane ring in
the minor oligosaccharide 3 (compare pub-
lished data'?). Structures 2 and 3 of the Smith
degradation products confirmed structure 1 of
the O-specific polysaccharide of V. cholerae
09 (Fig. 2).

Noteworthy, the polysaccharide studied
possesses inter alia a feature in common with
a few other polysaccharides, characterised by
the presence of a GalNA — GalNA disaccha-
ride element (1 - 3)-linked to an N-acetyl-
amino sugar having the D-gluco configuration
(D-GIcNAc in V. cholerae O9 and Shigella
dysenteriae;'* 2-acetamido-2,6-dideoxy-D-glu-
cose in Pseudomonas aeruginosa,"® Francisella
tularensis,'® and Vibrio anguillarum;'’ or
2,4-diacetamido-2,4,6-trideoxy-D-glucose  in
Acinetobacter haemolyticus'®).

3. Experimental

Growth of the bacterium, isolation and
degradation of the lipopolysaccharide.— V.
cholerae 09, strain CO987, from Professor
G.B. Nair (Department of Microbiology, Na-
tional Institute of Cholera and Enteric Dis-
eases, Calcutta, India) was grown in a rich
tryptone-yeast extract as described earlier."
Pelleted bacterial cells were suspended in wa-
ter and extracted with hot aq phenol® to give
a crude lipopolysaccharide, which was purified
by treatment with DNAse, RNAse and
Proteinase K.*!' The purified lipopolysaccha-
ride was degraded with 2% AcOH for 10 h at
100 °C; the precipitate was removed by cen-
trifugation, and the OPS was isolated by gel-
permeation chromatography on Sephadex
G-50 (S) (Pharmacia, Sweden) using 0.05 M
pyridinium acetate pH 4.5 as eluent; monitor-
ing was performed using a Bischoff differen-
tial refractometer (USA).

NMR spectroscopy and MS.—An OPS
sample was exchanged twice with D,O

(99.9%), lyophilised, and dissolved in D,O
(99.96%); pD of the solution was 6.5. The '*C
NMR spectrum of the OPS was run on a
Bruker AM-360 instrument (Germany) at
80 °C for the polysaccharide and that of the
oligosaccharide on a JEOL EX-270 instru-
ment (Japan) at 25 °C, with acetone (0 31.45)
as the internal reference. The '"H NMR and
two-dimensional NMR spectra were recorded
on a JEOL JNM ECP500 instrument (Japan)
at the same temperature, using sodium 3-
trimethylsilylpropanoate-d, (6 0.0) as the in-
ternal reference. A mixing time of 100 ms was
used in the TOCSY and NOESY experiments.

Electrospray ionisation (ESI) MS was run
in the negative mode using a VG Quattro
triple quadrupole mass spectrometer (Micro-
mass, UK) with aq 50% MeCN containing 1
mM ammonia as the mobile phase at a flow
rate of 10 uL/min. The sample was dissolved
in aq 50% MeCN at a concentration of ~ 50
pmol/uL, and 10 pL was injected via a syringe
pump into the electrospray source.

Sugar analysis.—Sugar analysis was carried
out before and after carboxyl reduction, which
was performed according to the published
method.??> Hydrolysis was performed with 2 M
CF,CO,H (120 °C, 2 h), and monosaccharides
were identified by GLC as the alditol acetate
derivatives* on a DB-5 fused-silica capillary
column (25 m x 0.25 mm), using a Hewlett—
Packard 5880 instrument (USA) and a tem-
perature gradient from 160°C (1 min) to
250 °C at 3 °C/min. For determination of the
absolute configuration of monosaccharides,*
the hydrolysate of the carboxyl-reduced OPS
was N-acetylated with Ac,O in an aq satd
solution of NaHCO; (20 °C, 30 min), heated
with (+ )-2-octanol (0.15 mL) in the presence
of anhyd CF;CO,H (0.03 mL) at 100 °C for
16 h, acetylated with Ac,O in Py (100 °C, 1 h),
and analysed by GLC as above.

Methylation analysis.—Methylation of the
OPS and the carboxyl reduced OPS was per-
formed using methyl iodide in dimethyl
sulphoxide in the presence of sodium methyl-
sulphinylmethanide.”®> Hydrolysis was per-
formed as in sugar analysis, partially
methylated monosaccharides derived were re-
duced with NaBH,, converted to alditol ac-
etates, and analysed by GLC-MS on a
Hewlett—Packard 5890 chromatograph (USA)
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equipped with a NERMAG R10-10L mass
spectrometer (France) under the same chro-
matographic conditions as in GLC.

Smith degradation.—The OPS (18 mg) was
oxidised with of 0.1 M NalO, at 20 °C for 48
h in the dark. Ethylene glycol was added to
destroy the excess oxidant; the product was
reduced with an excess of NaBH, at 20 °C for
2 h, acidified with HOAc, desalted on Biogel
P-2 (Bio-Rad) in 0.05 M pyridinium acetate
pH 4.5, hydrolysed with 2% AcOH (2 h,
100 °C), and the resulting oligosaccharide
mixture (7.7 mg) was separated by gel-perme-
ation chromatography on Biogel P-2.
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