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Abstract

Shigella strains are human pathogens and normally identified based on their O antigens. The chemical structure and gene cluster of
Shigella boydii type 17 O antigen were studied. As judged by sugar and methylation analyses along with NMR spectroscopy data, the O
antigen of S. boydii type 17 has a linear trisaccharide O unit, which consists of two residues of N-acetylgalactosamine (GalNAc) and a 4-
O-[(R)-1-carboxyethyl]-D-glucose (glucolactilic acid). The O antigen gene cluster of S. boydii type 17 was sequenced and genes encoding
UDP-N-acetylglucosamine C4 epimerase for GalNAc synthesis, O unit flippase, O antigen polymerase, and glycosyltransferases were
putatively identified based on sequence similarities and the presence of conserved motifs. Two genes, whose functions could not be clearly
indicated by homology search, were confirmed to be involved in the synthesis of glucolactilic acid by mutation and structural verification
of the O antigens from the mutants. To our knowledge, this is the first time that genes involved in the synthesis of glucolactilic acid have
been reported. Two genes specific to S. boydii type 17 were also identified.
� 2006 Elsevier Inc. All rights reserved.
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Shigella strains are well-known human pathogens caus-
ing diseases such as diarrhea and bacillary dysentery [1].
Four species including Shigella boydii, Shigella dysenteriae,
Shigella flexneri, and Shigella sonnei have been recognized
[2]. Subdivision of Shigella strains into different serotypes is
solely based on their O antigens as they lack flagellar (H)
and capsular (K) antigens. There are 46 Shigella serotypes,
but only 33 distinct O antigen forms, as the rest are vari-
ants arising from phage modification. S. boydii type 17,
first described as a provisional Shigella serotype [3], was
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added to the Shigella schema based on biochemical and
serological studies in 1985 [4].

The O antigen (O polysaccharide), which consists of
many repeats of an oligosaccharide unit (O unit), is the
outer component of lipopolysaccharide (LPS) in the sur-
face of Gram-negative bacteria [5]. It is one of the most
variable cell constituentes due to presence of different sug-
ars and sugar linkages. The O antigen variation plays an
important role in bacterial evasion of host defense systems
[6]. A recent study showed that O antigen was also essential
for the virulence of Yersinia enterocolitica O:8 [7].

Genes involved in O antigen synthesis are normally clus-
tered between two housekeeping genes galF and gnd in Shi-

gella, Escherichia coli, and Salmonella, and are commonly
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classified into three main classes: sugar biosynthetic path-
way genes, sugar transferase genes, and O antigen process-
ing genes including the flippase (Wzx) and polymerase
(Wzy) genes [5]. The different O antigen forms are almost
entirely due to genetic variations in their respective O anti-
gen gene clusters.

In this study, we investigated the chemical structure and
gene cluster of S. boydii type 17 O antigen. The O unit of
S. boydii type 17 was shown to contain two residues of
N-acetylgalactosamine (GalNAc) and a 4-O-[(R)-1-carb-
oxyethyl]-D-glucose (glucolactilic acid). The O antigen gene
cluster of S. boydii type 17 was found to contain genes
involved in the synthesis of GalNAc and glucolactilic acid,
genes encoding putative sugar transferases, O unit flippase
(Wzx) and O antigen polymerase (Wzy). By generating the
mutants and examining the O antigen structures of the
mutants, two genes were confirmed, for the first time, to
be involved in the synthesis of glucolactilic acid. Genes spe-
cific to S. boydii type 17 were also identified by screening
against representative strains of all 186 Shigella and E. coli

O serotypes.
Materials and methods

Bacterial strains and plasmids. All plasmids used in this study were
maintained in E. coli K-12 strain DH5a, which was purchased from Bei-
jing Dingguo Biotechnology Development Center (Beijing, China). S.

boydii type 17 type strain LSPQ 3692 (laboratory stock No. G1214) was
provided by the Institute of Medical and Veterinary Science, Adelaide,
Australia. Other Shigella and E. coli type strains used were as previously
reported [8].

Cultivation of bacteria and isolation of lipopolysaccharides. Bacteria
were grown to late log phase in 8 L of Luria–Bertani broth in a 10-L
fermentor (BIOSTAT C-10, B. Braun Biotech International, Germany)
under constant aeration at 37 �C. LPSs of S. boydii type 17, wfaW, and
wfaX knock-out mutants (824, 280, and 560 mg, respectively) were
isolated from dried cells (20.6, 8.7, and 8.2 g, respectively) by the phenol–
water method [9] and purified by precipitation of nucleic acids and pro-
teins with aqueous 50% trichloroacetic acid.

Preparation of the O polysaccharides. Delipidation of the LPSs of
S. boydii type 17, wfaW, and wfaX knock-out mutants (103, 100, and
91 mg, respectively) was performed with aq 2% HOAc at 100 �C until lipid
A precipitation. The precipitate was removed by centrifugation (13,000g,
20 min), and the supernatant was fractionated on a column (56 · 2.6 cm)
of Sephadex G-50 (S) (Amersham Biosciences, Sweden) in 0.05 M pyri-
dinium acetate buffer (pH 4.5) monitored using a Knauer differential
refractometer (Germany). High-molecular-mass polysaccharides were
obtained in yields of 50%, 27%, and 25%, respectively, of the LPS weight.

Chemical analyses. The O polysaccharide of S. boydii type 17 (1 mg)
was hydrolyzed with 2 M CF3CO2H (120 �C, 2 h) and sugars were iden-
tified by GLC of the alditol acetates on a Hewlett-Packard Model 5880
chromatograph (USA) equipped with an Ultra-2 column (Supelco, USA)
using a temperature gradient of 160 to 290 �C at 3 �C min�1. The absolute
configuration of the monosaccharides was determined by GLC of the
acetylated (S)-2-octyl glycosides as described [10]. Methylation of the
polysaccharide (1 mg) was performed with CH3I in dimethyl sulfoxide in
the presence of sodium methylsulfinylmethanide [11]. A portion of the
methylated polysaccharide was reduced with LiBH4 in aq 70% 2-propanol
(20 �C, 2 h). Partially methylated monosaccharides were derived by
hydrolysis under the same conditions as in sugar analysis, reduced with
NaDH4, acetylated, and analyzed by GLC-MS on a Hewlett-Packard HP
5989A instrument equipped with a 30-m HP-5 ms column (Hewlett-
Packard, USA) under the same chromatographic conditions as in GLC.
Isolation of glucolactilic acid. The O polysaccharide of S. boydii type 17
(70 mg) was hydrolyzed with CF3CO2H at 120 �C for 2 h. After evapo-
ration, products were fractionated on a column (80 · 1.6 cm) of TSK HW-
40 (S) (Merck, Germany) in water to give D-Glc4RLac (10 mg). The
authentic sample of D-Glc4RLac (3 mg) was isolated in a similar manner
from the O polysaccharide of S. dysenteriae type 3 (25 mg).

NMR spectroscopy. Samples were deuterium-exchanged by freeze-
drying twice from D2O and then examined as solutions in 99.96% D2O at
30 �C. NMR spectra were recorded on a Bruker DRX-500 spectrometer
(Germany) using internal acetone (dH 2.225, dC 31.45) as reference. Two-
dimensional NMR spectra were obtained using standard Bruker software,
and Bruker XWINNMR 2.6 program was used to acquire and process the
NMR data. Mixing times of 200 and 300 ms were used in TOCSY and
ROESY experiments, respectively.

Construction of a random DNaseI shot gun bank. Chromosomal DNA
was prepared as previously described [12]. Primers #1523 and #1524 [13]
based on the galF and gnd genes, respectively, were used to amplify the
DNA of S. boydii type 17 O antigen gene cluster using the Expand Long
Template PCR system from Roche. The PCR products were digested with
DNaseI and the resulting DNA fragments were cloned into pGEM-T easy
to produce a bank using the method described previously [14].

Sequencing and analysis. The plasmid DNA template for sequencing
was prepared using the method of Sambrook [15]. Sequencing was carried
out using an ABI 3730 automated DNA sequencer (ABI, Foster City,
USA). Sequence data were assembled using the Staden Package [16]. The
program Artemis [17] was used to identify open-reading frames (ORFs)
and for annotation. The program BlockMaker was used to search con-
served motifs. Blast and PSI-BLAST [18] were used for searching dat-
abases including GenBank, COG, and Pfam protein motif databases
[19,20]. The algorithm described by Eisenberg [21] was used to identify
potential transmembrane segments. Sequence alignment and comparison
were performed using the program ClustalW. (http://www.ebi.ac.uk/
clustalw).

Deletion of wfaW and wfaX from S. boydii type 17. wfaW and wfaX

were replaced, respectively, by a chloramphenicol acetyltransferase (CAT)
gene using the RED recombination system of phage lambda [22,23]. The
CAT gene was PCR-amplified from plasmid pKK232-8 (Pharmacia) using
primer pairs wl-4462/wl-4340 (5 0-ATAATTATAAAAGTATTGTCTT
TTTTCGGGGGGAATAATGATGGAGAAAAAAATCACTGGAT-3 0/
5 0-TTTGCACCTTTAGCTTTCAAATACTTCATTATATAATACATT
ACGCCCCGCCCTGCCACTCA-30) and wl-4463/wl-4342 (5 0-ATATAA
TGAAGTATTTGAAAGCTAAAGGTGCAAAATGAGTATGGAGA
AAAAAATCACTGGAT-3 0/ 5 0-CTAGTTTAGGTTCGTTTTTAAGA
AACGTATAGAGTTTCCCTTACGCCCCGCCCTGCCACTCA-3 0)
binding to the 5 0 and 3 0 ends of wfaW and wfaX, respectively, with each
primer carrying 40bp based on the S. boydii type 17 DNA which flanks the
target gene. The PCR product was transformed into the S. boydii type 17
strain G1214 carrying pKD20, and chloramphenicol-resistant transfor-
mants were selected after induction of the RED genes according to the
protocol described by Datsenko and Wanner [22]. PCR using primers
specific to the CAT gene and the flanking DNA of the target gene was
carried out to confirm the replacement. wfaW and wfaX knock-out
mutants were designated as S. boydii type 17 strains H1438 and H1435,
respectively. To complement the mutants, wfaW and wfaX were PCR-
amplified from the wild-type S. boydii type 17 strain G1214 using primer
pairs wl-5696/wl-4537 (5 0-CATGCCATGGGCATGAGTATTCAAAAG
GTAAT-30/5 0-ACTGGGATCCTCATTTTGCACCTTTAGCTT-3 0) and
wl-5697/wl-4539 (5 0-CATGCCATGGGCATGAGTAAGAAGGTTGG
TAT-3 0/ 50-ACTGGGATCCCTAGTTTAGGTTCGTTTTTA-30), respec-
tively. The resulting PCR products were cloned into pTRC99A to make
plasmids pLW1201 (containing wfaW) and pLW1200 (containing wfaX),
which were transformed into S. boydii type 17 strain to construct the
strains H1439 and H1436, respectively. Expression of the cloned wfaW

and wfaX genes was induced by 0.5 mM IPTG.
Membrane preparation, SDS–PAGE, and silver staining for visuali-

zation of LPS were carried out as described by Wang and Reeves [24].
PCR specificity assay. Chromosomal DNA was prepared from each

of the 186 E. coli (including Shigella) strains representing all O serotypes.

http://www.ebi.ac.uk/clustalw
http://www.ebi.ac.uk/clustalw


S.N. Senchenkova et al. / Biochemical and Biophysical Research Communications 349 (2006) 289–295 291
The quality of DNA was examined by PCR amplification of the mdh gene
(coding for malate dehydrogenase and presents as a housekeeping gene in
E. coli and Shigella) using primers described previously [14]. A total of 13
DNA pools were made, each containing DNA from 12 to 19 strains [8].
Pools were screened by PCR using primers based on genes specific to S.

boydii type 17.
Nucleotide sequence Accession No.. The DNA sequence of the S. boydii

type 17 O antigen gene cluster has been deposited in GenBank under the
Accession No. DQ875941.

Results and discussion

Elucidation of the O polysaccharide structure of S. boydii

type 17

The O polysaccharide was obtained by mild acid degra-
dation of the LPS isolated from dried cells by the phenol–
water procedure. Analyses by GLC of the alditol acetates
and (S)-2-octyl glycosides revealed D-GalN. Methylation
analysis of the O polysaccharide resulted in identification
of 3-substituted and 4-substituted GalN residues in the
ratio �1:1. When the methylated polysaccharide was car-
boxyl-reduced prior to hydrolysis, two additional com-
pounds, major and minor, were detected. Based on the
characteristic mass spectrometric fragmentation and
Fig. 1. Structures of compounds derived from the O polysaccharide of S.

boydii type 17 in methylation analysis (1 and 2) and by acid hydrolysis (3).

Table 1
1H and 13C NMR data of the O polysaccharides of S. boydii type 17 and mu

Sugar residue 1 2 3 4 5

S. boydii type 17
fi6)-b-D-Glcp4RLac-(1fi 1H 4.64 3.37 3.56 3.40

13C 105.2 75.0 76.6 78.6 7
fi4)-a-D-GalpNAcI-(1fi 1H 5.07 4.29 3.87 4.24

13C 95.0 51.1 69.5 78.6 7
fi3)-b-D-GalpNAcII-(1fi 1H 4.53 4.07 3.79 4.10

13C 102.1 52.1 76.7 65.1 7
S. boydii type 17 mutant H1438
fi6)-b-D-Glcp-(1fi 1H 4.65 3.37 3.49 3.40

13C 105.3 75.0 77.2 71.0 7
fi4)-a-D-GalpNAcI-(1fi 1H 5.08 4.31 3.86 4.26

13C 95.2 51.5 70.0 78.6 7
fi3)-b-D-GalpNAcII-(1fi 1H 4.56 4.09 3.81 4.11

13C 103.2 52.1 76.7 65.3 7
4-O-[(R)-1-carboxyethyl]-D-glucose
a-D-Glc4RLac 1H 5.19 3.52 3.80 3.37

13C 93.3 73.0 74.5 78.7 7
b-D-Glc4RLac 1H 4.60 3.24 3.59 3.37

13C 97.4 75.8 77.5 78.4 7

n.d., not determined.
published data [25], they were identified as derivatives 1

and 2 from 6-substituted and non-substituted 4-O-(1-carb-
oxyethyl)hexose, respectively (compounds 1, 2 in Fig. 1).
Compound 2 was derived evidently from the monosaccha-
ride that occupies the non-reducing end of the polysaccha-
ride and, hence, the biological O unit.

The O polysaccharide was hydrolyzed with CF3CO2H
and the 4-O-(1-carboxyethyl)hexose was isolated by frac-
tionation of products using gel-permeation chromatogra-
phy on TSK HW-40 (S). Assignment of the 1H and 13C
NMR spectra (Table 1) confirmed that this compound is
an ether of a hexose and lactic acid. Relative coupling con-
stants of the neighboring protons (J2,3 � J3,4 � J4,5 8–
10 Hz) indicated that the hexose is glucose. The NMR
spectra were indistinguishable from those of 4-O-[(R)-1-
carboxyethyl]-D-glucose (D-Glc4RLac) (compound 3 in
Fig. 1), which was isolated from the O polysaccharide of
S. dysenteriae type 3 studied earlier [25,26].

The 13C NMR spectrum of the O polysaccharide of S.

boydii type 17 (Fig. 2, A) contained signals for three ano-
meric carbons at d 95.0–105.2, two nitrogen-bearing car-
bons (C-2 of two GalN) at d 51.1–52.1, one O-substituted
and two non-substituted HOCH2-C groups (C-6 of Glc
and two GalN) at d 69.0 and 62.2–62.6 (data of the
attached proton test), one CH3-C group (C-3 of lactic acid)
at d 19.9, COOH group of lactic acid at d 179.1, 11 other
carbons in the region d 65.1–78.6 (oxygen-linked sugar ring
carbons and C-2 of lactic acid), and two N-acetyl groups at
d 23.5, 23.9 (both CH3), 175.8, 176.2 (both CO). Therefore,
the O polysaccharide has a trisaccharide O unit containing
two residues of GalNAc (GalNAcI and GalNAcII) and a
Glc4RLac.

The 1H and 13C NMR spectra were assigned using two-
dimensional COSY, TOCSY, ROESY, and H-detected 1H,
13C HSQC experiments, and spin systems for three mono-
tant H1438 (d, ppm)

6a,b CH3CO CH3CO 1 0 2 0 30

3.59 3.83, 4.23 4.27 1.43
5.0 69.0 179.1 77.9 19.9
3.84 3.77, 3.83 2.04
2.2 62.2 23.5 176.2
3.64 3.77, 3.82 2.12
6.3 62.6 23.9 175.8

3.59 3.89, 4.17
6.2 69.7
3.86 3.75, 3.83 2.04
2.2 62.0 23.4 176.0
3.65 3.77, 3.82 2.09
6.6 62.4 23.9 175.8

3.85 3.84, 3.84 1.38 4.43 1.37
1.8 62.2 n.d. 78.8 20.0
3.47 3.79, 3.86 1.37 4.41 1.38
6.3 62.3 n.d. 78.7 20.0



Fig. 2. One hundred and twenty-five megahertz 13C NMR spectra of the O polysaccharides of S. boydii type 17 (A) and mutant strain H1438 (B). Lac (R)-
1-carboxyethyl [(R)-lactic acid residue].
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saccharide residues and 1-carboxyethyl group were recog-
nized (Table 1). The J1,2 coupling constant values of
�3 Hz indicated that GalNAcI is a-linked, whereas Gal-
NAcII and Glc that are characterized by J1,2 � 9 Hz are
b-linked. The pyranose form of all sugar residues was
inferred by the absence of any 13C NMR signals for non-
anomeric sugar ring carbons in the region d 80–88 [26].

Low-field displacements of signals for C-6 of Glc, C-4 of
GalNAcI, and C-3 of GAlNAcII at d 69.0, 78.6, and 76.7,
respectively, as compared with their positions in the corre-
sponding non-substituted monosaccharides [27], confirmed
the modes of glycosylation of the GalNAc residues and
demonstrated substitution of Glc4RLac at position 6. A
ROESY experiment revealed cross-peaks between anomer-
ic protons and protons at the linkage carbons (Glc H-1/
GalNAcI H-4, GalNAcI H-1/GalNAcII H-3, and GalNAcII

H-1/Glc H-6a, 6b at d 4.64/4.24, 5.07/3.79 and 4.53/3.83,
4.23, respectively), thus showing the monosaccharide
sequence in the O unit.
Fig. 3. Structures of the O polysaccharides of S. boydii
A cross-peak between H-2 of lactic acid and H-4 of Glc
at d 4.27/3.40 in the ROESY spectrum confirmed the
Glc4RLac structure. The R configuration of lactic acid
was confirmed by correlation between H-3 of lactic acid
and H-3 and H-4 of Glc at d 1.43/3.56 and 1.43/3.40, which
is in agreement with molecular modeling data (in case of
the S configuration, H-3 of lactic acid would be spatially
close to H-6 of Glc) (author’s unpublished data).

Taking into account these data together, it was conclud-
ed that the biological O unit of S. boydii type 17 has the
structure shown in Fig. 3A.

Sequencing of the region between galF and gnd from

S. boydii type 17

A sequence of 10,432 bases including galF and gnd was
obtained. Seven ORFs excluding galF and gnd were identi-
fied, and all transcribes from galF to gnd (Fig. 4).
type 17 (A), mutant strains H1438 and H1435 (B).



Fig. 4. The O antigen gene cluster organization of S. boydii type 17.

Table 2
Characteristics of the ORFs in the S. boydii type 17 O antigen gene cluster

Gene Base
positions

% G + C
content

Similar protein, strain, (GenBank Accession Number) % Identity/% similarity
(No. of aa overlap)

Putative function

wzx 926–2191 29.9 Wzx, Yersinia enterocolitica type O:8 (AAC60766) 21/48 (380) O unit flippase
wfaW 2191–3555 31.6 Coenzyme F420-reducing hydrogenase, Methanothermobacter

thermautotrophicus (AAB84847)
28/49 (302) Hydrogenase

wfaX 3552–4655 29.2 MurB family protein, Enterococcus faecalis V583 (AAO82205) 28/46 (330) Pyruvyl transferase
wzy 4681–5892 28.3 O antigen polymerase, Salmonella enterica C1 (AAB49386) 27/46 (357) O antigen polymerase
wfaY 5909–6850 30.5 WbnA, Escherichia coli O113 (AAD50485) 33/50 (276) Glycosyltransferase
gne 6890–7906 35.1 Gne, Yersinia enterocolitica type O:8 (AAC60777) 59/71 (337) UDP-N-acetylglucosamine

4-epimerase
wfaZ 7929–8987 31.7 WbcQ, Yersinia enterocolitica type O:3 (CAA87705) 44/63 (337) Glycosyltransferase

Fig. 5. Deletion and complementation analysis of S. boydii type 17 wfaW

and wfaX. Membrane extracts were run on gels and silver stained. Lane 1,
S. boydii type 17 type strain G1214. Lane 2, H1438 (G1214 missing the
wfaW gene). Lane 3, H1439 (H1438 with plasmid pLW1201 containing
wfaW). Lane 4, S. boydii type 17 type strain G1214. Lane 5, H1435 (G1214
missing the wfaX gene). Lane 6, H1436 (H1435 with plasmid pLW1200
containing wfaX).
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The ORFs were assigned functions based on their sequence
similarities to genes in available databases (Table 2).

(i) Sugar biosynthetic pathway genes. orf6 shares 59%
identity to gne of Yersinia enteritica O:8. In Y. enteritica

O:8, gne encodes UDP-GlcNAc C4 epimerase, which cata-
lyzes the conversion of GlcNAc to GalNAc [28]. orf6 was
assigned the same function in S. boydii type 17 and named
gne. The substrate of Gne, UDP-GlcNAc, is a common
sugar in bacteria, and the genes responsible for its synthesis
are located elsewhere in the chromosome.

The proteins encoded by orf2 belongs to the
FrhB_FdhB_C family (PF04432, E-value = 4.3 · e�7),
which contains the C termini of F420 hydrogenase and
dehydrogenase beta subunits. The protein encoded by
orf3 belongs to the Polysaccharide pyruvyl transferase fam-
ily (PF04230 E-value = 6.3 · e�4). orf2 and orf3 were con-
firmed to be involved in the synthesis of glucolactilic acid
by mutation tests (see below), and named wfaW and wfaX,
respectively.

(ii) Sugar transferase genes. The O unit of S. boydii type
17 contains two residues of GalNAc and a residue of gluco-
lactilic acid. GlcNAc or GalNAc is usually the first sugar
to be added onto the carrier lipid undecaprenyl phosphate
(UndP) in E. coli and Shigella, and wecA, which is located
outside the O antigen gene cluster, is responsible for this
linkage [29]. It is likely that, one of the GalNAc residues
acts as the first sugar in the S. boydii type 17 O unit, there-
fore, only two transferase genes were expected in its O anti-
gen gene cluster.

The protein encoded by orf5 and orf7 belong to the fam-
ilies of Glycosyltransferase group 2 (PF00535, E-val-
ue = 9.2 · e�35) and Glycosyltransferase group 1
(PF00534, E-value = 7.7 · e�26), respectively. orf5 shares
33% identity and 50% similarity with WbnA, a proposed
glycosyltransferase for the synthesis of E. coli O113 O anti-
gen [30]. orf7 shares 44% identity and 63% similarity with
WbcQ, which was proposed to function as either a Gal
or GalNAc transferase in Y. enterocolitica O:3 [31]. orf5

and orf7 were proposed to encode glycosyltransferases
and named wfaY and wfaZ, respectively.

(iii) O unit processing genes. The protein encoded by orf1

was found to have 12 predicted transmembrane segments,
which is a feature of Wzx proteins [32]. Orf1 belongs to
the Polysaccharide biosynthesis protein family (PF01943,
E-value = 1.0 · e�5). It also shares 22 and 21% identity to
the putative Wzx proteins of Clostridium acetobutylicum



Table 3
PCR testing of S. boydii type 17 specific genes

Gene Base positions Forward primer
(base positions)

Reverse primer
(base positions)

Length of PCR
fragment (bp)

Annealing temperature
(�C) of PCR

wzx 926–2191 wl-361 (1043–1061) wl-362 (2018–2035) 993 52a

wl-363 (1137–1154) wl-364 (1875–1892) 756 55

wzy 4681–5892 wl-365 (4772–4789) wl-366 (5306-5323) 552 52
wl-367 (4967–4984) wl-368 (5562–5579) 613 52

a PCR condition used: denaturation at 94 �C for 15 s, annealing at 52 �C (or 55 �C) for 30 s, and extension at 72 �C for 1 min, 30 cycles.
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ATCC 824 and Y. enterocolitica O:8, respectively. When
Orf1 and the two putative Wzx proteins were analyzed
using the BlockMaker program, four conserved motifs
were revealed (14, 20, 14, and 17 amino acids, respectively).
The consensus sequences of those motifs were used to run
the PSI-BLAST program to search the GenBank database,
and other distantly related Wzx proteins were also
retrieved (E-value = 4 · e�27) after three iterations. orf1
was therefore proposed to be an O unit flippase gene,
wzx, and named accordingly.

The protein encoded by orf4 was found to have 12 pre-
dicted transmembrane segments with a large periplasmic
loop of 20 amino acid residues, which is the typical topo-
logical character of Wzy proteins [33]. It also shares 25%
and 24% identity to Wzy proteins of Salmonella enterica

C1 and S. boydii type 11, respectively. orf4 was therefore
proposed to be an O antigen polymerase gene, wzy, and
named accordingly.

wfaW and wfaX genes are involved in the synthesis of

glucolactilic acid

Two mutant strains H1438 and H1435, in which wfaW

and wfaX were replaced by a CAT gene, respectively,
produced different LPS band patterns from that of the S.

boydii type 17 wild-type strain as revealed by silver-stained
SDS–PAGE (Fig. 5). When the two mutants were comple-
mented by plasmids pLW1201 (containing wfaW) and
pLW1200 (containing wfaX), respectively, the same LPS
phenotype as produced by S. boydii type 17 wide type
strain was restored (Fig. 5). Those data indicated that
mutation in either the wfaW or wfaX gene resulted in struc-
tural change of the O antigen.

O polysaccharides from the two mutants were studied
by 1H and 13C NMR spectroscopy as described above for
the S. boydii type 17 O polysaccharide. The 13C NMR spec-
tra (Fig. 2B) were found to be identical to each other and to
lack signals for lactic acid in both. Full assignment of the
NMR spectra enabled structure elucidation of the two
mutant O units, which are both linear and contain two res-
idues of GalNAc and one residue of Glc (Fig. 3B). Glucose
was found to have the D configuration, thus further con-
firming the absolute configuration of Glc4RLac in the par-
ent O polysaccharide. The data obtained showed that
mutation in either of the wfaW and wfaX genes affected
the glucolactilic acid synthesis pathway.
Although both wfaW and wfaX were confirmed to be
involved in the biosynthesis of glucolactilic acid, we could
not be sure of the exact process of its synthesis by the pres-
ent experimental data, and the enzymes of the glucolactilic
acid biosynthetic pathway need to be characterized bio-
chemically in future study.

Identification of the S. boydii type 17 specific genes

wzx and wzy genes usually display a low level of similar-
ity in terms of their primary sequences [34], so they are
commonly used as specific genes for identification of indi-
vidual O antigens. A total of four pairs of primers based
on O unit processing genes wzx and wzy (two pairs for each
gene) were designed (Table 3) and used to screen DNA
pools containing representatives of the 186 known O anti-
gen forms of E. coli and Shigella strains. With either primer
pair, except the pools containing S. boydii type 17, which
gave the expected PCR products, no PCR products were
detected. Therefore, all of the four primer pairs are specific
to S. boydii type 17 and can be used to develop a PCR
assay for identification and detection of S. boydii type 17
strains rapidly.
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