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Abstract—An O-polysaccharide was isolated by mild acid degradation of the lipopolysaccharide of Salmonella enterica O47
and studied by sugar analysis along with one- and two-dimensional 'H- and '*C-NMR spectroscopy. The following struc-
ture of the linear ribitol phosphate-containing repeating unit of the O-polysaccharide was established:

—2)-D-Ribitol-5-P-(0—6)-a-D-Galp-(1—3)-a-L-FucpNAm-(1—-3)-B-D-GlcpNAc-(1—,

where FucNAm stands for 2-acetimidoylamino-2,6-dideoxy-L-galactose. About 10% of Gal is O-acetylated at position 4
and another minor O-acetyl group is present at an undetermined position. Functions of the S. enferica O47 antigen biosyn-
thetic genes were tentatively assigned by comparison with gene databases and found to be in agreement with the O-polysac-
charide structure. A comparison of the O-antigen gene clusters of S. enterica O47 and E. coli O145 suggested their close evo-

lutionary relationship.

DOI: 10.1134/50006297909040099

Key words: Salmonella enterica, lipopolysaccharide, bacterial polysaccharide structure, acetimidoyl group, ribitol phos-

phate, O-antigen gene cluster

An estimated 1.4 million cases of salmonellosis and
556 (31%) estimated food-related deaths are attributed to
Salmonella each year in the United States [1]. Serotyping
of Salmonella based on surface O- and H-antigens has
proven extremely useful for understanding the host range
and disease spectrum of this pathogen and has been an
invaluable typing method for epidemiological investiga-
tions. Currently, 46 S. enterica O-serogroups are
described in the Kauffmann—White typing scheme [2].
So far, the O-antigen (O-polysaccharide) structures have

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.

* To whom correspondence should be addressed.

been established for 22 of the O-serogroups. In this work,
we established a new structure of S. enterica 047 O-poly-
saccharide, which contains 2-acetimidoylamino-2,6-
dideoxy-L-galactose and ribitol phosphate, components
that occur rarely in O-polysaccharides. Functional char-
acterization of the O-antigen gene cluster of this bacteri-
um is also reported.

MATERIALS AND METHODS

Salmonella enterica O47 type strain G1462 was
obtained from the Institute of Medical and Veterinary
Science (Adelaide, Australia). Sequencing of the chro-
mosome region between ga/F and gnd, analysis of genes,
and search of databases for possible gene functions were
performed as described [3].
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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 in a yield of ca. 10% was isolated
from dried cells by the phenol—water method [5] and
purified by precipitation of nucleic acids and proteins
with aqueous 50% CCl1,CO,H (till pH 2).

Lipopolysaccharide (120 mg) was degraded with
aqueous 2% HOAc (4 ml) at 100°C until precipitation of
lipid A. The precipitate was removed by centrifugation
(13,000g, 20 min), and the supernatant was fractionated
by gel-permeation chromatography on a column (56 x
2.6 cm) of Sephadex G-50 (S) (Amersham Biosciences,
Sweden) in 0.05 M pyridinium acetate buffer, pH 4.5,
monitored by a differential refractometer (Knauer,
Germany). A high-molecular-mass O-polysaccharide
(OPS) was obtained in a yield of 35% of the lipopolysac-
charide weight. O-Deacetylation of the OPS was per-
formed with 12.5% aqueous ammonia at 37°C for 16 h.

The OPS was hydrolyzed with 2 M CF;CO,H
(120°C, 2 h). Monosaccharides were identified by GLC
of the alditol acetates on a Hewlett-Packard 5890 chro-
matograph (USA) equipped with an Ultra-1 capillary
column using a temperature gradient of 150 to 290°C at
5°C/min. The absolute configurations of the monosac-
charides were determined by GLC of the acetylated (5)-
2-octyl glycosides as described [6, 7].

Prior to NMR measurements, samples were deuteri-
um-exchanged by freeze-drying from D,0 and then
examined as solutions in 99.96% D,0O ora 9 : 1 H,0/D,0
mixture at 30°C. NMR spectra were recorded on a Bruker
DRX-500 spectrometer (Germany) using acetone
(8 2.225, 8 31.45) as internal reference. 2D NMR spec-
tra were obtained using standard Bruker software, and
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Bruker XWINNMR 2.6 program was used to acquire and
process the NMR data. Mixing times of 200 and 100 msec
were used in TOCSY and ROESY experiments, respec-
tively.

RESULTS AND DISCUSSION

O-Antigen structure elucidation. A high molecular
mass O-polysaccharide (OPS) was obtained by mild acid
degradation of the lipopolysaccharide isolated from dried
cells of S. enterica O47 by the Westphal procedure. The
OPS was separated from low-molecular mass compounds
by gel-permeation chromatography on Sephadex G-50
(S). Sugar analysis by GLC of the alditol acetates derived
after full acid hydrolysis of the OPS revealed Gal, FucN,
GIcN, and ribitol. GLC analysis of the acetylated (.5)-2-
(+)-octyl glycosides demonstrated the D configuration of
GIcN and Gal and the L configuration of FucN.

The C-NMR spectrum of the OPS (Fig. 1) showed
the presence of one ribitol and three monosaccharide
residues, as followed from the total number of signals,
including those for three anomeric carbons at & 97.7-
102.8, one CH;—C group (C6 of FucN) at & 16.8, four
HOCH,—C groups (C6 of Gal and GlcN, C1 and C5 of
ribitol) at 6 62.0, 62.2, 66.4, and 67.3 (data of a DEPT
experiment), two nitrogen-bearing carbons (C2 of FucN
and GIcN) at 6 53.1 and 56.9, 13 oxygen-bearing sugar
ring and ribitol carbons in the region & 68.4-83.1, one N-
acetyl group at 6 23.8 (CH;) and 175.8 (CO), and one N-
acetimidoyl group (Am) at & 20.6 (CH;) and 167.7
(C=N). In addition, there were minor signals (10% or less
of the main signals) for O-acetyl groups at 5 21.6 and 21.8
(CHj;) and 174.9 (CO). Accordingly, the '"H-NMR spec-
trum of the OPS (not shown) contained major signals for
three anomeric protons at & 4.58, 5.06, and 5.18, one
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Fig. 1. ®*C-NMR spectrum of the O-polysaccharide from S. enterica O47. Arabic numerals refer to atoms in sugar residues denoted as follows:

GN, GIcNAc; G, Gal; F, FueNAm; R, ribitol.
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CH;—C group (H6 of FucN) at 6 1.21, one N-acetyl
group at 8 2.03, one N-acetimidoyl group at 8 2.26, and
other proton signals at & 3.49-4.45 as well as minor signals
for O-acetyl groups at & 2.16 and 2.18. The *'P-NMR
spectrum of the OPS showed a signal for one monophos-
phate group at 6 1.10. These data indicate that the OPS
has a repeating unit containing one residue each of Gal,
FucN, GIcN, ribitol, and phosphate group, one of the
amino sugars bearing N-acetyl group and the other N-
acetimidoyl group.

The 'H- and 3C-NMR spectra of the OPS were
assigned using two-dimensional COSY, TOCSY, ROESY,
'H,"*C HSQC, and 'H,*'P HMQC experiments (Tables 1
and 2). The TOCSY spectrum demonstrated correlations
of H1 with H2-H6 for GlcN, H2-HS5 for Gal, and H2-H4
for FucN, which were assigned within each spin system
using the COSY spectrum. The remaining Gal and FucN
signals were assigned by H5/H6 correlations in the COSY
spectrum. The amino sugars were confirmed by correla-
tions in the HSQC spectrum between protons at the
nitrogen-linked carbons and the corresponding carbons
(H2/C2) at & 3.84/56.9 and 4.05/53.1 for GIcN and
FucN, respectively. Cross-peaks at & 3.76, 3.88/62.2;
3.84/83.1; 3.83/72.2; 3.79/71.2; and 3.92, 4.00/67.3 in
the HSQC spectrum were assigned to H1/C1-H5/C5
correlations of ribitol.

Relatively small J;, coupling constants of ~3 Hz
indicated that Gal and FucN are a-linked, whereas a sig-
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nificantly larger J; , value of ~7 Hz showed that GIcN is
B-linked. The pyranose form of all monosaccharide
residues was inferred by characteristic coupling constants
between neighboring protons and confirmed by the
absence from the *C-NMR spectrum of any signals for
non-anomeric sugar carbons at a lower field than & 83.1
[8].

Relatively low-field positions in the '*C-NMR spec-
trum of the OPS of the signals for C6 of Gal, C3 of FucN
and GIcN, and C2 and C5 of ribitol at 6 66.4, 78.1, 80.0,
83.1, and 67.3, respectively, as compared with their posi-
tions in the corresponding non-substituted monosaccha-
rides and ribitol [8, 9], demonstrated the modes of substi-
tution (glycosylation or phosphorylation) of the
monomers. The 'H,’'P HMQC spectrum of the OPS
showed a correlation of the phosphate group with H6a,6b
of Gal at 6 1.10/3.98, 4.08, and H5a,5b of ribitol at
6 1.10/3.92, 4.00, thus indicating that Gal and ribitol are
interlinked by phosphorylation at positions 6 and 35,
respectively.

A two-dimensional ROESY experiment showed
inter-residue cross-peaks between the anomeric protons
and protons at the linkage carbons at & 5.06/4.05;
5.18/3.71; and 4.58/3.84, which were assigned to Gal
H1/FucN H3; FucN H1/GIcN H3; and GlcN H1/ribitol
H2 correlations, respectively. These data are in agreement
with the glycosylation pattern revealed by the *C-NMR
chemical shift data (see above) and established the

Table 1. Data of the '"H-NMR spectrum of the non-O-acetylated O-unit of the O-polysaccharide of S. enterica 047
(8, ppm). Chemical shift for the N-acetyl group is 8 2.03 and for the N-acetimidoyl group is & 2.26

Residue HI (1a, 1b) H2 H3 H4 H5 (5a, 5b) | H6 (6a, 6b)
—2)-D-Ribitol-5-P— 3.76, 3.88 3.84 3.83 3.79 3.92, 4.00
—06)-a-D-Galp-(1—> 5.06 3.79 3.86 4.02 4.22 3.98,4.08
—3)-a-L-FucpNAm-(1—> 5.18 4.05 4.05 4.10 4.45 1.21
—3)-B-D-GlcpNAc-(1—> 4.58 3.95 3.71 3.57 3.49 3.78,3.93

Table 2. Data of the '3C-NMR spectrum of the non-O-acetylated O-unit of the O-polysaccharide of S. enterica 047
(8, ppm). Chemical shifts for the N-acetyl group are 6 23.8 (CH;) and 175.8 (CO), and the N-acetimidoyl group &

20.6 (CH;) and 167.7 (C=N)

Residue Cl C2 C3 C4 C5 C6
—2)-D-Ribitol-5-P— 62.2 83.1 72.2 71.2 67.3
—6)-a-D-Galp-(1— 102.8 69.4 70.3 70.5 71.7 66.4
—3)-a-L-FucpNAm-(1— 97.7 53.1 78.1 72.0 68.4 16.8
—3)-B-D-GlcpNAc-(1—> 102.7 56.9 80.0 69.5 76.9 62.0
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sequence of the monosaccharide residues in the repeating
unit of the OPS.

The distribution of the N-acyl substituents was
determined using NMR experiments with an OPS solu-
tionina9: 1 H,0/D,0 mixture, which enabled detection
of nitrogen-linked protons. The 'H-NMR spectrum
showed the presence of four NH protons at é 8.47, 8.55,
8.79, and 8.86. Using a TOCSY experiment, the NH pro-
tons at & 8.55 and 8.86 were assigned to FucN and GIcN,
respectively. The NOESY spectrum showed correlations
of the NH proton of FucN with CH;C=N of the N-acet-
imidoyl group at & 8.86,/2.26 and the NH proton of GIcN
with CH;CO of the N-acetyl group at & 8.55/2.03, thus
indicating N-acetylation of GlcN and N-acetimidoyl-
ation of FucN. Correlations in the NOESY spectrum of
the NH protons of the N-acetimidoyl group at 6 8.47 and
8.79 with H2 of FucN at 4 4.05 confirmed the presence of
FucNAm.

O-Deacetylation of the OPS with aqueous ammonia
was accompanied by conversion of the N-acetimidoyl
group into an N-acetyl group. This caused a significant
change in the *C-NMR chemical shift of the C2 signal of
FucN from & 53.1 to 49.7, which further confirmed loca-
tion of the N-acetimidoyl group on FucN. A comparison
of the 'H,"*C HSQC spectra of the initial and O-deacetyl-
ated OPS showed a significant downfield displacement of
a minor part (ca. 10%) of the H4/C4 cross-peak of Gal
from &y/8 4.02/70.5 to 5.38/72.8 (assignment of the sig-
nal at 6 5.38 to H4 of Gal was performed using COSY and
TOCSY experiments). This downfield shift in both
dimensions was due to a deshielding effect of the O-acetyl
group and indicated non-stoichiometric O-acetylation of
the Gal residue at position 4. The position of the other
minor O-acetyl group was not determined owing to its too
low content. Therefore, the O-polysaccharide of S. enter-
ica O47 has the following structure, where the degree of
O-acetylation of Gal is ca. 10%:

—2)-D-Ribitol-5-P-(0—6)-a-D-Galp4Ac-
(1-3)-a-L-FucpNAm-(1-3)-B-D-GlcpNAc-(1-.

As in a number of E. coli O-antigens studied earlier
[10], GIcNAc seems to be the first sugar of the biological
O-unit, whose transfer to a lipid carrier initiates the O-
antigen biosynthesis [11]. Interestingly, the S. enterica
047 polysaccharide shares a disaccharide fragment with
the O-polysaccharides of S. enterica sv. Toucra 048, S.
enterica ssp. arizonae O21, and Escherichia coli O145 [12]
(see below).

O-Antigen gene cluster characterization. The O-
antigen gene cluster of S. enterica O47 was found between
housekeeping genes galF and gnd, and was sequenced.
Thirteen open reading frames (orfs) excluding ga/F and
gnd were identified, all of which have the same transcrip-
tional direction from galFto gnd. Functions were assigned
to most orfs based on their similarity to related genes from

BIOCHEMISTRY (Moscow) Vol. 74 No. 4 2009

419

the available databases and taking into account the S.
enterica O47 antigen structure. As genes for the synthesis
of common sugars (GlcNAc and Gal in case of S. enteri-
ca O47) are located outside the O-antigen gene cluster
[13], only genes for the synthesis of UDP-L-FucNAm
and CDP-ribitol were expected in the cluster.

Orfl shares 45% identity to Acsl of Haemophilus
influenzae. Acsl was identified as a bifunctional enzyme
that converts ribulose 5-phosphate into D-ribitol 5-phos-
phate and further into CDP-ribitol, which is known as
the activated precursor form for incorporation of ribitol
5-phosphate into the capsular polysaccharide [14].
Therefore, orfl gene was proposed to be responsible for
the synthesis of CDP-ribitol. Orf9, Orfl10, and Orfll
share 92, 78, and 94% identity to FnlA, FnlB, and FnIC,
respectively, of the Escherichia coli O145 antigen gene
cluster, which have been identified as enzymes of the
UDP-L-FucNAc biosynthesis pathway [15]. Therefore,
we proposed that Orf9-11 in S. enferica O47 are responsi-
ble for the synthesis of UDP-L-FucNAc, which is an
intermediate in the synthesis of the L-FucNAm.

Orf6 share 85% identity to WbuX of E. coli 0145,
which has been identified as aminotransferase for synthe-
sis of L-FucNAm from L-FucNAc [12, 16]. Therefore,
orf6 was proposed to be the aminotransferase gene
involved in the synthesis of L-FucNAm. Orf7 and Orf8
share 83 and 88% identity to WbuY and WbuZ, respec-
tively, of E. coli O145 antigen gene cluster. It has been
proposed that they both are related with the synthesis of
N-acetimidoyl group: WbuZ acts as a glutaminase and,
with WbuY, conducts ammonia to WbuX [12]. We suggest
that Orf7 and Orf8 in S. enferica O47 have the same func-
tions, which need experimental evidence.

Orf2 and Orf4 are the only two proteins with predict-
ed transmembrane segments. Orf2 was predicted to have
12 well-proportioned transmembrane segments, which is
a typical topology for O-antigen flippase (Wzx). Orf2
shares 53% similarity to Wzx of Yersinia enterocolitica O3,
and belongs to a flippase protein family (PF01943, E
value = 1.4-¢7**). Orf4 was found to have 10 predicted
transmembrane segments. It shares 49 and 45% similari-
ty to O-antigen polymerase (Wzy) of E. coli 0104 and
Shigella boydii type 11, respectively. Therefore, orf2 and
orf4 were proposed to be wzx and wzy genes, respectively,
which are O-antigen processing genes responsible for the
translocation and polymerization of the O-unit.

In most E. coli, Shigella, and S. enterica strains,
transfer of GIcNAc-1-P or GalNAc-1-P to an unde-
caprenol phosphate (UndP) carrier catalyzed by WecA
initiates the O-unit synthesis. The wecA gene is located
outside the O-antigen gene cluster [10, 15], and, there-
fore, only three transferase genes were expected in the O-
antigen gene cluster of S. enterica O47.

Orf3 shares 47% similarity to a putative LicD-family
phosphotransferase of S. pneumoniae. Orf12 is 85% iden-
tical to WbuB of E. coli 0145, which is L-fucosamine
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Fig. 2. Comparison of the O-antigen gene cluster of S. enterica
047 and E. coli O145. All genes are transcribed in the direction
from galF to gnd.

transferase involved in the O-antigen synthesis. Orf5
shares 52% similarity to glycosyltransferase Cap33fG of
Streptococcus pneumoniae and belongs to glycosyl trans-
ferases group 1 family (PF00534, E value = 3.5-¢7%).
Therefore, orf3, orf5, and orfl2 in S. enterica O47 were
proposed to be putative transferase genes, which are
responsible for sequential transfer of the activated deriva-
tives of D-ribitol 5-phosphate, D-Gal, and L-FucNAm,
respectively.

Orf13 share 79% identity to WbuC of E. coli 0145,
whose function has not been assigned.

The O-antigen gene cluster of E. coli O145 has been
sequenced and analyzed by us earlier [12]. When the O-
antigen gene clusters of S. enterica O47 and E. coli O145
were compared, it was found that their last 8 genes share
DNA identity between 76 and 83% or protein identity
between 78 and 94% (Fig. 2). These loci include genes for
the synthesis and transfer of L-FucNAm, and their simi-
larity is in agreement with the occurrence of the common
—3)-a-L-FucpNAm-(1-3)-B-D-GlcpNAc-(1— disac-
charide fragment in the O-antigens of the two bacteria.

Escherichia coli and S. enterica diverged about 140
million years ago [17], and typical homologous proteins
are, on average, 93% identical in the two species, ranging
from 76.3 to 100% [18]. Three pairs of the identical O-
antigens have been identified in E. coli and S. enterica,
which are those of E. coli O111-S. enterica O35, E. coli
055-S. enterica O50, and E. coli O157—S. enterica O30.
Their identical O-antigen gene clusters have been pro-
posed to originate from a common ancestor [19]. Our
data suggest that a close evolutionary relationship occurs
between S. enterica O47 and E. coli 0145, and a part of
their O-antigen gene clusters may come from a common
ancestor too.
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