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a b s t r a c t

The O-polysaccharide (O-antigen) of Escherichia coli O102 was studied by sugar analysis along with one-
and two-dimensional 1H and 13C NMR spectroscopy. The following structure of the branched pentasac-
charide repeating unit was established:

The O-antigen gene cluster of E. coli O102 was sequenced. The gene functions were tentatively assigned
by comparison with sequences in the available databases and found to be in full agreement with the
E. coli O102 O-polysaccharide structure.

� 2012 Elsevier Ltd. All rights reserved.
Escherichia coli clones including both commensal and patho-
genic ones are normally identified by the combination of their so-
matic (O), flagellar (H), and sometimes capsular (K) antigens.1 The
O-antigen or O-polysaccharide, consisting of many repeats of an
oligosaccharide (O-units), is an essential component of lipopoly-
saccharide on the surface of Gram-negative bacteria, and one of
the most variable cell constituents. Till now, about 174 O-antigen
forms have been recognized for E. coli.2

Different O-antigen forms are almost entirely due to genetic
variations in the O-antigen gene cluster, which is located between
galF and gnd in the chromosome in E. coli. The cluster usually con-
tains genes involved in nucleotide-sugar synthesis, monosaccha-
ride transfer, and O-antigen processing (wzx and wzy genes).1

Strains belonging to E. coli O102 have been isolated and identi-
fied as pathogens for avian colibacillosis3 and also reported to be
associated with Shiga toxin-producing Escherichia coli (STEC) infec-
tions in humans.4 Recently, E. coli O102 strains have been reported
as one of the major multidrug-resistant E. coli strains worldwide,
which may cause infections in both hospital and community set-
tings.5–7 Therefore, studies of E. coli O102 O-antigen will be helpful
ll rights reserved.
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.

for development of a diagnostic tool useful for prevention and con-
trol of diseases caused by E. coli O102 strains.

In this work, we established the structure of E. coli O102 O-anti-
gen that has not been hitherto known and characterized the O-
antigen gene cluster of these bacteria.

A high-molecular mass OPS was obtained by mild acid degrada-
tion of the lipopolysaccharide isolated from dried bacterial cells by
the phenol–water procedure. Sugar analysis by GLC of the alditol
acetates derived after full acid hydrolysis of the OPS revealed Glc,
Gal, GalN, and Rha in the ratio �1:1.5:1:1 (detector response).
GLC analyses of the acetylated (S)-2-(+)-octyl glycosides demon-
strated the D configuration of Glc, Gal, GalN, and the L configuration
of Rha.

The 13C NMR spectrum of the OPS (Fig. 1) showed signals for
five anomeric carbons in the region d 99.6–105.8, four HOCH2-C
groups (C6 of hexoses) at d 61.9, 62.2, 62.9, and 66.3 (data of the
attached proton test), two nitrogen-bearing carbons (C2 of GalN)
at d 52.3 and 53.8, 18 oxygen-bearing non-anomeric sugar ring car-
bons in the region d 68.8–82.7, and two N-acetyl group at d 23.6 (2
CH3), and 176.1 and 176.2 (CO). Accordingly, the 1H NMR spectrum
of the OPS contained signals for five anomeric protons at d 4.59–
5.19, other sugar protons in the region d 3.30–4.42, one methyl
group (H-6 of Rha) at d 1.30, and two N-acetyl groups at d 2.05
and 2.07. Therefore, the OPS has a pentasaccharide repeat (O-unit)
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Figure 1. 13C NMR spectrum of the OPS of E. coli O102. Numbers refer to carbons in sugar residues denoted as shown in Table 1.
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containing two residues of D-GalNAc (denoted as units C and E),
and one residues each of D-Gal, D-Glc, and L-Rha (units A, B, and
D, respectively).

Signals in the 1H and 13C NMR spectra of the OPS were inter-
preted using two-dimensional homonuclear 1H,1H COSY, TOCSY,
ROESY, and heteronuclear 1H,13C HSQC, HMQC-TOCSY, and HMBC
experiments (Table 1). Based on intra-residue H,H and H,C correla-
tions and coupling constant values, spin systems were assigned to
residues of A–E, all being in the pyranose form. Relatively large J1,2

coupling constant value of 7–8 Hz showed that units B, C, and E are
b-linked, whereas a significantly smaller value of <2 Hz indicated
the a-linkage of unit A. The position at d 70.8 of the signal for C-
5 indicated that unit D is a-linked (compare published data d
70.0 and 73.2 for a- and b-Rhap, respectively).8

The spin systems for C and E were distinguished by correlation
between protons at the nitrogen-bearing carbons (H2) and the cor-
responding carbons (C2) at d 4.06/52.3 and 4.10/53.8. The signals
for C3 and C4 of unit A, C6 of unit B, C3 of unit C, and C4 of unit
E were shifted significantly downfield, as compared with their
positions in the corresponding non-substituted monosaccharides.8

The chemical shifts for the C2–C5 signals of unit D were close to
those of unsubstituted a-Rhap. These data demonstrated the
branching character of the OPS chain with unit D at the terminal
Table 1
1H and 13C NMR chemical shifts (d, ppm) of the OPS of E. coli O102

Sugar unit H1
C1

H2
C2

H3
C3

H4
C4

H5
C5

H6 (6a, 6b)
C6

?3,4)-a-D-Galp-(1? 4.95 3.72 3.95 4.42 3.96 3.69, 3.69
A 99.6 68.8 81.1 76.8 71.5 61.9
?6)-b-D-Glcp-(1? 4.63 3.30 3.50 3.62 3. 63 3.76, 4.02
B 105.8 74.2 76.8 70.0 75.3 66.3
?3)-b-D-GalpNAc-(1? 5.01 4.06 3.73 4.18 3.58 3.79, 3.79
C 102.4 52.3 82.7 69.0 76.2 62.2
a-L-Rhap-(1? 5.19 4.16 3.78 3.47 3.75 1.30
D 103.0 71.5 71.7 72.9 70.8 17.9
?4)-b-D-GalpNAc-(1? 4.59 4.10 3.87 4.06 3.75 3.79, 3.79
E 105.2 53.8 72.9 76.2 76.2 62.9

The chemical shifts for the N-acetyl groups are dH 2.05 and 2.07 (Me); dC 23.6 (2 Me)
and 176.1, 176.2 (CO).
position in the side chain and defined the glycosylation pattern
in the O-unit.

The ROESY spectrum of the OPS showed the following correla-
tions between anomeric protons and protons at the linkage car-
bons: A H1,B H6b; B H1,C H3; C H1,A H4; D H1,E H4; and E
H1,A H3 at d 4.95/3.76, 4.63/3.73, 5.01/4.42, 5.19/4.06, and 4.59/
3.95, respectively. The monosaccharide sequence thus determined
was confirmed by a heteronuclear 1H,13C HMBC experiment, which
showed correlations between anomeric protons and linkage car-
bons (Fig. 2) and vice versa.

Therefore, the OPS of E. coli O102 has the following structure:

Although the OPS is composed of rather common monosaccharides,
to our knowledge, this structure is unique among the known bacte-
rial polysaccharide structures.

Characterization of the O-antigen gene cluster of E. coli O102
The O-antigen gene cluster of E. coli O102 was found between

the housekeeping genes galF and gnd. A DNA sequence of
12,783 bp was obtained, which contains 11 genes with transcrip-
tion direction from galF to gnd (Fig. 3). Their functions were as-
signed based on similarities to genes from available databases
(Table 2). The gene (wecA) responsible for the transfer of GlcNAc
1-phosphate/GalNAc 1-phosphate to the undecaprenol phosphate
lipid carrier to initiate the O-unit synthesis, is located outside the
O-antigen gene cluster.9 Genes involved in the synthesis of com-
mon sugar nucleotide precursors, such as UDP-D-Glc, UDP-D-Gal,
and UDP-D-GlcNAc (a precursor of UDP-D-GalNAc), are located out-
side the O-antigen gene cluster too.

Orf1–4 share high level identities to many known RmlB, D, A,
and C proteins (78–96%). The rmlBDAC gene set responsible for



Figure 2. Part of a 1H,13C HMBC spectrum of the OPS from E. coli O102. The corresponding parts of the 1H and 13C NMR spectra are displayed along the horizontal and vertical
axes, respectively. Arabic numerals before and after oblique stroke refer to protons and carbons, respectively, in the sugar residues denoted by letters as shown in Table 1.

Figure 3. Organization of the E. coli O102 O-antigen gene cluster.
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the synthesis of dTDP-L-Rha has been well characterized.10–13

Orf11 shares 58% identity to the Yersinia enterocolitica UDP-N-ace-
tylglucosamine 4-epimerase (Gne), which catalyzes the conversion
of D-GlcNAc to D-GalNAc (Bengoechea et al., 2002).14 Orf5 and 7 are
the only two proteins with predicted membrane segments. Orf5
has 8 predicted transmembrane segments, which is a typical topo-
logical character of Wzx proteins.15 It also shares 49% identity to
the Wzx protein of Shigella flexneri 2a. Orf7 has 10 predicted trans-
membrane segments and a periplasmic loop of 55 amino acid res-
idues, which is a typical topological character of Wzy proteins.16

Orf7 also shares 47% similarity to the polymerase of Bacteroides fra-
gilis. Therefore, orf5 and orf7 are proposed to be the genes for O-
antigen flippase and O-antigen polymerase, respectively, and
named accordingly. Orf6, 8, 9, and 10 shared 34–46% identities to
glycosyltransferases of other origins. Orf9 belonged to the glycosyl-
transferase family 1 (Pf00534), and orf8 and 10 belonged to the
glycosyltransferase family 2 (PF00535). Therefore, orf6, 8, 9, and
10 were proposed to encode glycosyltransferases and named welL,
welM, welN, and welO, respectively.

To sum up, the proposed functions of the genes in the O-antigen
gene cluster of E. coli O102 correspond well to the O102 antigen
structure established in this work.

1. Experimental

1.1. Cultivation of bacteria and isolation of lipopolysaccharide

E. coli O102 type strain (laboratory stock numbers G3100) was
obtained from the Institute of Medical and Veterinary Science
(Adelaide, Australia). Bacteria were grown to late log phase in 8 L
of Luria-Bertani broth using a 10-L BIOSTAT C-10 fermentor (B.
Braun Biotech Int., Germany) under constant aeration at 37 �C
and pH 7.0. Bacterial cells were washed and dried as described.17

The lipopolysaccharide in a yield of 7.7 % was isolated from
dried cells by the phenol–water method,18 the crude extract was
dialyzed without separation of the layers and freed from nucleic
acids and proteins by treatment with 50% aqueous CCl3CO2H at
pH 2. The supernatant was dialyzed and lyophilized.

1.2. Isolation of O-polysaccharide

Delipidation of the lipopolysaccharide (95 mg) was performed
with 2% aq HOAc at 100 �C until precipitation of lipid A. The precip-
itate was removed by centrifugation (13,000g, 20 min), and the
supernatant was fractionated by GPC on a column (56 � 2.6 cm)
of Sephadex G-50 Superfine (Amersham Biosciences, Sweden) in
0.05 M pyridinium acetate buffer pH 5.5, monitored with a differ-
ential refractometer (Knauer, Germany). A high-molecular-mass
O-polysaccharide (OPS) was obtained in a yield of 46% of the lipo-
polysaccharide mass.

1.3. Monosaccharide analysis

The O-polysaccharide was hydrolyzed with 2 M CF3CO2H
(120 �C, 2 h). Monosaccharides were identified by GLC of the alditol
acetates on an Agilent 7820A chromatograph (USA) equipped with
an HP-5 column (0.32 mm � 30 m) using a temperature program
of 160 (1 min) to 290 �C at 7 �C min�1. The absolute configurations
of the monosaccharides were determined by GLC of the acetylated
(S)-2-octyl glycosides as described.19

1.4. Nuclear magnetic resonance spectroscopy

Sample was deuterium-exchanged by freeze-drying from D2O
and then examined as solution in 99.95% D2O. Nuclear magnetic



Table 2
Characteristics of the ORFs located in the E. coli O102 O-antigen gene cluster

Gene
name

Position of
gene

G+C
content
(%)

Conserved domain(s) Similar protein(s), strain(s)
(Genbank accession No.)

%Identical aa /%similar aa
(total No. of aa)

Putative function of
protein

rmlB 707..1792 42.3 NAD dependent epimerase/
dehydratase family (PF01370)
E value = 1.5 � e�215

dTDP-glucose 4,6-
dehydratase
Shigella flexneri 2a str. 301
(AAN43643)

94/96(361) dTDP-glucose 4,6-
dehydratase

rmlD 1792..2694 46.1 RmlD substrate binding domain
(PF04321)
E value = 2.8 � e�74

dTDP-6-deoxy-L-mannose
dehydrogenase
Shigella flexneri 2a str. 301
(AAN43642)

86/90(300) dTDP-6-deoxy-L-mannose
dehydrogenase

rmlA 2752..3630 44.0 Nucleotidyl transferase (PF00483)
E value = 3.2 � e�115

Glucose-1-phosphate
thymidylyl transferase
Shigella flexneri 2a str. 301
(AAN43641)

96/98(292) Glucose-1-phosphate
thymidylyl transferase

rmlC 3635..4183 35.2 dTDP-4-dehydrorhamnose 3,5-
epimerase
(PF00908)
E value = 6.8 � e�114

dTDP-4-dehydrorhamnose
3,5-epimerase
Shigella flexneri 2a str. 301
(AAN43640)

78/85(182) dTDP-4-
dehydrorhamnose 3,5-
epimerase

wzx 4252..5439 33.1 Polysaccharide biosynthesis protein
(PF01943)
E value = 7.6 � e�32

Putative O-antigen
transporter
Shigella flexneri 2a str. 301
(AAN43639)

49/69(384) Putative O-antigen
transporter

welL 5433..6461 27.2 Eps9K
Streptococcus thermophilus
(AAN63754)

34/59(194) Glycosyl transferase

wzy 6442..7572 28.3 O-antigen Polymerase (PF04932)
E value = 9.0 � e�2

Putative polymerase
Bacteroides fragilis
(AAG26475)

25/47(359) O-Antigen polymerase

welM 7569..8501 31.2 Glycos_transf_2 (PF00535)
E value = 8.1 � e�44

Glycosyl transferase
Clostridium acetobutylicum
(AAK80132)

35/56(272) Glycosyl transferase

welN 8498..9550 29.6 Glycos_transf_1 (PF00534)
E value = 2.1 � e�36

wbcM
Yersinia enterocolitica
(CAA87701)

34/53(355) Glycosyl transferase

welO 9554..10291 29.5 Glycos_transf_2 (PF00535)
E value = 7.0 � e�37

Glycosyl transferase
Escherichia coli O157:H7
EDL933
(AAG57100)

46/67(248) Galactosyl transferase

gne 10330..11349 34.0 NAD dependent epimerase/
dehydratase family (PF01370)
E value = 2.8 � e-74

Gne
Yersinia enterocolitica
(AAC60777)

58/75(336) UDP-N-
acetylglucosamine-4-
epimerase
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resonance (NMR) spectra were recorded on a Bruker Avance II 600
spectrometer (Germany) at 30 �C using internal TSP (dH 0) and ace-
tone (dC 31.45) as reference. 2D NMR spectra were obtained using
standard Bruker software, and Bruker TopSpin 2.1 program was used
to acquire and process the NMR data. A mixing time of 100 and
150 ms was used in TOCSY and ROESY experiments, respectively.

1.5. Sequencing and analysis of genes

Chromosomal DNA was prepared as described previously.20 The
primers (#1523 and #1524) based on the housekeeping genes galF
and gnd,21 respectively, were used to amplify the O-antigen gene
clusters of the E. coli strains. The PCR cycles used were as follows:
denaturation at 94 �C for 10 s, annealing at 60 �C for 30 s, and
extension at 68 �C for 15 min. Shotgun banks were constructed
for each strain as described previously.22 Sequencing was carried
out using an ABI 3730 automated DNA sequencer (Applied Biosys-
tems, Foster City, CA), and sequence data were analyzed using
computer programs as described previously.23 The DNA sequence
of O-antigen gene clusters of E. coli O102 has been deposited in
GenBank under the accession numbers JX087966.
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