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a b s t r a c t

O-Polysaccharide (O-antigen) accompanied by a minor mannan was isolated from the lipopolysaccharide
of Escherichia coli O39 and studied by component analyses, methylation, Smith degradation, mass spec-
trometry, and 1D and 2D NMR spectroscopy. In addition, a new approach, solvolysis with anhydrous tri-
fluoroacetic acid, was applied to cleave selectively the rhamnosidic linkage. The following structure of the
O-polysaccharide was established:

where D-Qui4N(R3Hb) indicates 4,6-dideoxy-4-[(R)-3-hydroxybutanoylamino]-D-glucose. The O-antigen
gene cluster of E. coli O39 has been sequenced. The gene functions were tentatively assigned by a com-
parison with sequences in the available databases and found to be in agreement with the O-polysaccha-
ride structure.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Escherichia coli clones, both commensal and pathogenic, are
normally identified by a combination of somatic (O), flagellar (H),
and sometimes capsular (K) antigens.1 The O-antigen is a polysac-
charide chain (O-polysaccharide, OPS) of the lipopolysaccharide on
the surface of Gram-negative bacteria. It consists of many repeats
of an oligosaccharide (O-unit) and is the most variable cell constit-
uent. Till now, 174 E. coli O-antigen forms have been recognized.2

Different O-antigen forms are mainly due to genetic variations in
the O-antigen gene cluster, which is located between housekeep-
ing genes galF and gnd on the chromosome in E. coli. It contains
genes for synthesis of nucleotide precursors of sugars that are spe-
cific O-unit components, genes that mediate sugar transfer in the
O-unit assembly on a lipid carrier, and O-antigen processing genes,
including wzx and wzy for O-unit translocation across membrane

and polymerization, respectively.1 Chemical, biochemical, and
genetic studies of E. coli O-antigens are helpful for development
of improved diagnostic tools necessary for disease prevention
and control.

E. coli O39 strains have been identified as a Shiga toxin-produc-
ing E. coli (STEC) isolated from various foods including beef, ham-
burgers, and soft cheeses all over the world.3–5 An E. coli O39
isolate, O39:NM, that does not fit into the existing scheme for
classifying diarrheogenic E. coli, was also reported to cause a gas-
trointestinal illness outbreak in USA in 1991.6 In this work, we
established the OPS structure of E. coli O39 and characterized the
O-antigen gene cluster of this bacterium.

2. Results and discussion

2.1. Structure elucidation of the O-polysaccharide

A high-molecular mass polysaccharide was obtained by mild
acid degradation of the lipopolysaccharide isolated from bacterial
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cells by the phenol–water procedure. Sugar analysis by GLC of the
alditol acetates derived after full acid hydrolysis of the polysaccha-
ride revealed Rha, Man, Gal, and GlcNAc in the ratios �1:3:1:0.5
(detector response), respectively. GLC analysis of the acetylated
(S)-2-octyl glycosides demonstrated the D configuration of Man,
Gal, and GlcN, and the L configuration of Rha. Yet another polysac-
charide component, 4,6-dideoxy-4-[(R)-3-hydroxybutanoylami-
no]-D-glucose [D-Qui4N(R3Hb)], was not detected in sugar
analysis but was identified by further NMR spectroscopic studies.
The D configuration of its sugar moiety was established by analysis
of 13C NMR glycosylation shifts (see below), and the R configura-
tion of 3-hydroxybutanoic acid was determined by GLC of the tri-
fluoroacetylated (S)-2-octyl ester obtained from the polysaccharide
hydrolysate.

Methylation analysis of the polysaccharide resulted in identification
of the major alditol acetates derived from 2,3,4,6-tetra-O-methyl-
hexose (from terminal Gal), 4,6-di-O-methylhexose (from a
2,3-substituted hexose, evidently Man), and 6-deoxy-2,3-di-O-
methylhexose (from 4-substituted Rha), as well as 2-deoxy-4,6-
di-O-methyl-2-(N-methyl)acetamidohexose (from 3-substituted
GlcNAc). Therefore, the OPS is branched with Man at the branching
point and Gal as the terminal monosaccharide of the side chain.
Again, no Qui4N derivative was detected in methylation analysis.

Identification of only one major methylated mannose derivative
but a high content of Man detected in sugar analysis (three times
as much as Gal) suggested the presence of mannan contamination.
Indeed, minor peaks from terminal, 2-substituted, 3-substituted,
6-substituted, and 2,6-disubstituted hexoses were identified in
methylation analysis. Most from them are typical of bacterial man-
nans, whereas terminal and 3-substituted hexoses could originate
from the lipopolysaccharide core that was attached to the OPS.

The 1H NMR and 13C NMR (Fig. 1) spectra of the polysaccharide
contained signals of different intensities, evidently owing to the
mannan contamination of the OPS. The major series in the 13C
NMR spectrum included signals for three C-CH2OH groups (C-6 of
hexoses) at d 61.3–62.6, four C-CH3 groups (C-6 of Rha and Qui4N,

C-2 of NAc, and C-4 of 3Hb) at d 18.0–23.5, two nitrogen-bearing
carbons (C-2 of GlcN and C-4 of Qui4N) at d 54.2 and 57.4, C-2
and C-3 of 3Hb at 46.2 and 66.2 ppm, respectively, and two CO
groups of the N-acyl substituents at d 174.9 and 175.5; signals
for anomeric carbons were at d 98.5–103.6 and other sugar ring
carbons in the region d 66.9–82.9. The 1H NMR spectrum of the
polysaccharide showed, inter alia, major signals for three CH3-C
groups (H-6 of Rha and Qui4N and H-4 of 3Hb) at d 1.16–1.24,
H-2 of 3Hb at d 2.34, and NAc at d 2.07.

Assignment of the NMR spectra of the OPS was complicated by
the mannan admixture. Whereas acidic polysaccharides can be eas-
ily purified by anion-exchange gel chromatography, this was not the
case of the polysaccharides from E. coli O39 as both were neutral. To
solve the problem the OPS was cleaved selectively by two methods.

Smith degradation of the polysaccharide mixture, including
periodate oxidation, borohydride reduction, and mild acid hydroly-
sis, afforded an oligosaccharide glycoside (OS-1) with the 1-deoxy-
erythritol (1dEry-ol) aglycon derived evidently from 4-substituted
Rha. It was isolated by GPC on TSK HW-40 (S) and studied by NMR
spectroscopy and ESI MS.

The 1H NMR and 13C NMR (Fig. 2) spectra of OS-1 were assigned
(Table 1) using 2D homonuclear 1H,1H COSY, TOCSY, ROESY, and
heteronuclear 1H,13C HSQC and HMBC experiments. OS-1 was
found to contain one residue each of GlcN, Qui4N, and Man called
units A–C, respectively, as well as 1dEry-ol and both N-acyl substit-
uents, including NAc and 3Hb groups. The amino sugars were con-
firmed by correlations of protons at the nitrogen-linked carbons
with the corresponding carbons, namely C-2 of GlcN at d 3.88/
54.8 and C-4 of Qui4N at d 3.79/57.7. The composition of OS-1
was confirmed by the negative ion ESI mass spectrum, which re-
vealed a singly charged [M�H]� ion at m/z 701.2981 (the calcu-
lated molecular mass of OS-1 is 702.3059 Da).

A relatively large J1,2 coupling constant of �7 Hz and a relatively
small J1,2 value of <4 Hz indicated that Qui4N was b-linked and
GlcN was a-linked, respectively. The C-5 chemical shift d 74.1 dem-
onstrated the a configuration of Man (compare published data7 d

Figure 1. 13C NMR spectrum of the OPS/mannan mixture from E. coli O39.
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