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Abstract—On mild acid degradation of the lipopolysaccharide of Escherichia coli 0108, the O-polysaccharide was isolated
and studied by sugar analysis and one- and two-dimensional 'H- and '*C-NMR spectroscopy. The polysaccharide was found
to contain an unusual higher sugar, 5,7-diacetamido-3,5,7,9-tetradeoxy-L-glycero-D-galacto-non-2-ulosonic acid (di-N-
acetyl-8-epilegionaminic acid, 8eLeg5Ac7Ac). The following structure of the tetrasaccharide repeating unit of the polysac-
charide was established: —4)-a-8eLegp5Ac7Ac-(2—6)-a-D-Galp-(1—-3)-a-L-FucpNAc-(1—-3)-a-D-GlcpNAc-(1-.
Functions of the E. coli O108 antigen biosynthetic genes, including seven putative genes for synthesis of 8eLeg5Ac7Ac, were
assigned by sequencing the O-antigen gene cluster along with comparison with gene databases and known biosynthetic path-

ways for related nonulosonic acids.
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FEscherichia coli is a clonal species and consists of
both commensal and pathogenic strains, which are nor-
mally classified by a combination of their O-, H-, and K-
antigens. The O-antigen, also called O-polysaccharide
(OPS), is a part of the lipopolysaccharide present on the
outer membrane of Gram-negative bacteria. It largely
contributes to the antigenic specificity of the cell surface,
serves as a receptor for bacteriophages, and plays an
important role in the host immune response. O-Antigen
diversity is important for bacteria as it offers selective
advantage for survival of various clones in their specific
niche. The O-antigen is also an important virulence fac-

Abbreviations: COSY, correlation spectroscopy; HSQC, het-
eronuclear single-quantum coherence; OPS, O-polysaccharide
(O-antigen); ROESY, rotating-frame nuclear Overhauser effect
spectroscopy; TOCSY, total correlation spectroscopy.
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tor, and its loss makes many pathogens serum sensitive or
otherwise seriously impaired in virulence. Currently, 190
O-serogroups have been detected in E. coli and Shigella
combined [1]. The OPS structures have been elucidated
in only a little more than half of the serogroups [2].

Now we present a structure of E. coli O108 OPS,
which contains a rarely occurring in nature higher sugar,
5,7-diacetamido-3,5,7,9-tetradeoxy-L-glycero-D-
galacto-non-2-ulosonic acid (di-N-acetyl-8-epilegion-
aminic acid, 8eLeg5Ac7Ac). Hitherto, a monosaccharide
of this class, namely 5,7-diacetamido-3,5,7,9-
tetradeoxy-L-glycero-L-manno-non-2-ulosonic acid (di-
N-acetylpseudaminic acid, Pse5Ac7Ac), has been found
within E. coli O-antigens only once in E. coli 0136 [2]. In
addition, we characterized functionally the O-antigen
gene cluster of E. coli 0108, including putative genes of
the di-N-acetyl-8-epilegionaminic acid biosynthetic
pathway.
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MATERIALS AND METHODS

Escherichia coli 0108 type strain G1198 was
obtained from the Institute of Medical and Veterinary
Science (IMVS), Adelaide, Australia. Sequencing of the
chromosome region between galF and gnd, analysis of
genes, and search of databases for possible gene functions
were performed as described [3].

Bacteria were grown to late log phase in 8 liters of
Luria—Bertani liquid medium using a 10-liter fermentor
(Biostat C-10; B. Braun Biotech International, Germany)
under constant aeration at 37°C and pH 7.0. Bacterial
cells were washed and dried as described [4].

The lipopolysaccharide (700 mg) was isolated from
dried cells (10 g) by the phenol—water method [5] and
purified by precipitation of nucleic acids and proteins
with aqueous 50% trichloroacetic acid (to pH 2.0) fol-
lowed by dialysis. Mild acid degradation of the
lipopolysaccharide (270 mg) was performed with 0.1 M
sodium acetate, pH 4.3, at 100°C until precipitation of
lipid (1.5 h). The precipitate was removed by centrifuga-
tion (13,000g, 20 min) and the supernatant fractionated
by gel chromatography on a column (56 x 2.6 cm) of
Sephadex G-50 (S) in 0.05 M pyridinium acetate buffer,
pH 4.5, with monitoring using a Knauer differential
refractometer (Germany). The yield of the OPS was
~35% of the lipopolysaccharide weight.

The OPS was hydrolyzed with 2 M CF;CO,H
(120°C, 2 h), monosaccharides were reduced with 0.25 M
NaBH, in aqueous 1 M ammonia (20°C, 1 h), acetylated
with a 1: 1 (v/v) mixture of pyridine and acetic anhydride
(120°C, 30 min), and analyzed by GLC. The absolute
configurations of the monosaccharides were determined
by GLC of the acetylated (S)-(+)-2-octyl glycosides
according to the published method [6]. GLC was per-
formed using a Hewlett-Packard 5890 chromatograph

(USA) equipped with an Ultra-1 column using a temper-
ature gradient of 150 to 290°C at 5°C/min.

Samples were deuterium-exchanged by freeze-dry-
ing from 99.90% D,O and then examined as solutions in
99.96% D,0 at 30°C. NMR spectra were recorded on a
Bruker DRX-500 spectrometer (Germany) using internal
TSP (&g 0) and acetone (8- 31.45) as references. 2D
NMR spectra were obtained using standard Bruker soft-
ware. Mixing times of 200 and 100 msec were used in
TOCSY and ROESY experiments, respectively.

RESULTS AND DISCUSSION

Structure elucidation of the O-polysaccharide. The
lipopolysaccharide was isolated from FE. coli O108 by the
phenol—water procedure. Mild acid degradation of the
lipopolysaccharide with 2% acetic acid to cleave the lipid
moiety resulted in significant destruction of the polysac-
charide chain, and the O-polysaccharide was obtained
only in a low yield. Degradation at pH 4.2 afforded a high
molecular mass O-polysaccharide in a good yield. Sugar
analysis using GLC of the alditol acetates after full acid
hydrolysis of the O-polysaccharide revealed galactose,
N-acetylfucosamine (FucNAc), and N-acetylglu-
cosamine (GlcNAc). GLC analysis of the acetylated gly-
cosides with (+)-2-octanol indicated that Gal and GIcN
have the D-configuration and FucN has the L-configura-
tion.

The 'SC-NMR spectrum of the O-polysaccharide
(Fig. 1) contained signals for four anomeric carbons at &
94.7, 98.9, 101.0 (a low intensity signal of a quaternary
carbon; data from a DEPT experiment), and 102.5, four
nitrogen-bearing carbons at 6 49.6-54.8, one C-CH,-C at
6 37.7, two CH;-C group at 6 17.0 and 20.7, two OCH,-C
groups at 62.0 and 63.0, 13 oxygen-bearing sugar ring car-
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Fig. 1. C-NMR spectrum of the O-polysaccharide from E. coli 0108. Arabic numerals refer to carbons in sugar residues denoted as follows:

G, Gal; F, FucN; GN, GIcN; L, 8eLeg.
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'H- and '3C-NMR data of the O-polysaccharide from E. coli 0108 (5, ppm)

Sugar residue NMR 1 2 3 4 5 6 7 8 9
(3ax, 3eq) (6a, 6b)
—4)-a-8eLegp-(2— 'H 1.55,2.44| 3.95 3.79 4.06 4.00 4.11 1.19
BC 174.2 101.0 37.7 72.4 51.6 74.2 53.9 69.4 20.7
—6)-a-D-Galp-(1—> 'H 5.02 3.73 3.84 4.05 4.14 | 3.38,3.64
BC 102.5 69.8 70.6 70.3 70.2 63.0
—3)-a-L-FucpN-(1— 'H 4.94 4.26 3.88 3.85 4.39 1.20
BC 98.9 49.6 77.9 72.5 | 68.1 17.0
—3)-a-D-GlcpN-(1— 'H 4.86 4.05 3.64 3.54 3.54 | 3.79,3.82
BC 94.7 54.6 77.1 69.4 74.0 62.0

Note: Additional chemical shifts for N-acetyl groups are 8y 1.93-2.04, 5. 23.1-23.7 (CH;) and 175.1-176.0 (CO).

bons in the region & 68.1-77.9, four CH;CON groups at &
23.1-23.7, and CO groups at 6 175.1-176.0. Accordingly,
the '"H-NMR spectrum showed signals for three anomer-
ic carbons at 8 4.86-5.02, one C-CH,-C group at 8 1.55
and 2.44, two CH;-C groups at 6 1.19 and 1.20, and four
CH,;CON groups at 5 1.93-2.04.

These data suggested that, in addition to the mono-
saccharides mentioned above, the polysaccharide con-
tains a higher amino sugar, most likely a 5,7-diamino-
3,5,7,9-tetradeoxy-non-2-ulosonic acid [7]. Monosac-
charides of this class are acid-labile and, therefore, the
higher sugar was not detected in sugar analysis. All amino
groups of the amino sugars in the polysaccharide are
N-acetylated.

The 'H- and '*C-NMR spectra of the O-polysaccha-
ride were assigned using 2D 'H,'H COSY, TOCSY,
ROESY, and 'H,"*C HSQC experiments (table). Tracing
connectivities in the 2D spectra revealed spin systems for
Gal, FucN, GIcN, and a 5,7-diamino-3,5,7,9-tetradeoxy-
non-2-ulosonic acid. Characteristic chemical shifts and *J
coupling constants of */; , of 3-4 Hz showed that Gal,
FucN, and GIcN are in the form of a-pyranosides.

The nonulosonic acid was identified as the L-glycero-
a.-D-galacto isomer (a.-8-epilegionaminic acid, 8elLeg) as
follows:

— the *C-NMR spectrum contained characteristic
signals for C-1-C-9 of a 5,7-diamino-3,5,7,9-
tetradeoxy-non-2-ulosonic acid including those for C-2
(keto group), C-3, and C-9 (deoxy units), nitrogen-bear-
ing C-5 and C-7, oxygen-bearing C-4, C-6, and C-8;

— relatively large *J3,, 4, *J4 5, and *J 4 coupling con-
stants ~10 Hz demonstrated the axial orientation of H-4,
H-5, and H-6; a small *J¢, value (~2 Hz) and J;4 of
~6 Hz showed the threo configuration of the C-6—C-7
and C-7—C-8 fragments; therefore, the nonulosonic acid
has the L-glycero-D-galacto configuration (compare pub-
lished data [7] of various isomers of 5,7-diamino-3,5,7,9-
tetradeoxy-non-2-ulosonic acids);

BIOCHEMISTRY (Moscow) Vol. 75 No. 1 2010

— a relatively large difference (~0.9 ppm) between
the H-3ax and H-3eq chemical shifts is typical of 3-
deoxy-aldulosonic acids with the axial position of the car-
boxyl group, i.e. the a-configuration of 8eLeg. The iden-
tity of 8eLeg was confirmed by isolation of 8eLegSAc7Ac
in the free state by three successive Smith degradations of
the polysaccharide and comparison of its '"H- and *C-
NMR spectra with those of the authentic synthetic sam-
ple [8].

The 2D ROESY experiment revealed the following
strong cross-peaks between anomeric protons and pro-
tons at the linkage carbons: Gal H-1,FucN H-3, FucN
H-1,GIcN H-3, and GIcN H-1,8eLeg H-4 at &
5.02/3.88, 4.94/3.64, and 4.86/3.95, respectively. These
data demonstrated a Gal-(1—3)-FucN-(1—-3)-GlcN-
(1>4)-8eLeg fragment. Relatively low-field positions of
the signal for C-3 of FucN, C-3 of GIcN, and C-4 of
8elLeg, as compared with their positions in the correspon-
ding non-substituted monosaccharide [7, 9], confirmed
the sugar glycosylation pattern in this fragment. Only a
small down-field shift (<1 ppm) of the signal for C-6 of
Gal caused by glycosylation with 8eLeg is typical of keto-
sidic linkage.

Based on the data obtained, it was concluded that the
OPS of E. coli O108 has a tetrasaccharide repeating unit
(O-unit) having the following structure:

—4)-a-8eLegp5SAc7Ac-(2—6)-o-D-Galp-(1—-3)-a-L-
FucpNAc-(1-3)-a-D-GlcpNAc-(1-.

Di-N-acetyl derivative of 8-epilegionaminic acid
present in the polysaccharide occurs rarely in nature.
After the first discovery of 8eLeg in the O-polysaccharide
of Pseudomonas aeruginosa O12 (formerly O13) [10], this
nonulosonic acid has been found in several other bacteri-
al polysaccharides, including O-antigens of Yersinia ruck-
eri O1, Salmonella arizonae 061, Morganella morganii RF
1676, Shewanella petrefaciens A6 [7], and Providencia
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Characterization of the O-antigen gene cluster of E.
coli 0108. Sequencing revealed the O-antigen gene clus-
ter of E. coli O108 consisting of 21,225 bp and located
between galF and gnd. Eighteen open reading frames

alcalifaciens 020 [9]. A wrong configuration originally
assigned to 8elLeg [10] was revised later using chemical
synthesis of various isomers of 5,7-diamino-3,5,7,9-
tetradeoxy-non-2-ulosonic acids [7].
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Fig. 2. Organization of the O-antigen gene cluster of E. coli 0108 (a) and proposed biosynthetic pathway of 8eLegSAc7Ac in E. coli 0108 (b).
PEP, phosphoenolpyruvate.
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(orfs) were identified in the cluster, all having the same
transcriptional direction from ga/F to gnd (Fig. 2a). Most
orfs were assigned functions based on their similarity to
those from available databases and taking into account
the E. coli O108 antigen structure.

Genes for the synthesis of the nucleotide precursors
of common sugars (GlcNAc and Gal in case of E. coli
0108) are located outside the O-antigen gene cluster
[11], and only genes for the synthesis of CMP-
8eLeg5Ac7Ac and UDP-L-FucNAc were expected
inside.

8eLeg5Ac7Ac is highly similar to isomeric non-
ulosonic acids found in bacterial carbohydrates,
Pse5Ac7Ac and Leg5Ac7Ac, having the L-glycero-L-
manno and D-glycero-D-galacto configuration, respective-
ly. For synthesis of CMP-Pse5Ac7Ac, bacteria Campylo-
bacter jejuni and Helicobacter pylori employ six enzymes
(PseB, PseC, PseF, PseG, PseH, and Psel) [12-14]. PseB
exhibits both C-6-dehydratase and C-5-epimerase activ-
ity that are responsible for the conversion of UDP-D-
GlcNAc into both UDP-2-acetamido-2,6-dideoxy-pB-L-
arabino-hex-4-ulose and its a-D-xylo isomer. PseC is
aminotransferase, which utilizes only the first keto sugar
as substrate for synthesis of UDP-2-acetamido-4-amino-
2,4,6-trideoxy-p-L-altropyranose. PseH is an acetyl
transferase, which is responsible for the 4-N-acetylation
of the PseC product to yield UDP-2,4-diacetamido-
2,4,6-trideoxy-p-L-altropyranose. PseG is a nucleoti-
dase, which removes the UDP group from the PseH
product to afford 2,4-diacetamido-2,4,6-trideoxy-p3-L-
altropyranose. Psel catalyzes the condensation of the
PseG product with phosphoenolpyruvate giving rise to
Pse5Ac7Ac. PseF is a cytidylyl transferase, which con-
verts Pse5Ac7Ac into CMP-Pse5SAc7Ac.

A biosynthetic pathway of Leg5A7Ac, which has
been studied in the bacterium Legionella pneumophila
[15], is similar to that of Pse5SAc7Ac, but there are two
major differences:

— the first enzyme of the pathway, PglF, converts
UDP-D-GIcNAc to UDP-2-acetamido-2,6-dideoxy-o-
D-xylo-hex-4-ulose and thus has only C-6-dehydratase
activity with no C-5-epimerase activity;

— the hydrolyzing enzyme that removes UDP from
UDP-2,4-diacetamido-2,4,6-trideoxy-o-D-glucopyra-
nose (NeuC homolog) possesses both C-2-epimerase and
nucleotidase activity giving rise to 2,4-diacetamido-
2,4,6-trideoxy-D-mannopyranose.

The biosynthesis pathway of 8elLeg5Ac7Ac, which
was isolated for the first time from the OPS of E. coli
0108 and unambiguously identified only recently [8],
remains unknown. The similarity of its structure to those
of Leg5Ac7Ac and Pse5Ac7Ac suggest that the biosynthe-
sis pathway of 8eLLegSAc7Ac in E. coli 0108 is similar too
(Fig. 2b). This was confirmed by molecular analysis of the
genes in the E. coli 0108 O-antigen gene cluster that are
putatively involved with the 8eLeg5Ac7Ac synthesis.
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Orfl belongs to a NAD-dependent epimerase/dehy-
dratase family (PF01370, E,, .= 4.4¢'%). It was pro-
posed to have the same function as PseB and to catalyze
conversion of UDP-D-GIcNAc into UDP-2-acetamido-
2,6-dideoxy-p-L-arabino-hex-4-ulose. Orf2 shares 58%
similarity to PglE of C. jejuni, which has been identified as
aminotransferase [13]. Therefore, it was suggested that
Orf2 is an aminotransferase too, whose function is similar
to that of PseC. The enzymes have the same substrate but
the Orf2 product is UDP-2-acetamido-4-amino-2,4,6-
trideoxy-fB-L-idose rather than UDP-2-acetamido-4-
amino-2,4,6-trideoxy-p-L-altropyranose produced by
PseC in the Pse5Ac7Ac pathway. Orf5 shares 68% similar-
ity to acetyl transferase of Vibrio vulnificus, and its putative
function is to add an acetyl group to the Orf2 product to
give UDP-2,4-diacetamido-2,4,6-trideoxy-B-L-idose.

Orf3 shares 77% identity to C-2-epimerase of V. vul-
nificus. Therefore, Orf3 was proposed to catalyze the con-
version UDP-2,4-diacetamido-2,4,6-trideoxy-B-L-idose
to its C-2-epimer, UDP-2,4 diacetamido-2,4,6-trideoxy-
B-L-gulose. Orf6 shares 66% similarity to nucleotidyl
transferase of Nitrobacter winogradskyi, and we proposed
Orf6 is a nucleotidase responsible for the removal of UDP
from the Orf3 product. Orf4 is a homolog of Psel and was
proposed to catalyze the condensation of 2,4-diacetami-
do-2,4,6-trideoxy-B-L-gulose with phosphoenolpyruvate
to afford 8eLeg5Ac7Ac. Orf8 shares 67% identity with
cytidylyl transferase of Vibrio fischeri and, therefore, cat-
alyzes the synthesis of CMP-8elLeg5Ac7Ac from
8elLeg5AcTAc.

Orf14, Orf15, and Orf16 share 92, 79, and 94% iden-
tity to FnlA, FnlB, and FnlC of E. coli O15, respectively.
These three have been identified as enzymes for the
biosynthesis of UDP-L-FucNAc [16]. Therefore, Orf14-
Orf16 in E. coli O108 are responsible for the synthesis of
UDP-L-FucNAc.

Wzx and Wzy are highly hydrophobic membrane
proteins involved with O-antigen processing. They usual-
ly share little sequence identities with their homologs. In
the E. coli O108 O-antigen gene cluster, Orfl1 and Orf12
are the only two proteins with predicted transmembrane
segments. Orfl1 was predicted to have 11 well-propor-
tioned transmembrane segments and shares 47% similar-
ity to Wzx of Streptococcus pneumoniae. Orfl12 was found
to have nine predicted transmembrane segments and a
large periplasmic loop of 92 amino acid residues, which is
a typical topological character of Wzy proteins [17].
Orf12 shares 46% similarity to Wzy of Salmonella enterica
group E1. Therefore, Orfl1 and Orf12 are O-unit flippase
and O-antigen polymerase responsible for the transloca-
tion through the periplasmic membrane and polymeriza-
tion of the O-unit, respectively.

GIcNAc is the first sugar of the O-unit, which is
transferred to a lipid carrier by GIcNAc-1-phosphate
transferase WecA. As the wecA gene is located outside the
O-antigen gene cluster [18], only three glycosyl trans-
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ferase genes for the assembly of the tetrasaccharide O-
unit of E. coli 0108 were expected in the O-antigen gene
cluster. Orf13 shares 42% similarity to glycosyl transferase
of S. enterica serovar Paratyphi A. Orf17 shares 87% iden-
tity to WbuB of E. coli O15, which is a L-FucNAc trans-
ferase involved in the O-antigen synthesis [19, 20]. Orf9
belongs to glycosyl transferases group 1 family (PF00534,
E e = 2.2:¢7*). Therefore, orf9, orfl3, and orfl7 are
putative genes for 8eLeg5Ac7Ac, D-Gal, and L-FucNAc
glycosyl transferases involved with the O-unit assembly in
E. coli 0108.

Orf18 shares 81% identity to WbuC of E. coli O15. It
has a reduced size and was suggested to be a non-func-
tional gene remnant [19]. No function could be assigned
to orf7 and orf10by searching currently available database.

Therefore, all genes necessary for the O-antigen
biosynthesis were found in the E. coli O108 O-antigen
gene cluster. Molecular analysis of the corresponding
genes suggests the hitherto unknown 8elLegS5Ac7Ac
biosynthetic pathway, which is basically similar to that of
Pse5Ac7Ac and Leg5Ac7Ac. The following differences
are observed between the pathways of the three non-
ulosonic acids:

— C-6 dehydration is accompanied by C-5 epimer-
ization for synthesis of Pse5Ac7Ac and 8elLeg5Ac7Ac but
not Leg5Ac7Ac;

— removal of UDP is accompanied by C-2 epimer-
ization in the pathways of LegSAc7Ac and 8elLegSAc7Ac
but not Pse5SAc7Ac;

— one enzyme (hydrolyzing C-2-epimerase) or two
enzymes (C-2-epimerase and nucleotidase) are involved
at this step of Leg5Ac7Ac and 8elLeg5Ac7Ac synthesis,
respectively.

The proposed 8elLeg5Ac7Ac biosynthesis pathway
requires biochemical confirmation.
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