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Abstract State-of-the-art production technologies for
conjugate vaccines are complex, multi-step processes.
An alternative approach to produce glycoconjugates is
based on the bacterial N-linked protein glycosylation
system first described in Campylobacter jejuni. The C.
jejuni N-glycosylation system has been successfully trans-
ferred into Escherichia coli, enabling in vivo production of
customized recombinant glycoproteins. However, some anti-
genic bacterial cell surface polysaccharides, like the Vi anti-
gen of Salmonella enterica serovar Typhi, have not been
reported to be accessible to the bacterial oligosaccharyltrans-
ferase PglB, hence hamper development of novel conjugate
vaccines against typhoid fever. In this report, Vi-like polysac-
charide structures that can be transferred by PglB were eval-
uated as typhoid vaccine components. A polysaccharide
fulfilling these requirements was found in Escherichia coli
serovar O121. Inactivation of the E. coli O121 O antigen
cluster encoded gene wbqG resulted in expression of O poly-
saccharides reactive with antibodies raised against the Vi
antigen. The structure of the recombinantly expressed mutant
O polysaccharide was elucidated using a novel HPLC and
mass spectrometry based method for purified undecaprenyl
pyrophosphate (Und-PP) linked glycans, and the presence of

epitopes also found in the Vi antigen was confirmed. The
mutant O antigen structure was transferred to acceptor pro-
teins using the bacterial N-glycosylation system, and immu-
nogenicity of the resulting conjugates was evaluated in mice.
The conjugate-induced antibodies reacted in an enzyme-
linked immunosorbent assay with E. coli O121 LPS. One
animal developed a significant rise in serum immunoglobulin
anti-Vi titer upon immunization.
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Introduction

Typhoid fever remains a serious public health problem of
which there are 22–33 million cases occurring each year,
including about 216,000–500,000 deaths [1]. The causative
agent of this human systemic infection, S. enterica subspe-
cies I serovar Typhi, is feco-orally transmitted through con-
taminated water and food. Hence, typhoid fever is endemic
in less developed areas where sanitary conditions remain
poor. This includes many countries of Asia, Africa and
South America, where schoolchildren and young adults are
most frequently affected [2]. Antimicrobial treatment of
typhoid fever has become increasingly complicated through
the emergence of multidrug resistant strains of S. Typhi [3].

Vaccination of high-risk populations is considered the
most promising strategy for the control and prevention of
typhoid fever. Currently, there are two licensed typhoid
vaccines: the orally administered, live attenuated whole cell
vaccine Ty21a and the purified Vi polysaccharide parenteral
vaccine. The Ty21a vaccine has several disadvantages: (i)
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The mutations contributing to the attenuated phenotype of
this S. Typhi strain are not fully defined [4], (ii) attenuated
strains could theoretically revert to virulence and (iii) Ty21a
is only modestly immunogenic and requires three to four
initial doses and boosters every 5 years [5–9]. The useful-
ness of the Vi polysaccharide vaccine is limited by its age-
related immunogenicity and the fact that immune responses
against polysaccharides are T cell independent. Therefore,
immunological memory cannot be established and revacci-
nation does not elicit any booster response [10, 11]. Due to
these drawbacks, the replacement of current typhoid vac-
cines with well defined, well tolerated and highly immuno-
genic vaccines is desirable.

The disadvantages of a polysaccharide vaccine can be
overcome by conjugating the carbohydrate to a protein
carrier (conjugate vaccine). Upon conjugation, the polysac-
charide behaves like a T cell dependent antigen. It has been
shown that purified Vi polysaccharide covalently linked to
recombinant Pseudomonas aeruginosa exotoxin A (EPA)
induces a protective immune response against S. Typhi in
young children [12, 13].

However, production of conjugate vaccines is a complex,
multi-step process. First, separate bacterial strains producing
the recombinant protein carrier and the polysaccharide anti-
gen have to be cultivated. The polysaccharide and the pro-
tein carrier have to be purified by different procedures,
before the two components are chemically coupled. The last
step involves additional purification steps for obtaining the
final product. This laborious production process has disad-
vantages: (i) several purification steps are required, where
considerable losses might occur and (ii) due to the random
nature of chemical coupling the product is not a uniform
structure but a mixture of different glycoconjugates, with
potentially different efficacy profile.

A novel approach to produce conjugate vaccines is based
on the bacterial N-linked glycosylation system first de-
scribed in C. jejuni [14, 15]. This protein glycosylation
system can be functionally transferred into E. coli to pro-
duce specified glycoproteins in vivo [15]. It has been shown
that various bacterial polysaccharide structures assembled
on the lipid carrier undecaprenyl pyrophosphate (Und-PP)
can be transferred to selected periplasmic proteins by
the oligosaccharyltransferase PglB of C. jejuni [16, 17].
Furthermore, it is possible to produce recombinant glyco-
proteins by grafting the consensus sequence for N-
glycosylation (D/E-Z-N-X-S/T, where Z and X can be any
amino acid except proline) into proteins, which are other-
wise not glycosylated [18]. This cost-efficient in vivo pro-
duction of glycoconjugates represents an alternative to the
conventional manufacturing process.

Vi is a linear, acidic homopolymer of α1-4-linked
N-acetylgalactosaminuronic acid (D-GalNAcA) residues,
60–90 % O-acetylated at C-3 (Fig. 1). Immunogenicity of

the Vi is closely related to its degree of O-acetylation [19,
20]. Analysis of the bioinformatics signature of the Vi bio-
synthetic gene cluster (viaB) highlighted the presence of a
putative ABC transporter and the absence of a wzy polymer-
ase. Therefore, biosynthesis of Vi is thought to be similar to
group 2 capsular polysaccharides (CPS). This class of CPSs
is most likely not assembled on Und-PP and no periplasmic
intermediates exist [21], which are both prerequisites for
being a substrate of PglB. However, Und-PP linked poly-
saccharides exist in bacteria that resemble the Vi antigen.
The O antigen of E. coli O121 (identical to Shigella dysen-
teriae type 7) contains an N-acetylgalactosaminuronamide
(D-GalNAcAN) residue, partially O-acetylated at the C-3,
which is α1-4-linked to a D-GalNAcA (Fig. 1) [22]. The O
antigen cluster of E. coli O121 contains the gene wbqG,
encoding a glutamine-dependent amidotransferase involved
in the biosynthesis of UDP-D-GalNAcAN [23]. It has been
shown that the O antigen of an E. coli O121 wbqG mutant
contains D-GalNAcA (30–40 % O-acetylated at C-3) in-
stead of D-GalNAcAN [23]. Hence, this mutant O polysac-
charide contains structural similarities to the Vi (Fig. 1).

In this study the possibilities of producing a typhoid
conjugate vaccine using the bacterial N-glycosylation sys-
tem were exploited. The cross-reactivity of the E. coli O121
wbqG mutant O antigen with antibodies raised against the
Vi is reported. Furthermore, glycoconjugates were produced
and their immunogenicity was analyzed in mice.

Results

Analysis of the E. coli O121 wbqG mutant O polysaccharide

First we examined whether the O polysaccharide produced
by an E. coli O121 wbqG mutant would be recognized by
antibodies specific for the S. Typhi Vi capsular polysaccha-
ride. Therefore, the E. coli O121 O antigen gene cluster was
cloned, and the open reading frame of wbqG was interrupted
by insertion of a STOP codon containing oligocassette. The
cloned plasmids were transformed into the E. coli K-12
strain W3110 and the lipopolysaccharide (LPS) was ana-
lyzed by SDS-PAGE and staining with silver, or after trans-
ferring to a nitrocellulose membrane by Western blot
(Fig. 2a). As previously reported, mutation of the wbqG
gene did not abolish O antigen expression [23]. However,
the LPS profile of the wbqG mutant visualized in the silver-
stained polyacrylamide gel differed from the wild type in
several points: (i) the staining of polymerized O antigen
containing bands is fainter relative to wild type LPS, (ii)
the band consisting of one O antigen repeating unit attached
to the lipid A-core (core + 1RU) stained more intensely and
(iii) the O antigen containing bands migrated faster than the
equivalent bands of the wild type LPS. It was estimated that
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both LPS profiles contained an average of 12 O antigen
repeat units attached to the lipid A-core by analyzing an
overexposed silver-stained SDS-PAGE gel. Western blot
analysis of the LPS revealed that anti-O121 sera reacted
with the wbqG mutant O antigen. Interestingly, the wbqG
mutant O polysaccharide was recognized by anti Vi serum.

In order to confirm the structure of the expressed O
antigen repeat unit and to determine the degree of O-
acetylation, glycolipids were extracted from E. coli SCM6
strains expressing either the O121 wild type or the wbqG
mutant O antigen. The lipid-linked oligosaccharides were
purified using a C18 SepPak column and treatment with mild
acid specifically released Und-PP-linked glycans. After an
additional purification step using again a C18 SepPak col-
umn, the glycans were labeled with 2-aminobenzamide
(2AB) and subsequently resolved by normal phase HPLC
using a GlycoSep N column. Figure 2b shows a section of
the chromatogram where single repeat units and short poly-
merized O antigens are expected to elute. Fractions contain-
ing putative 2AB-labeled glycan species were analyzed by
mass spectrometry (MS) (Fig. 3), and the glycan structures
identified by MS are illustrated in Fig. 2b.

The chromatogram of the 2AB-labeled glycans prepared
from SCM6 cells expressing the O121 wild type O antigen,
featured a peak eluting at 58.8 min. In this peak fraction a
molecule with a mass-to-charge ratio (m/z) of 1083 was
identified. The peak fraction with the retention time of
65.1 min contained mainly a species with m/z of 1041. This
detected m/z corresponded to the single-charged sodium
adduct of a 2AB-labeled, non-acetylated O121 wild type
subunit. The difference between the two detected masses
corresponded to 42 Da, which is the mass difference be-
tween an O-acetyl and a hydroxyl group. These two species
were subjected to collisionally induced dissociation (CID)
MS-MS. The series of single-charged fragment ions
obtained from the precursor with m/z of 1083 (Fig. 3a)
was consistent with glycosidic cleavage products from the

2AB-labeled O121 wild type O antigen repeat unit, contain-
ing an O-acetyl group at residue c. Whereas the CID MS-
MS spectra of the molecular species with m/z of 1041
corresponded to the non-acetylated 2AB-labeled O121 sub-
unit (Fig. 3b).

The chromatogram of the 2AB-labeled glycans prepared
from SCM6 cells expressing the wbqG mutant polysaccha-
ride revealed two prominent peaks. In the peak fraction with
the retention time of 67.2 min a molecule with m/z of 1084
was detected. This measured mass differed by 1 Da from the
mass measured in the corresponding peak of the O121 wild
type trace eluting at 58.8 min. Likewise an m/z of 1042 was
measured for the 2AB-labeled molecule with a retention
time of 73.5 min. CID MS-MS of these precursor ions
(Fig. 3c and d) resulted in a fragmentation pattern that
resembled the spectra obtained from the O121 wild type
2AB-labeled glycans. The measured mass difference of
1 Da was assigned to residue c of the glycan structure.
The mass difference of 1 Da corresponded to the calculated
mass difference between an acid and an amide group, in
agreement with the published structure of the wbqG mutant
O antigen [23].

Furthermore polymerized 2AB-labeled O antigen subu-
nits were identified in the O121 wild type trace. Two sub-
units variably O-acetylated were identified in the peak
fractions with the retention times 83.1 min, 86.9 min and
90.6 min, respectively. The double acetylated species eluted
first followed by the single acetylated and non-acetylated
form. Due to the separation of the acetylated and non-
acetylated forms, the degree of O-acetylation could be de-
termined. In both strains approximately 50 % of the single
repeating units were O-acetylated.

Precursors of the peptidoglycan monomer were also iden-
tified in some peaks of the O121 wild type trace (Fig. 2b).
Peptidoglycan precursors are also assembled on Und-PP and
are expected to be purified and labeled with the method used
for O antigen subunits.

Fig. 1 Structure of the S. Typhi
Vi polysaccharide and the
repeating unit of the E. coli
O121 O antigen. Mutation of
the O121 O antigen cluster
encoded gene wbqG results in
expression of a modified O
polysaccharide structure.
GalNAcA: 2-acetamido-2-
deoxy-D-galacturonic acid;
GalNAcAN: 2-acetamido-2-
deoxy-D-galacturonamide;
Qui4N: 4-amino-4,6-dideoxy-
D-glucose
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Production of glycoconjugates

The structure of the O121 wbqG mutant was confirmed,
and it was shown to be cross-reactive with antibodies
raised against the Vi antigen. Next, we examined wheth-
er the wbqG mutant O polysaccharide can elicit anti-
bodies that bind to the Vi. Therefore, glycoconjugates
were prepared for immunization studies. Glycoproteins
were produced by expressing the bacterial oligosacchar-
yltransferase PglB, the engineered periplasmic carrier
protein EPA, and either the E. coli O121 wild type or
the wbqG mutant antigen in the E. coli K12 derivative
CLM24 [16]. Strain CLM24 lacks the O antigen ligase
(WaaL). Therefore, the transfer of O antigen to lipid
A-core is blocked and the Und-PP linked O antigen substrate

accumulates at the periplasmic face of the inner membrane
providing the O antigen donor for the PglB-catalyzed transfer
to specific asparagine residues within the protein acceptor.
Additionally, E. coli K12 derivatives lack a functional endog-
enous O antigen gene cluster [24, 25]. A plasmid encoded O
antigen gene cluster can therefore be expressed without pro-
ducing mixed O antigen populations.

As described elsewhere EPA was used as protein
acceptor with a N-terminal signal sequence for Sec-
dependent secretion to the periplasm, and a C-terminal
hexahistidine tag for purification by affinity chromatog-
raphy [26]. Furthermore, EPA contained two engineered
N-glycosylation sites. The low copy plasmid pGVXN114 was
used for the expression of PglB under the control of the IPTG
inducible tac promoter.

Fig. 2 O polysaccharide
analysis of E. coli O121 and its
wbqG mutant derivative. a LPS
from E. coli W3110 cells
expressing the O121 wild type
O antigen gene cluster or its
wbqG mutant derivative was
separated by SDS-PAGE and
stained with silver or after
transfer to a nitrocellulose
membrane detected with anti-
O121 and anti-Vi antibodies.
Mutation of wbqG results in the
assembly of a modified O anti-
gen reactive with anti-Vi sera. b
Und-PP-linked glycans were
extracted from E. coli SCM6
cells expressing the O121 wild
type O antigen gene cluster or
its wbqG mutant derivative fol-
lowed by 2AB labeling and
separation by normal phase
HPLC using a GlycoSep N
column. Individual peak frac-
tions were analyzed by mass
spectrometry and the identified
glycan structures are indicated.
(black square): N-
acetylhexosamine; (black right-
pointing triangle): dideoxyhex-
osamine; (white diamond):
hexuronic acid; (white dia-
mond)N: hexuronamide; Ac
acetyl, NAc N-acetyl
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After induction of PglB and EPA, the newly synthesized
glycoprotein was purified from periplasmic extracts by nickel
affinity chromatography. Due to the presence of negatively
charged polysaccharides in the glycoconjugate, anion ex-
change chromatography was used to separate the glycosylated
from the non-glycosylated forms. Based on the separation of
the two species it was found that in cultures expressing the
O121 wild type O polysaccharide gene cluster approximately
70 % of the total EPA was glycosylated. The glycosylation
efficiency was lower in cultures expressing the wbqG mutant
O antigen whereas 35 % of the total carrier protein contained
the glycan modification.

The purified glycoconjugates were separated by SDS-
PAGE and visualized by Coomassie blue staining or by
western blot after transfer to a nitrocellulose membrane
using anti EPA, anti O121, and anti Vi antibodies (Fig. 4).
By Coomassie blue staining a band of the same mass as that

of unglycosylated EPA (70 kDa) could be detected in the
purified O121 polysaccharide-EPA conjugate (O121-EPA),
that is also recognized by the anti EPA but not the anti O121
sera. Therefore, unglycosylated EPAwas largely removed in
the glycoconjugate preparations. Mainly, a ladder of bands
clustered between 100 and 130 kDa was detected by Coo-
massie blue staining. These bands reacted with anti-EPA
serum, indicating modified forms of EPA. These larger
polypeptides, but not EPA modified with the Shigella dys-
enteriae O1 antigen (O1-EPA) (described in [26]), were also
detected with anti-O121 specific antibodies indicating the
modification of the carrier with the co-expressed polysac-
charide. EPA glycosylated with the wbqG mutant O poly-
saccharide (O121wbqG-EPA) was additionally stained with
anti Vi antibodies.

As determined by SDS-PAGE analysis, mainly mono-
glycosylated EPA was purified, i.e. EPA modified on one of

Fig. 3 CID MS-MS spectra of glycan species separated by normal phase HPLC. The CID MS-MS spectra correspond to the glycan species
identified in the individual peak fractions seen in Fig. 2b with the retention times: (a) 58.8 min, (b) 65.1 min, (c) 67.2 min, and (d) 73.5 min
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the two engineered glycosylation sites with the corresponding
O polysaccharide. Traces of di-glycosylated EPA could be
detected by western blot in the purified O121wbqG-EPA sam-
ple (Fig. 4). The di-glycosylated form of EPA runs as a second
fainter ladder of bands slightly bigger than 130 kDa. As seen
in Fig. 2a, the expressed O antigens display a modal chain
length distribution with an average of 12 repeating units.
Assuming the purified glycoconjugates consisted of mono-
glycosylated EPA, containing a single polysaccharide chain of
an average length of 12 repeating units, the sugar-to-protein
weight ratio was estimated to be 0.15:1.

Immunogenicity of the glycoconjugates in mice
and evaluation of the polysaccharide specific antibody
response

Next we analyzed the immune response elicited in mice
upon immunization with the conjugate vaccines. Pilot
experiments were conducted in small groups of CB6F1 mice
to determine the dose range and adjuvantation of the puri-
fied glycoconjugates. These established that 20 μg of pro-
tein (approximately 3 μg of polysaccharide), in combination
with Alum, were reproducibly immunogenic (data not
shown). Subsequently, groups of CB6F1 mice (7 per group)
were immunized subcutaneously on days 1, 22 and 57 with
O121-EPA, O121wbqG-EPA, or with 5 μg of purified Vi
polysaccharide (Typhim Vi, Sanofi Pasteur MSD). Mice
were sample bled on days 32 and 67 and the sera were
tested for the presence of anti O 121 LPS and anti Vi total
immunoglobulin (Ig). By day 67, a significant rise in serum
Ig anti O121 LPS titer was observed in 13 of 14 animals
immunized with either conjugate (Fig. 5a). One animal in
the group of mice that were immunized with O121wbqG-EPA

did not show seroconvertion. Interestingly, the same animal
developed a significant rise in serum Ig anti-Vi titer (Fig. 5b).
As expected, the control group that was immunized with
purified Vi polysaccharide did not show a detectable
anti-O121 LPS response but a significant rise in serum
Ig anti-Vi titer.

Discussion

In this study a novel method for the analysis of Und-PP
linked glycans is presented. The procedure described here is
based on the method used to analyze dolichyl pyrophos-
phate (Dol-PP)-linked oligosaccharides of eukaryotic cells.
Main modifications include an optimized extraction proce-
dure for bacterial glycolipids and a purification step prior to
glycan release by mild acid hydrolysis. The purification
strategy of bacterial Und-PP-linked glycans is further

Fig. 4 Production of glycoconjugates using the bacterial N-
glycosylation system. Glycoconjugates were produced in E. coli
CLM24 by co-expressing the bacterial oligosaccharyltransferase PglB,
the engineered carrier protein EPA, and genes driving the synthesis of
an antigenic polysaccharide (E. coli O121, E. coli O121 wbqG mutant,
Shigella dysenteriae O1). Purified glycoconjugates were analyzed by
SDS-PAGE, followed by Coomassie blue staining or by western blot
after transfer to nitrocellulose membranes using anti EPA, anti O121,
and anti Vi antibodies

Fig. 5 Immunization studies with glycoconjugates. Groups of mice
were immunized with purified glycoconjugates adjuvanted with Alum.
The control group was immunized with purified Vi polysaccharide. a
Anti O121 total immunoglobulin titers of sera collected on day 67. b
Anti Vi antibody titer titers of sera collected on day 67. Data is
represented as individual (black circle) and mean (–) titers. One animal
immunized with the O121wbqG-EPA conjugate did not develop an
O121-LPS specific antibody response, but the same animal showed a
significant rise in anti-Vi antibody titer
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complicated by the vast variety of different sugar structures
assembled on this lipid carrier. The choice of an appropriate
expression strain used to analyze a specific subclass of Und-
PP-linked glycans is crucial. In this report, Und-PP-linked O
polysaccharides were analyzed. Since Und-PP-linked O
antigens represent an intermediate species of LPS biosyn-
thesis, an E. coli strain was used lacking the O antigen ligase
(ΔwaaL). Therefore, Und-PP-linked O polysaccharides are
not transferred to lipid A-core, resulting in accumulations of
this lipid intermediate. If O antigens were expressed in a
waaL positive strain no 2AB-labeled O glycans could be
identified, most likely due to the rapid turnover of this
glycolipid species. Furthermore, O antigens are polymerized
structures with high molecular weights, making it increas-
ingly difficult for analysis by mass spectrometry. We there-
fore chose a strain background containing a mutation in
the O antigen chain length regulator (wzz) gene in-
volved in efficient polymerization of O antigen subunits.
This resulted in the production of mainly single repeat
units and short polymerized O antigens, hence simplify-
ing MS analysis. As mentioned previously, several other
polysaccharide structures are also assembled on Und-PP,
like peptidoglycan precursors, capsular polysaccharides
and the enterobacterial common antigen (ECA), which
might complicate the identification and characterization
of O glycan species. We therefore used E. coli strain
SCM6 for O antigen expression, which contains dele-
tions in all major polysaccharide gene clusters.

With this modified method the O121 wbqG mutant O
polysaccharides was analyzed. This study confirms the
published structure by King et al. [23]. Furthermore, we
could show that the recombinantly expressed wbqG
mutant O antigen structure contained O-acetylated
N-acetylgalactosaminuronic acid, most likely modified
at C-3. Therefore this mutant O polysaccharide contains
structural motifs also present in the Vi. O-acetyl groups
of the Vi polysaccharide form an immunodominant epi-
tope and immunogenicity of Vi is closely related to the
degree of O-acetylation [19, 20].

For the first time it is reported that the wbqG mutant O
polysaccharide is cross-reactive with antibodies raised
against the Vi antigen. The strategy of using cross-reactive
polysaccharide structures as vaccine components has been
evaluated in several published studies. For example the cell
wall polysaccharide (CWP) of the nonpathogenic bacterium
Bacillus pumilus strain Sh18 was shown to be cross-reactive
with the capsular polysaccharide (CPS) of Haemophilus
influenzae type b. Conjugates containing the Sh18 CWP
induced antibodies that reacted in an enzyme-linked immu-
nosorbent assay (ELISA) with the CPS of H. influenzae type
b strains [27]. Another study reported that Shewanella spp.
CPSs share structural features with glycoproteins found in the
Bacillus anthracis spore. A conjugate containing the

ShewanellaCPS induced antibodies that bound toB. anthracis
spores and it will be further evaluated as a component of an
anthrax vaccine [28].

Similarly, glycoconjugates composed of the E. coli O121
wild type or the wbqG mutant O polysaccharide and the P.
aeruginosa exotoxin A (O121-EPA/O121wbqG-EPA) were
prepared in this study. EPA has already been successfully
used as immunogenic carrier in a typhoid conjugate vaccine
[12]. Both groups of mice immunized with glycoconjugates
developed glycan specific antibody responses. 6 of 7 mice
immunized with the O121wbqG-EPA conjugate showed a
significant rise in serum immunoglobulin (Ig) anti-O121
LPS titer, indicating that other antigenic determinants than
the uronamide groups are important for inducing an anti-
O121 LPS specific immune response. Interestingly, anti-
bodies of one animal immunized with the O121wbqG-EPA
conjugate were not reactive with the E. coli O121 LPS but
rather with the Vi polysaccharide. This implies that this
animal developed an antibody response against the epitope
constituted by residues b and c’ (Fig. 1), which resembles
the Vi structure. However, the other animals of this group
raised antibodies against an O121-LPS specific epitope,
most likely residue d, containing a prominent surface ex-
posed side group. Further optimizations of the O121 glycan
structure might improve a Vi specific immune response
upon immunization and experiments are planned to investi-
gate if immunization with the O121wbqG-EPA conjugate
primes a Vi-specific immune response that could be boosted
with purified Vi polysaccharide.

Experimental procedures

Bacterial strains, plasmids, and culture conditions

All bacterial strains and plasmids used in this study are
listed in Table 1. Construction of the plasmids is described
below. E. coli strains were grown in LB medium (10 g
tryptone, 5 g yeast extract, and 5 g NaCl per liter) or LB
agar (LB medium with the addition of 15 g agar per liter) at
37 °C. S. Typhi BRD948 was grown in LB medium supple-
mented with 1 %v/v Aro-mix (40 mgL-phenylalanine,
40 mgL-tryptophan, 10 mg 4-aminobenzoic acid, and
10 mg 2,3-dihydroxybenzoic acid in 10 ml of ddH2O) and
1 %v/v Tyr-mix (40 mgL-tyrosine disodium salt in 10 ml
ddH2O) at 37 °C. If appropriate, the media contained tetra-
cycline (20 μgml−1), spectinomycin (80 μgml−1), or ampi-
cilin (100 μgml−1).

DNA manipulations

Plasmid DNAwas isolated using the NucleoSpin Plasmid or
NucleoBond Xtra Maxi Plus kit (Macherey-Nagel). Total
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chromosomal DNA was isolated using NucleoSpin Tissue
kit (Macherey-Nagel). Restriction enzymes (Fermentas),
shrimp alkaline phosphatase (Fermentas), T4 DNA ligase
(Fermentas), and Phusion High-Fidelity DNA polymerase
(Finnzyme) were used according to the manufacturer’s
instructions. PCR and restriction fragments were purified
for cloning using the NucleoSpin Extract II kit (Macherey-
Nagel). All DNA sequencing was completed by Synergene
Biotech GmbH (Switzerland) and synthetic oligonucleotides
were ordered at Microsynth AG (Switzerland).

Plasmid constructions

pGVXN157 contains a synthetic oligonucleotide cassette
formed from annealing of 5′- AATTGGCGCGCCCGG-
GAC TAGTCTTGGG and 5 ′- AATTCCCAAGAC-
TAGTCCCGGGCGCGCC ligated into the EcoRI-digested
pLAFR1 [29], thereby introducing unique AscI and SpeI
single restriction sites. The E. coli O121 O antigen cluster
was amplified from genomic DNA prepared from E. coli
O121 (CCUG 11422 ) u s i n g t h e p r im e r s 5 ′ -
AAAGGCGCGCCGCGAAGGTAAAGTCAGCCG and
5′- AAAACTAGTCAGGAGTGAATTAAGTCATTG. The
digested PCR fragment was ligated into the AscI/SpeI
digested pGVXN157 resulting in pGVXN331. pGVXN333
was constructed by inserting a synthetic oligonucleotide

cassette formed from annealing of 5′- TGAATGAAT-
GAACTAGTTCAATCACTCA and 5′- TGAGTGATT-
GAACTAGTTCATTCATTCA into the single restriction
site PmlI, interrupting the open reading frame of wbqG.

LPS analysis

Cells of an overnight culture equivalent to an A600 of 1
were collected, resuspended in 100 μl of 1×sample
buffer according to Laemmli [30] and boiled at 95 °C
for 10 min. Proteinase K (Fermentas) was added to a
final concentration of 200 μg/ml and the sample was
incubated at 60 °C for 1 h. The LPS molecular species
from the proteinase K-digested whole cell lysates were
separated by SDS-PAGE using a 12 % BisTris NuPAGE
gel from Invitrogen and MES running buffer according
to manufacturer’s instructions. LPS was visualized by
staining with silver [31]. Immunological properties of O
antigens were analyzed by Western blot using standard
methods. The structure of the E. coli O121 O antigen is
identical to the Shigella dysenteriae type 7 O antigen
therefore an anti S. dysenteriae type 7 sera was pur-
chased from Reagensia AB (Sweden) and used in a
1:100 dilution. Anti Vi polyclonal antibody was pur-
chased from Murex Biotech Ltd (England) and used in
a 1:100 dilution.

Table 1 Strains and plasmids
used in this study

aCulture Collection University
of Göteborg, Curator: Prof. E. R.
B. Moore, Göteborg, Sweden
bThe Coli Genetic Stock Center,
Yale University, New Haven,
CT, USA

Genotype or relevant description Reference

Strain

S. Typhi
BRD948

S. Typhi Ty2 ΔaroC aroD htrA [40]

E. coli DH5α K-12 φ80dlacZΔM15 endA1 recA1 hsdR17(rK − mK) supE44 thi-1
gyrA96 relA1 Δ(lacZYA-argF)U169 F−

Clonetech

E. coli O121 Escherichia coli serotype O121 CCUG 11422a

SCM6 SΦ874, Δwec waaL C. Marolda and
M. Valvano,
unpublished

W3110 rph-1 IN(rrnD-rrnE)1 λ- CGSC 4474b

Clm24 W3110, ΔwaaL [16]

Plasmid

pLAFR1 low copy-number broad host-range cosmid cloning vector; Tetr [29]

pEXT21 tac promoter expression vector; Spr [41]

pGVXN157 pLAFR1 derivative with multiple cloning site inserted in EcoRI site This study

pGVXN331 pGVXN157 derivative carrying O121 O antigen gene cluster of E. coli
CCUG11422 on an AscI/SpeI fragment; Tetr

This study

pGVXN333 pGVXN331 derivative containing inactivated wbqG This study

pGVXN121 pEXT21 derivative carrying wecA, IPTG inducible, Spr This study

pGVXN150 Soluble periplasmic His6-tagged toxoid variant (L552V, DE553) of P.
aeruginosa exotoxin A (EPA) containing two engineered
N-glycosylation sites cloned in pEC415, arabinose inducible, AmpR

[26]

pGVXN114 HA-tagged pglB cloned in pEXT21, IPTG inducible, Spr [26]
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Analysis of Und-PP linked O antigen glycans

The O antigen glycans were analyzed in E. coli strain SCM6
(C. Marolda and M. Valvano, unpublished), which contains
chromosomal deletions in several polysaccharide gene clus-
ters. The O polysaccharide was expressed by transforming
SCM6 cells with a plasmid encoding the O antigen cluster
and the wecA expression plasmid pGVXN121. SCM6 trans-
formed with empty plasmids was used as a negative control
to identify O antigen specific signals. The strains were
grown over night in a shake flask. Cells equivalent to an
A600 of 400 were harvested, washed once with 0.9 % NaCl,
and lyophilized. Lipids were extracted from the dried cells
with 95 % methanol (MeOH) by repeated rounds of vortex-
ing and incubation on ice for 10 min. The suspension was
converted into 85 % MeOH by the addition of ddH2O and
further incubated for 10 min on ice while regularly vortex-
ing. After centrifugation, the supernatant was collected and
the extract was dried under N2. The dried lipids were dis-
solved in 1:1 methanol/water (M/W) containing 10 mM
tetrabutylammonium phosphate (TBAP) and subjected to a
C18 SepPak cartridge (Waters Corp., Milford, MA). The
cartridge was conditioned with 10 ml MeOH, followed by
equilibration with 10 ml 10 mM TBAP in 1:1 M/W. After
loading of the sample, the cartridge was washed with 10 ml
10 mM TBAP in 1:1 M/W and eluted with 5 ml MeOH
followed by 5 ml 10:10:3 chloroform/methanol/water (C/M/
W). The combined elution fractions were dried under N2.

The lipid sample were hydrolyzed according to Glover et
al. [32] by dissolving the dried samples in 2 ml 1 M tri-
fluoroacetic acid (TFA) in 50 % n-propanol and heating to
50 °C for 15 min. The hydrolyzed sample was dried under
N2, dissolved in 4 ml 3:48:47 C/M/W and subjected to a C18

SepPak cartridge (Waters Corp., Milford, MA) to separate
the lipids from the hydrolyzed glycans. The cartridge was
conditioned with 10 ml MeOH, followed by equilibration
with 10 ml 3:48:47 C/M/W. The sample was applied to the
cartridge and the flow-through was collected. The cartridge
was washed with 4 ml 3:48:47 C/M/W and the combined
flow-through fractions were dried using a SpeedVac.

The dried samples were labeled with 2-aminobenzamide
(2AB) according to Bigge et al. [33]. The glycan clean-up
was performed using the paper disk method as described in
Merry et al. [34]. The separation of 2AB-labeled glycans
was performed by HPLC using a GlycoSep N normal phase
column according to Royle et al. [35], but modified to a
three solvent system. Solvent A: 10 mM ammonium formate
pH4.4 in 80 % acetonitrile. Solvent B: 30 mM ammonium
formate pH4.4 in 40 % acetonitrile. Solvent C: 0.5 % formic
acid. The column temperature was 30 °C and 2AB-labeled
glycans were detected by fluorescence (λex0330 nm, λem0
420 nm). Gradient conditions: A linear gradient of 100 % A
to 100 % B over 160 min at a flow rate of 0.4 mlmin−1,

followed by 2 min 100 % B to 100 % C, returning to 100 %
A over 2 min and running for 15 min at 100 % A at a flow
rate of 1 mlmin−1, then returning the flow rate to 0.4 ml
min−1 for 5 min. Samples were injected in ddH2O.

To identify O antigen specific glycans, the 2AB glycan
profile from cells carrying an empty plasmid control was
subtracted from the trace obtained from cells harbouring an
O antigen cluster. The O antigen specific peaks were col-
lected and 2AB glycans were analyzed on a MALDI SYN-
APT HDMS Q-TOF system (Waters Corp., Milford, MA).
Samples were dissolved in 5:95 acetonitrile/water and spot-
ted 1:1 with 20 mgml−1 DHB in 80:20 methanol/water.
Calibration was done with PEG (Ready mixed solution,
Waters Corp., Milford, MA), spotted 1:3 with 5 mgml−1

α-cyano-4-hydroxycinnamic acid (CHCA, Sigma-Aldrich,
Switzerland) in 60:40:0.1 acetonitrile/water/trifluoroacetic
acid. The instrument was equipped with 200 Hz solid state
UV laser. Mass spectra were recorded in positive ion mode.
For MS/MS, laser energy was fixed at 240 at a firing rate of
200 Hz, collision gas was argon. A collision energy profile
was used to ramp collision energy depending on the m/z.
Combined, background subtracted, and smoothened
(Savitzsky Golay) spectra were centered using MassLynx
v4.0 software (Waters Corp., Milford, MA).

Production and purification of glycoconjugates

The production of glycoconjugates was achieved by
expressing the oligosaccharyltransferase PglB, the engi-
neered acceptor protein EPA, and a gene cluster producing
undecaprenyl-pyrophosphate (Und-PP)-linked glycans in E.
coli. pGVXN114 (expressing PglB), pGVXN150 (express-
ing C-terminal His6-tagged EPA) and pGVXN331 (O121
antigen cluster) or pGVXN333 (O121 wbqG mutant anti-
gen) were co-transformed into E. coli strain Clm24 [16].
Cells were cultured in LB medium supplemented with anti-
biotics at 37 °C in the shaker incubator (180 rpm). Shake
flask expression cultures were inoculated from an unin-
duced overnight culture to an A600 of 0.05. Expression of
PglB and the carrier protein EPA was induced at an A600 of
0.4–0.6 by IPTG (1 mM) and L-arabinose (0.02 %w/v).
Four hours after the first induction a second pulse of L-
arabinose (0.02 %w/v) was added. Cells were harvested
after overnight incubation (total induction time of 19–
22 h). Pellets were washed with 0.9 % NaCl and suspended
in resuspension buffer (25 % sucrose, 10 mM EDTA,
200 mM Tris HCl pH8.0) at a concentration equivalent to
an A600 of 50. The cell suspension was incubated on a
shaker for 20 min at 4 °C. After centrifugation the cell pellet
was resuspended in the same volume of osmotic shock
buffer (10 mM Tris HCl pH8.0). The suspension was incu-
bated on a shaker for 30 min at 4 °C and centrifuged at
10,000 g for 20 min to remove the spheroblasts. The
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supernatant containing periplasmic proteins was collected
and the recombinant EPA containing a C-terminal hexahis-
tidine tag was purified using a HisTrap crude FF 1 ml
column (GE Healthcare, Switzerland). The extract was di-
luted with 5×HT binding buffer (2.5 M NaCl, 150 mM Tris
HCl pH8.0, 50 mM imidazole) to optimize the binding con-
ditions and MgCl2 was added to a final concentration of
50 mM. The extract was filtered and applied to the HisTrap
crude FF column equilibrated with 1×HT binding buffer.
After loading the column was washed with the same buffer
containing 20 mM imidazole to remove unbound proteins.
Proteins were eluted from the column with HT elution buffer
(HT binding buffer containing 0.5 M imidazole).

Subsequently, the glycoprotein was separated from the
unglycosylated EPA using a Resource Q 1 ml column (GE
Healthcare, Switzerland). The HisTrap elution fractions con-
taining EPA were pooled and diluted 10×with RQ binding
buffer (20 mML-histidine, pH6.0). The diluted EPA sample
was applied to the anion exchange column equilibrated with
RQ binding buffer. The column was eluted with a linear
gradient from 0 % to 32.5 % of RQ elution buffer (RQ
binding buffer containing 1 M NaCl) in 25 column volumes
and 0.5 ml fractions were collected using an Äkta FPLC
(Amersham Biosciences). The fractions were analyzed by
SDS-PAGE and proteins were stained with Coomassie blue.
Fractions containing glycoprotein were pooled and buffer
was exchanged to PBS using an Amicon Ultra-4 centrifugal
filter unit with a 30 kDa membrane (Millipore) by performing
several concentration and dilution steps according to manu-
facturer’s instructions. The concentration of the final purified
protein sample was adjusted to 1 mgml−1.

Purification of E. coli O121 LPS

LPS of an E. coli O121 (CCGU 11422) culture was purified
by phenol extraction as described elsewhere [36].

Purification of Vi polysaccharide and modification
with tyramine

Vi polysaccharide was purified from S. Typhi BRD948 by a
modified procedure as previously described [37]. Briefly, S.
Typhi BRD948 was grown in LB medium supplemented with
Aro- and Tyr-mix. After overnight incubation at 37 °C in the
shaker incubator (180 rpm) the culture was heated to 60 °C for
1 h and centrifuged. Vi was precipitated from the supernatant
with 0.1 % hexadecyltrimethylammonium bromide (CTAB,
Sigma, H6269). 20 gl−1 celite 545 (Sigma, 20199-U) was
added and the mixture was stirred for 1 h at room temperature
(RT) in order to allow the formation of a polysaccharide-
CTAB complex, which adsorbs onto the celite. The celite
was poured into a reservoir of appropriate size (Extract-clean
EV SPE Reservoir, Socochim S.A.) equipped with a frit

(Socochim S.A.). The column was washed successively by
gravity flow with 10 column volumes (CV) of 0.05 % CTAB,
10 CVof 20 % ethanol, 50 mM sodium phosphate buffer pH
6.0, and 14 CVof 45 % ethanol to eliminate adsorbed impu-
rities. The Vi polysaccharide was finally eluted with 1.5 CVof
50 % ethanol, 0.4 M NaCl. Following elution, the polysac-
charide was precipitated by the addition of ethanol to a final
concentration of 80 % and incubation for 20 min at RT.
Finally, the precipitated polysaccharide was collected by cen-
trifugation for 20 min at 15,000 g, washed twice with 80 %
ethanol, and lyophilized.

The protein and nucleic acid content of the purified Vi
polysaccharide was determined by the bicinchoninic acid
assay (BCA) and UV spectroscopy respectively. O-acetyl
content was measured with acetylcholine as standard [38].

To increase the binding efficiency of the Vi to microtiter
plates, the polysaccharide was tyraminated (Vi-Tyr). Tyramine
hydrochloride (30 mgml−1, Sigma) was added to 10 mg of
purified Vi. 100 μl of 0.5 MN-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide HCl (Sigma) was added and the mixture
was incubated at pH4.9–5.1 for 3 h. The reaction mixture was
dialyzed against ddH2O.

Immunization studies

Groups of 7 CB6F1 female mice, 6–8 weeks old, were used
in immunization experiments. Mice were immunized, sub-
cutaneously, with 20 μg of glycoconjugate with Alum
(Rehydragel LV- Aluminium Hydroxide, General Chemical)
as adjuvant or 5 μg of Vi polysaccharide (Typhim Vi, Sanofi
Pasteur MSD). Adjuvantation of the glycoconjugate was
done just before immunization. Briefly, the purified glyco-
conjugates were diluted with PBS to a final concentration of
200 μgml−1, Alum (final amount of Al3+ corresponded to
0.6 mgml−1) was added, and the solution was gently mixed
for 1 h at room temperature. Immunizations were performed
on days 1, 22 and 57. Groups of mice normally received
100 μl doses of vaccines, corresponding to 20 μg of conju-
gate (protein). Blood samples were collected 10 days after
the second and 10 days after the last immunization.

Enzyme-linked immunosorbent assay (ELISA) for murine
antibodies

Flat bottom 96 well micro-titer plates (Nunc immuno Poly-
Sorb) were coated with 50 μl of 5 μgml−1 E. coli O121 LPS
or 5 μgml−1 of tyraminated Vi (Vi-Tyr), diluted in PBS, at
4 °C overnight. The coating solution was poured away and
the plate was submerged and vigorously agitated in
4,000 ml of wash buffer (1×PBS with 0.05 % Triton×
100). This washing step was performed at least 4 times.
Subsequently, the plate was dried by placing and spinning
upside down in a micro plate rotor. This washing procedure

520 Glycoconj J (2013) 30:511–522



was always applied in further washing steps. Each well was
completely filled with 300 μl of blocking buffer (1×PBS
with 2.5 % BSA (globulin free BSA, Sigma, A7030)) and
incubated 2 h at room temperature (RT) on a plate shaker.
After washing and drying the plate, dilutions of mouse
serum in dilution buffer (1×PBS with 0.5 % BSA) were
added to the plate (100 μl) and incubated 1 h at RT on a
plate shaker. To detect total immunoglobulin (Ig), 100 μl of
horseradish peroxidase (HRP) labeled goat anti-mouse Ig
(Sigma) diluted 1:2000 in dilution buffer was added to each
well and the plate was incubated for 1 h at RT on a plate
shaker. Following washing and drying the plate, the reaction
was developed with 100 μl of Ultra TMB substrate (3,3′,5,5′-
tetramethybenzidine liquid substrate, Pierce) for 15 min and
stopped with the addition of 100 μl of 2 M sulfuric acid.
Optical density (OD) was measured at 450 nm.

To determine the endpoint titer a 95 % confidence level
was defined according to [39]. As negative sample a pool of
preimmune sera was used.
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