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Abstract—Two polysaccharides were isolated from Escherichia coli O12, the major being identified as the O12-antigen and
the minor as the K5-antigen. The polysaccharides were studied by sugar analysis, Smith degradation, and one- and two-
dimensional 'H and *C NMR spectroscopy. As a result, the following structure of the O12-polysaccharide was elucidated,
which, to our knowledge, has not been hitherto found in bacterial carbohydrates: —2)-B-D-Glcp-(1—6)-a-D-GlcpNAc-
(1->3)-a-L-FucpNAc-(1-3)-B-D-GlcpNAc-(1—. The —4)-B-D-GlcpA-(1—>4)-a-D-GlcpNAc-(1— structure estab-
lished for the K5-polysaccharide (heparosan) is previously known. Functions of genes in the O-antigen biosynthesis gene
cluster of E. coli O12 were assigned by comparison with sequences in the available databases and found to be consistent with

the O12-polysaccharide structure.
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Escherichia coli bacteria are the predominant species
in the human intestinal microflora. They include both
pathogenic and commensal strains and are one of the
most common causes of diarrheal diseases [I1].
Escherichia coli isolates are classified into serotypes by a
combination of their O-, H-, and sometimes K-antigens,
which together define the serological specificity of the
bacteria. The O-antigen represents a polysaccharide
chain of the lipopolysaccharide (O-polysaccharide) and
the K-antigen is a capsular polysaccharide. Antigen
diversity helps survival of various bacterial clones in their
specific niche. The surface antigens also are an important
virulence factor, and their loss makes many pathogens
serum sensitive or otherwise seriously impaired in viru-
lence. Specific genes involved in their biosynthesis are
generally localized in clusters on the chromosome [2, 3],

Abbreviations: ABC, ATP-binding cassette; COSY, correlation
spectroscopy; FucNAc, 2-acetamido-2-deoxyfucose; GIcA,
glucuronic acid; GIcNAc, 2-acetamido-2-deoxyglucose;
HSQC, heteronuclear single-quantum coherence; ROESY,
rotating-frame nuclear Overhauser effect spectroscopy;
TOCSY, total correlation spectroscopy.
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whose variations define the antigenic diversity of bacteria
to a large extend. Currently, more than 180 E. coli O-
serogroups are recognized [4].

This work was performed in the framework of a proj-
ect devoted to elucidation of the structural and genetic
diversity of E. coli O-antigens. Data on such a large num-
ber of various clones of one species are expected to shed
light on the evolution history of the O-antigen diversifica-
tion of enteric bacteria, to enable assignment of functions
of genes involved in the O-antigen biosynthesis, including
hundreds of glycosyltransferases, and improvement of
classification scheme of E. coli isolates necessary for diag-
nostics of infectious diseases, epidemiological monitor-
ing, and elaboration of vaccines against pathogenic
strains. By now, O-antigen structures have been elucidat-
ed for most of the O-serogroups (http://nevyn.organ.
su.se/ECODAB/), but some remain unknown. Here we
report data on the O-antigen of E. coli O12, which
belonged to one of the O-serogroups that had not been
investigated yet. The O12-polysaccharide structure was
established, and the gene cluster for its biosynthesis was
characterized. In addition to the O-polysaccharide, a
minor polysaccharide was isolated from the bacterium
and identified as the K5-antigen.
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MATERIALS AND METHODS

Bacterial strain and growth. Escherichia coli O12 type
strain (laboratory stock number G1280) was obtained from
the Institute of Medical and Veterinary Science, Adelaide,
Australia (IMVS). The bacterium was grown to late log
phase in 8 liters of Luria—Bertani broth using a 10-liter fer-
menter (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 [5].

Isolation of the lipopolysaccharide and polysaccha-
rides. The lipopolysaccharide was isolated in a yield 8.5%
from bacterial cells by the phenol—water method [6], and
to remove phenol, the crude extract was dialyzed without
separation of the layers and freed from nucleic acids and
proteins by treatment with 50% aqueous CCl;CO,H to
pH 2.0 at 4°C. The supernatant was dialyzed and
lyophilized.

Mild acid degradation of the lipopolysaccharide
(150 mg) was performed with 2% aqueous HOAc at 100°C
until precipitation of lipid (80 min). The precipitate was
removed by centrifugation (13,000g, 20 min), and a mixture
of polysaccharides (40 mg) was isolated by gel-permeation
chromatography on a column (56 x 2.6 cm) of Sephadex
G-50 Superfine (Amersham Biosciences, Sweden) in
0.05 M pyridinium acetate buffer, pH 4.5, monitored using
a differential refractometer (Knauer, Germany).

Chemical analyses. A sample of the polysaccharides
(0.5 mg) was hydrolyzed with 2 M CF;CO,H (120°C,
2 h). Monosaccharides were identified by GLC of the
alditol acetates on a Maestro (Agilent 7820) chromato-
graph (Interlab, Russia) equipped with an HP-5 column
(0.32 mm x 30 m) and a temperature program of 160°C
(1 min) to 290°C at rate 7°C/min. The absolute configu-
rations of the monosaccharides were determined by GLC
of the acetylated (.5)-2-octyl glycosides as described [7].

Smith degradation. A sample of the polysaccharides
(20 mg) was oxidized with 0.1 M NalO, (2 ml) in the dark
for 48 h at 20°C, reduced with an excess of NaBH,, and
desalted by dialysis. The products were hydrolyzed with
2% aqueous HOAc for 2 h at 100°C and fractionated by
gel-permeation chromatography on a column (85 x
2.5 cm) of TSK HW-40 (S) in aqueous 1% HOAc to give
oligosaccharide 1 (5 mg) and glycoside 2 (3.5 mg).

NMR spectroscopy. Samples were deuterium-
exchanged by freeze-drying from 99.9% D,0O and then
examined as solution in 99.95% D,0. NMR spectra were
recorded on an Avance II 600 MHz spectrometer
(Bruker, Germany) at 40°C for the polysaccharides or
25°C for compounds 1 and 2 using sodium 3-trimethylsi-
lylpropanoate-2,2,3,3-d, (8 0, 8- —1.6) as internal refer-
ence for calibration. Two-dimensional NMR spectra were
obtained using standard Bruker software, and the Bruker
TopSpin 2.1 program was used to acquire and process the
NMR data. Mixing times of 100 and 150 ms were used in
TOCSY and ROESY experiments, respectively.
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RESULTS AND DISCUSSION

Elucidation of polysaccharide structures. Lipopoly-
saccharide was obtained from E. coli O12 cells by phe-
nol—water extraction and degraded with mild acid to give
a mixture of polysaccharides isolated by Sephadex G-50
gel-permeation chromatography. Sugar analysis using
GLC of'the alditol acetates after full acid hydrolysis of the
polysaccharides revealed Glc, GlcNAc, and FucNAc.
GLC analysis of the acetylated (S)-2-octyl glycosides
demonstrated the D-configuration of Glc and GIcNAc
and the L-configuration of FucNAc.

The 'H and *C NMR spectra showed two series of
signals, belonging to major and minor polysaccharides
consisting of tetrasaccharide and disaccharide repeating
units, respectively. In the major series, there were signals
for four anomeric atoms, one CH;-C group (C6 of
FucNAc), three HOCH,-C groups (C6 of hexoses), and
three nitrogen-bearing carbons (C2 of amino sugars). In
the minor series, there were signals for two anomeric
atoms, one HOCH,-C group, and one nitrogen-bearing
carbon. The 'H and *C NMR chemical shifts are given in
the table.

The 'H and '3C NMR spectra of the polysaccha-
rides were assigned using 2D 'H,'H COSY, TOCSY, and
'H,"*C HSQC experiments, and spin systems for the
major monosaccharides (B-GlcpNAc A, a-FucpNAc B,
a-GlepNAc C, B-Glcp D) and minor monosaccharides
(a-GlepNAc E, B-GlcpA F) were recognized by charac-
teristic chemical shifts [8, 9] and 3JH,H coupling con-
stants. Significant downfield displacements of the signals
for C2 of unit D, C3 of units A and B, and C6 of unit C in
the major series as well as C4 of units E and F in the minor
series, as compared with their positions in the spectra of
the corresponding non-substituted monosaccharides [8,
9], were due to glycosylation and enabled determination
of the positions of substitution of sugar residues in the
repeating units.

A two-dimensional ROESY spectrum of the polysac-
charides showed correlations between the anomeric pro-
tons and protons at the linkage carbons, which were
assigned as follows: in the major series, for D H1/C H6, C
H1/B H3, B HI/A H3, A H1/D H2; in the minor series,
for F HI/E H4, E H1/F H4. These data are in agreement
with positions of substitution and define the sequences of
the monosaccharides in the repeating units.

The polysaccharide structures were confirmed by
Smith degradation, which resulted in destruction of the
Glc and a-GlcNAc residues in the major polymer and
the GIcA residue in the minor polymer. As a result,
oligosaccharide 1 and glycoside 2 were obtained from the
major and minor polysaccharides, respectively, and were
separated by gel chromatography. Their structures shown
in Fig. 1 were established by one- and two-dimensional
NMR spectroscopy as described above and were consis-
tent with the structures of the initial polysaccharides.

BIOCHEMISTRY (Moscow) Vol. 81 No. 4 2016
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"H and "*C NMR chemical shifts (5, ppm)
Sugar residue Nucleus 1 2 3 4 5 6
0O12-polysaccharide
—3)-B-D-GlcpNAc-(1—> 'H 4.79 3.88 3.69 3.50 3.44 3.80, 3.94
A B¢ 102.6 57.1 79.3 69.9 77.1 62.3
—3)-0-L-FucpNAc-(1—> 'H 4.99 4.28 3.97 3.88 4.41 1.16
B Bc 98.7 49.7 75.0 72.1 67.8 16.5
—6)-0-D-GlcpNAc-(1— 'H 5.01 3.96 3.76 3.77 3.84 3.97, 4.08
C e 99.9 54.7 72.1 72.0 72.8 70.0
—2)-B-D-Glep-(1—> 'H 4.51 3.49 3.49 3.38 3.40 3.71, 3.89
D B¢ 103.3 80.8 77.9 71.0 76.9 61.9
KS5-polysaccharide
—4)-0-D-GlcpNAc-(1— 'H 5.36 3.90 3.81 3.70 3.78 3.79, 3.87
E Bc 98.4 54.5 70.1 79.6 70.3 60.6
—4)-B-D-GlcpA-(1—> 'H 4.55 3.37 3.72 3.80 4.02
F BC 103.5 74.5 77.1 77.5 75.9 not found
Oligosaccharide 1
a-L-FucpNAc-(1—> 'H 5.01 4.11 3.90 3.77 4.42 1.19
B Bc 99.0 50.7 69.0 72.4 68.1 16.6
—3)-B-D-GlcpNAc-(1—> 'H 4.64 3.85 3.68 3.53 3.47 3.78, 3.94
A Bc 102.2 56.9 79.8 69.8 77.1 62.1
R 'H 4.93 3.91 3.70, 3.82 3.66, 3.92 3.86 3.60, 3.68
D' BC 103.8 81.0 61.5 70.2 81.0 63.8
Glycoside 2
a-D-GlepNAc-(1— 'H 5.11 3.94 3.78 3.50 3.89 3.79, 3.86
E B¢ 99.0 55.2 72.3 71.3 73.5 61.8
—2)-erythronic acid 'H 3.97 4.25 3.72,3.76
F Bc not found 82.3 74.5 61.7

Note: Chemical shifts for the N-acetyl groups are for the K5- and O12-polysaccharides: 8, 1.97-2.04, 6. 23.2-23.6 (Me) and 174.9-175.2 (CO); for
oligosaccharide 1: 8,4 1.98 and 2.04, 5. 23.4, 23.5 (both Me), 175.4 and 175.7 (both CO); for glycoside 2: 3, 2.04, 3 23.2 (Me) and 175.7 (CO).

Based on the data obtained, it was concluded that the
major polysaccharide from E. coli O12 has the structure
shown in Fig. 2. Genetic analysis indicated that this polysac-
charide represents the O-antigen of E. coli O12 (see below).

The minor polysaccharide from E. coli O12 has the
structure of heparosan:

—>4)-B-D-GlcpA-(1—4)-a-D-GlepNAc-(1-.
F E
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It is known as the capsular polysaccharide of E. coli
(K5-antigen) [3, 10] and Pasteurella multocida type D
[11]. Heparosan is a biosynthetic precursor of biological-
ly important mammalian polysaccharides heparin and
heparan sulfate [12].

Characterization of the O-antigen biosynthesis gene
cluster. Most heteropolysaccharide O-antigens of E. coli
are synthesized by the flippase Wzx/polymerase Wzy-
dependent pathway, including the assembly of the O-unit
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o-L-FucpNAc-(1—-3)-B-D-GlcpNAc-(1->0R 1

B A D'
3
CH,OH
075
R = 1
70
CH,OH
3
a-D-GlepNAc-(1—52)-crythronic acid 2
E F!

Fig. 1. Structures of Smith degradation products from the O-poly-
saccharide (1) and K-polysaccharide (2) of E. coli O12.

on a phospholipid carrier on the inner side of the cyto-
plasmic membrane, its translocation through the mem-
brane, and subsequent polymerization on the outer side
of the membrane. Most genes involved in the O-antigen
biosynthesis in E. coli and related bacteria are generally
localized in a cluster on the chromosome between con-
served gal/F and gnd genes [13].

The O-antigen gene cluster of E. coli O12 (GenBank
accession number AB811600) [2] includes nine genes
(orfs1-9) having the same transcriptional direction from
galF to gnd (Fig. 3). Proteins encoded by three genes
(orfs5-7) share high level identity to FnlA, FnlB, and

Orf1 Orf4
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FnIC of E. coli O15, which have been identified as
enzymes for the biosynthesis of UDP-L-FucNAc from
UDP-D-GIcNAc [14]. Therefore, these genes are
responsible for the synthesis of the nucleotide precursor
of L-FucNAc in F. coli O12 too, and were named accord-
ingly [2]. Genes for synthesis of the nucleotide precursors
of common sugars, Glc and GIcNAc, are usually located
outside the O-antigen gene cluster [15].

From the remaining genes, two genes (orf2 and orf3)
coded for transmembrane proteins Wzx (flippase) and
Wzy (O-antigen polymerase), respectively, which are
responsible for the O-antigen processing. The occurrence
of wzx and wzy genes indicates that the O-polysaccharide
is synthesized by translocation of the pre-assembled O-
unit through the membrane followed by polymerization
by the Wzx/Wzy-dependent pathway. Three genes (orfs1,
4, 8) encoded putative glycosyltransferases for the O-unit
assembly, which is consistent with the tetrasaccharide O-
unit.

The predicted protein Orf8 shares 96% identity and
98% similarity to glycosyltransferase WbuB of E. coli O4,
which catalyzes formation of the a-L-FucpNAc-(1-3)-
D-GIcNAc linkage [16]. This linkage is present in the
O12-antigen too, and therefore, we propose that Orf8 has
the same function and name it accordingly. When present
in E. coli, the wbuB gene is accompanied by the wbuC
gene at the 3’ end of the O-antigen gene cluster (Fig. 3)
[2], whose function is unknown. Orf9 shares 97% identi-
ty and 98% similarity to WbuC of E. coli O4, and it is sug-
gested that Orf9 be named WbuC.

Orfl is 31% identical and 51% similar to predicted
glycosyltransferase WfeQ of E. coli 0164 [15] (GenPept

WbuB Wzy

—2)-B-D-Glep-(1—-6)-a-D-GlcpNAc-(1—3)-a-L-FucpNAc-(1—3)-B-D-GlcpNAc-(1—

D C

B A

Fig. 2. Structure of the O-polysaccharide of E. coli O12 and assignment of glycosyltransferases to glycosidic linkages.

orf1 wzx wzy  orf4

fnlA  fiB fnIC wbuB wbuC

= mpmpn)

- sugar transferase gene

o

)

nucleotide sugar synthesis gene

- O-unit processing gene

Fig. 3. Organization of the O-antigen gene cluster of E. coli O12.
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accession number ACD37144.1). Orf4 shares 30% identi-
ty and 50% similarity to predicted glycosyltransferase
WIbF of E. coli 0123 [17] (GenPept accession number
ABGS81791.1). The polysaccharides of 0164 [15, 18] and
0123 [19] have the B-D-Glcp-(1—-6)-a-D-Glep and a-
D-GlcpNAc-(1—-3)-a-L-QuipNAc disaccharide frag-
ments, which are similar to the B-p-Glcp-(1—6)-0-D-
GlcpNAc and a-D-GlecpNAc-(1—-3)-a-L-FucpNAc dis-
accharide fragments, respectively, of the O12-polysac-
charide. Therefore, Orfl is evidently responsible for the
transfer of D-Glcp from UDP-D-Glcp to GlecpNAc and
Orf4 for the transfer of D-GlcpNAc from UDP-D-
GlcpNAc to L-FucpNAc (Fig. 2).

As in many other O-serogroups [20], GIcNAc is like-
ly the first sugar of the O-unit of E. coli O12. The wecA
gene initiates the O-antigen biosynthesis by transfer of
GlcpNAc 1-phosphate from UDP-D-GlcpNAc to unde-
caprenyl phosphate (UndP) to give UndPP-a-D-
GlcpNAc. The wecA gene is located in the enterobacteri-
al common antigen gene cluster [21] and is not duplicat-
ed in the O-antigen gene cluster.

The KS5-polysaccharide (K5-antigen) belongs to
group 2 capsules, which are commonly expressed in patho-
genic extraintestinal E. coli and closely resemble the cap-
sules of Neisseria meningitidis and Haemophilus influenzae
[22]. The biosynthesis of the K5 polysaccharide in E. coli
is well studied both biochemically and genetically [3, 22].
Briefly, it occurs by the ABC transporter-dependent path-
way through the sequential addition of GlcA and GIcNAc
residues to the nonreducing end of the growing polysac-
charide chain catalyzed by two glycosyltransferases, KfiA
and KfiC. The mature polymer is exported across the
inner membrane by the ABC transporter. The proteins
involved are encoded by kfiABCD genes in the kps locus
located near the serA gene [23].

Therefore, two polysaccharides were found in bacte-
ria E. coli O12. The major polysaccharide has a structure
that, to our knowledge, has not been hitherto identified in
bacterial carbohydrates. The genetic content of the O-
antigen gene cluster of E. coli O12 is fully consistent with
the established structure of this polysaccharide, and
hence it represents the O12-antigen. Functions of genes
and the corresponding proteins involved in biosynthesis
of the OIl2-polysaccharides were determined.
Particularly, each predicted glycosyltransferase was
assigned to one of three glycosidic linkages that form the
tetrasaccharide repeating unit. Our data extend the
notion of the genetic basis of the structural diversity of the
O-antigens of enteric bacteria and the database of carbo-
hydrate biosynthesis enzymes with predicted functions.
The minor polysaccharide was identified as the K5-anti-
gen (heparosan), whose structure and genetics of biosyn-
thesis have been elucidated earlier.
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