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The Bacterial Surface Expression of SARS Viral Epitope using
Salmonella typhi Cytolysin A
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The cytolysin A (ClyA) is a 34 kDa pore-forming cytotoxic protein and expressed by some enteric bacteria including

Salmonella typhi. This toxin is transported on the bacterial surface and secreted without posttranslational modification.
Using the surface display of ClyA, the expression vectors for 193-aa immunogenic antigen of spike protein (termed
S1E) from severe acute respiratory syndrome coronavirus (SARS-CoV) were constructed. The vectors carried a gene
encoding S. typhi ClyA conjugated to S1E at the C terminus (termed ClyA-S1E) and asd gene in pGEM-T and pBR322,
named pGApLCS1E and pBApLCSI1E, respectively. An asd-mutated E. coli transformed with these vectors could grow
without diaminopimelic acid (DAP), indicating that they were stably maintained in such mutants. ClyA-S1E recombinant
proteins from these vectors were expressed on the surface of the attenuated S. typhimurium deficient of global virulence
gene regulator, ppGpp. However, they did not show the hemolytic activity on the blood agar plate and cytotoxicity
against HeLa cells. To examine whether bacteria expressing ClyA-S1E induced the immune response against S1E, S.
typhimurium deficient of ppGpp and Asd was transformed with these vectors and orally immunized in mice. In the
western blotting against GST-conjugated S1E using the immunized mouse sera, it was shown that the significant band
was detected in the mouse serum by the bacteria transformed with pGApLCS1E but not with pBApLCSIE. It indicates
that the immune response producing antibody was dependent on the expression level of ClyA-S1E. Therefore, ClyA
delivery system can be used for SARS vaccine development.
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INTRODUCTION

Many Salmonella attenuated strains have been developed

as vaccines against the infectious diseases by the pathogenic
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Salmonella spp. such as food poisoning, typhoid fever and
so on (1) and as antigen delivery system for the immuno-
genic antigens from bacteria, virus, fungi and mammalian
(2). To obtain high immunogenic response against the
delivered antigens, it has been known that the antigens
should be expressed on the bacterial surface or be secreted
(3). The surface display technology such as Pseudomonas
syringae ice nucleation protein (4), HlyA E. coli secretion
system (5) and Salmonella enterica MisL autotransporter
(6) have been developed up.

The clyA/hlyE/sheA genes have been identified in E. coli
and Salmonella entritica serovar Typhi and Paratyphi A and
encode 34 kDa proteins with over 90% amino acid identity
(7). The structure of ClyA consisting of an elaborated helical
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bundle some 100 A long has been clearly defined using
X-ray crystallography (7). These proteins are transported
on the bacterial surface without any posttranslational modi-
fication and aggregate to form lipid-associated oligomers
with N- and C-termini exposure (8). Such vesicle-mediated
export and assembly of ClyA were demonstrated, and the
resulting outer membrane vesicles were larger than normally
formed vesicles (8). The activities transporting to the bac-
terial surface and aggregating in secretary vesicles raise the
possibility that the immunogenic antigens conjugated to
ClyA would be efficiently transported on the bacterial sur-
face. For example, E. coli ClyA conjugated to B-lactamase
at N- or C-terminus has been efficiently exported to the
extracellular medium (9). Recently, the attenuated Salmonella
transformed with ClyA gene fused with Bacillus anthracis
antigen enhanced immnunogenicity against intranasally
immunized mice (10).

The spike protein of severe acute respiratory syndrome
coronavirus (SARS-CoV) can be divided into putative extra-
cellular S1 and transmembrane/intracellular S2 domains
(11). The S1 and S2 domains are responsible for receptor
binding and membrane fusion, respectively (11). Through
deletion mutant analysis, 193-aa epitope (residues 318~
510) in S1 (termed S1E in this work) has been identified as
the binding domain for angiotensin converting enzyme 2
(ACE-2), a receptor of S protein (12, 13). SIE domain
could be the main target for the development of SARS-CoV
vaccine (14). The human IgGl Fc recombinant protein
conjugated to S1E induced highly potent antibody responses
against S1 protein in the immunized rabbits and their serum
completely inhibited SARS-CoV infection (15).

In this study, we constructed the expression vectors
carrying two genes, CIyA for surface delivery of S1E epitope
and asd for stable plasmid maintenance, and the expression
and surface display of the recombinant S1E conjugated to
ClyA (termed ClyA-S1E) were analyzed on the attenuated
S. typhimurium strain after transformation by vectors. Fur-
thermore, it was examined whether the bacteria transformed
with these vectors could induce the immune response

producing anti-S1E antibody in orally immunized mice.
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MATERIALS AND METHODS
Construction of plasmids

To construct the expression vectors for ClyA, its gene
was amplified by PCR with primers (9), sal6 (5'-CGGT-
ACCGATATCACCGATG) and sall (5'-CTCGTCAGCC-
CGGTAACGAC) using the S. typhi genomic DNA as a
template and directly cloned into the pGEM-T easy vector
(Promega, Madison, WI, USA) behind the lac promoter,
named pGCSO. To construct the ClyA expression vector
without a stop codon, PCR was done with pGCSO using
primers, sal6 and sal7 (5'-GAAAATACTAGTGACGTCA-
GGAACCTCGAAAAG). The PCR product was digested
with Clal and Spel, and the 200 bp fragment of 3' region was

ligated into the corresponding sites of pGCSO, generating
pGCSX.

The DNA fragment encoding S1E epitope was amplified
by PCR with primers, SARS6 (5-TCCGTGGAATTC-
ACTAGTAACATCACCAACCTGTG) and SARS7 (5'-
GCTCAGATGCATCTCGAGTCACACGGTGGCGGG-
CGCGT) using pcDNA3.1-SARS S1 (a gift of Dr. Michael
Farzan) as a template (12). The amplified PCR fragment was
digested with Spel and Nsil and cloned into the same sites
of pGCSX. The fragment carrying asd gene was amplified
by PCR with primers, ASD1 (5-CGCGCAGGGCCCG-
CACATCTCTTTGCAGGAAAA) and ASD2 (5'-CTGC-
AAGCATGCCTACGCCAACTGGCGCAGCAT) using S.
typhimurium genomic DNA as a template (16). The resulting
1.1 kb PCR fragment was digested with Apal and Sphl and
cloned into the same sites of pGCSX. The plasmid named
pGApLCSIE. Apal-Nsil fragment carrying a gene encoding
ClyA-S1E and asd gene from pGApLCSIE was cloned
into the same site of pBR322, named pBApLCSIE. The
simple maps of these two plasmids were depicted in Fig. 1.

To construct the expression vector for ClyA, the fragment
was amplified by PCR with primers, Sall2 (BamHI)
(5'-GAAGGATCCATGACCGGAATATTTGCAGAA) and
Salll (Xhol) (5'-CTCCTCGAGGACGTCAGACGTCAG-
GAACCTC), using pGCSO as a template. The resulting
PCR fragment was digested with BamHI and Xhol and
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cloned into the same sites of pGEX-4T-1 (Amersham,
Pittsburgh, PA, USA), named pGEX-ClyA. To construct
the expression vector for S1E epitope, the fragment was
amplified with primers, SARS6 (EcoRI) (5-GAAGAA-
TTCAACATCACCAACCTGTG) and SARS7 (Xhol) (5'-
CTCCTCGAGCACGGTGGCGGGCGCQG) using pcDNA-
SARS S1 as a template. The resulting PCR fragment was
digested with EcORI and Xhol and cloned into the same
sites of pGEX-4T-1, named pGEX-S1E.

Plasmids used in this work were described in Table 1.
Bacteria strains and growth conditions

Wild-type S. typhimurium (ATCC 14028s) was used as
the parent strain for subsequent genetic modifications.
SHJ2037 (relA::cat, spoT::kan), a ppGpp-deficient S. typhi-
murium strain, was previously described (17). SHJ2107
(relA::cat, spoT::kan, asd::kan) was the asd mutant of
SHJ2037. All bacteria strains except the asd mutants were
grown aerobically at 37°C in LB broth. The asd mutants
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were grown aerobically at 37°C in LB broth containing
diaminopimelic acid (DAP, 100 pg/ml). Bacteria strains used

in this work were described in Table 1.
Preparation of rabbit anti-ClyA and anti-S1E antisera

E. coli BL21(DE3) codon plus RP transformed with
pGEX-ClyA or pGEX-S1E were prepared after 0.5 mM
IPTG induction. Cell pellet was dissolved in 1 volume of
2> sample buffer (100 mM Tris-HCI, pH 6.8/20% glycerol/
10% SDS) and boiled. The proteins were separated by
SDS-PAGE. The predominant 60 kDa of GST-tagged ClyA
and 46 kDa of GST-tagged S1E protein bands were excised
from the gel after cold KCl stain (0.25 M KCl/1 mM DTT)
and grinded in nitrogen gas. The grinded gel slices were
dissolved in PBS (500 pl) and mixed with the same volume
of complete Freund's adjuvant (Sigma, ST. Louis, MO,
USA). The mixture was immunized subcutaneously. Three
and six weeks later, the rabbit was immunized twice more

by the mixture of the grinded gel slice and incomplete

Table 1. Bacterial strains and plasmids used in this study

Strain or Plasmids Description Source
SCH2005 Wild-type S. typhimurium ATCC14028s
SHJ2037 spoT::cat, relA::kan Lab stock
SHJ2107 spoT::cat, relA::kan, asd::kan Lab stock
SCH2008 0osmZ::Tnl0 Lab stock
HJ1019 asd::kan Lab stock
pUCI9 Cloning vector Promega
pGEM-T easy Cloning vector Promega
pGEX-4T-1 Cloning vector Amersham
pBR322 Cloning vector Promega
pGEX-ClyA pGEX-4T-1 carrying 1.4 kb clyA PCR fragment This study
pGEX-S1E PGEX-4T-1 carrying 579 bp S1E PCR fragment This study
pUCLYA pUCI09 carrying 1.4 kb PCR clyA fragment This study
pGCSO pGEM-T easy vector carrying 1.4 kb clyA PCR fragment with a stop codon This study
pGCSX pGEM-T easy vector carrying 1.4 kb clyA PCR fragment without a stop codon This study
pGA PGApLCSIE deleting clyA-S1E genes This study
pGApLC pGApLCSIE deleting S1E gene This study
pGApLCSIE pGEM-T easy vector with asd, clyA-S1E genes This study
pBApLCSIE pBR322 with asd, clyA-S1E genes This study
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Freund's adjuvant. The rabbit serum obtained after the third

injection was used as anti-ClyA and anti-S1E antisera.
Western blot analysis

After overnight culture, 100 pl of boiled bacterial lysate
was separated in 10% SDS-PAGE gel and subsequently
transferred to a nitrocellulose membrane (Bio-Rad, Hercules,
CA, USA). The membrane was incubated with 1:250 diluted
rabbit anti-ClyA or anti-S1E antisera at room temperature
for 2 h and washed. After then, it was incubated for 1.5 h at
room temperature with alkaline phosphatase (AP)-conjugated
goat anti-rabbit IgG (Accurate Chemical, Westbury, NY,
USA). After final washing, bound antibody was detected
with an FAST™ BCIP/NBT (Sigma).

Fluorescence microscopy

Bacteria were cultured overnight and fresh cultured for
6 h with 2.5% dilution in LB medium. The culture (400 pl)
was centrifuged at 13,000 rpm for 1 min, and washed three
times with 1>< PBS. Bacterial pellet was resuspended in 4%
formaldehyde (200 pl) and mounted on Lab-Tecll chamber
Slide (Nunc Inc, Naperville, IL, USA). After incubation for
20 min at room temperature, slide was washed by 1>< PBS.
Then, slide was incubated in 1>< PBS containing 1% BSA
for 30 min at room temperature. After washing three times
by 1>X PBS, bacteria were stained with rabbit anti-ClyA
antiserum and FITC-conjugated anti-rabbit IgG (Sigma). The

stained bacteria were observed by fluorescence microscope.
Acetone protein precipitation

Bacteria were cultured overnight and centrifuged at 6,000
rpm for 10 min. Three milliliters supernatant were mixed
with 9 ml cold acetone and kept on ice for 15 min, then
centrifuged at 6,000 rpm for 30 min. After drying completely
at room temperature for 10 min, the pellet was dissolved in
2> SDS loading dye (20 ul) for 5 min at the 50°C. Then,
after boiling for 5 min, the pellet was separated on 10%
SDS-PAGE gel and western blot assay was performed by
polyclonal anti-ClyA and anti-S1E rabbit antisera.
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Hemolytic activity assay

Bacteria were cultured overnight and diluted to 2% in 1<
PBS. After bacterial streaking on 5% sheep blood agar
plate, bacteria were cultured for 2 days in a CO, incubator.
The bacteria with hemolytic activity showed white haloes

around colonies.
Cytotoxicity assays using HeL a cells

After culture for 4 h in fresh LB medium, bacteria were
washed in 1><X PBS. After the bacteria infection (MOI=100)
against HeLa cells (2 X 10% for 9 h, the cells were
observed by microscopy. The dead cells showed the aberrant
shrunk cell morphology. Then cells were washed by 1%
PBS and detached with trypsin-EDTA. The cells were
resuspended in 300 pl HMW buffer (10 mM Tris, pH 8.0,
150 mM NaCl, 10 mM EDTA) and lyzed by the addition of
5 ul proteinase K (10 mg/ml) and 300 pl 0.2% SDS-HMW
buffer. After phenol:chloroform treatment, genomic DNA
was precipitated in 0.7 volume of isopropanol. Genomic
DNA was dissolved by TE buffer after 70% ethanol washing.
Finally, DNA was separated in 2% agarose gel. The dead
cells by apoptosis showed DNA ladder.

Immunization

BALB/c female mice (Damul Animal Laboratory Center,
Cheongju, Korea) used in this work were eight weeks old.
Mice were housed in the animal chamber maintained at 22
to 23°C with 12 h of illumination every day. Prior to oral
immunization, mice were allowed to access to water but
fasted overnight. Food and water were returned 12 h after
oral immunization. Mice were randomly divided into 4
groups with 10 mice per group. Group 1 was not infected
by bacteria. The other groups were orally immunized with
5 > 10® CFU bacteria resuspended in 0.3 ml of sterile PBS.
The blood was obtained by cardiac puncture from mice
after 4 weeks and centrifuged at 13,000 X g for 5 min at
4C to obtain serum. The existence of antibody in serum
was detected by western blotting against GST-tagged S1E
protein. Briefly, lysates of E. coli transformed with pGEX-
S1E were separated by SDS-PAGE, blotted on a nitro-
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pGApLCS1E
6239 bp
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pBAPLCS1E
5794 bp

Figure 1. Construction of plasmids. pGApLCSI1E and pBApLCSIE were constructed from pGEM-T and pBR322, respectively and
carried both of clyA-S1E and asd genes. The clyA-S1E genes are induced by lac promoters.

cellulose membrane and stained with Ponceau S dye. The
membrane was cut to the pieces containing single lane.
After removing dye, each membrane piece was stained with
serum from the immunized mice and AP-conjugated goat
anti-mouse IgG. All experiments using mice were followed
the guideline approved by the Committee for the Care and
Use of Laboratory Animals at Chonnam National University,

Gwangju, Korea.

RESULTS
Stable maintenance of vectors carrying asd gene

Aspartate [-semialdehyde dehydrogenase (Asd) is an
enzyme at the upstream step in lysine and peptidoglycan
biosynthesis and essential for the growth (18). Therefore,
the plasmids with asd gene stably maintained without other
selectable marker gene in its mutated bacteria. DAP, a
downstream substance in lysine pathway, should be required
in a medium to grow asd-mutated bacteria (19).

In this work, we constructed two vectors expressing
ClyA-S1E, pGApLCSI1E and pBApLCSI1E, which pos-
sessed high and low copy numbers (Fig. 1). These carried
asd genes to be stably maintained in asd-mutated bacteria.
The asd-mutated E. coli (HJ1019) and S. typhimurium
(SHJ2107) were only grown in the presence of plasmids

carrying asd gene (data not shown).

Surface display and secretion of ClyA-S1E expressed
in S. typhimurium

To investigate whether ClyA-S1E protein could be
expressed in S. typhimurium, the vectors expressing ClyA-
S1E were transformed into SHJ2037 strain which is com-
pletely deficient of ppGpp and avirulent against mice (20).
Whole lysates after boiling were transferred to nitrocellulose
membrane and stained with anti-ClyA and anti-S1E antisera
(Fig. 2A). In western blotting using anti-ClyA antiserum
(left panel), a 34-kDa protein band was detected in bacteria
transformed with pGCSO carrying clyA (lane 2). In contrast,
bacteria transformed with pGApLCS1E and pBApLCSI1E
showed 53-kDa protein bands (lanes 3 and 4). These
proteins should be ClyA-S1E because the bands of the
same size were detected in the western blotting by anti-S1E
antiserum (right panel). The band intensity of ClyA-S1E
expressed by pGApLCSIE was higher than that of
pBApLCSIE. It indicates that the expression of ClyA-S1E
is dependent upon the copy number of the plasmid.

ClyA is displayed on the bacterial surface and secreted
(8). We examined whether ClyA-S1E was expressed on the
surface of S. typhimurium (Fig. 2B). SHJ2037 strains trans-
formed with the indicated vectors were stained with DAPI
to stain bacterial DNA (left panels) and anti-ClyA antiserum
(right panels). The transformed bacteria carrying pGCSO
but not mock vector could be stained with anti-ClyA anti-

serum (panels 1 vs. 2). Bacteria carrying pGApLCSI1E and
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Figure 2. Surface display and secretion of ClyA and ClyA-S1E in S. typhimurium.
(A) SHJ 2037 strains transformed with the indicated plasmids were lyzed by boiling
and separated in 10% SDS-PAGE. After transferring into a membrane, proteins were
stained with rabbit anti-ClyA (left panel) and anti-S1E (right panel) antisera. ClyA (34
kDa) and ClyA-S1E (53 kDa) are marked as arrows. 1, bacteria transformed with
pUCI19; 2, bacteria transformed with pGCSO; 3, bacteria transformed with pGApLCSIE;
4, bacteria transformed with pPBApLCSIE. (B) Surface expression of ClyA and ClyA-
SI1E on S. typhimurium SHJ2037. Bacteria transformed with the indicated plasmids
were stained with rabbit anti-ClyA antiserum and FITC-conjugated anti-rabbit 1gG
(right panels), and then stained with DAPI (left panels). The stained bacteria were
observed in fluorescence microscopy. 1, bacteria transformed with pUC19; 2, bacteria
transformed with pGCSO; 3, bacteria transformed with pGApLCS1E; 4, bacteria trans-
formed with pBApLCSI1E. (C) Secretion of ClyA and ClyA-S1E from S. typhimurium
SHJ2037. The proteins in the supernatant from bacteria transformed with the indicated
plasmids were precipitated in the cold acetone. After washing, the precipitates were
separated on 10% SDS-PAGE. After transferring into a membrane, proteins were stained
with rabbit anti-ClyA (left panel) and anti-S1E (right panel) antisera. ClyA (34 kDa)
and ClyA-S1E (53 kDa) are marked as arrows. The asterisk indicated the degraded
remnants from the secreted ClyA-S1E. 1, bacteria transformed with pUC19; 2, bacteria
transformed with pGCSO; 3, bacteria transformed with pGApLCSIE; 4, bacteria
transformed with pBApLCSIE.

pBApLCSIE also were stained with anti-ClyA antiserum
(panels 3 and 4), indicating that ClyA-S1E proteins were
delivered and exposed on the surface in the transformed
bacteria.

Next, we examined whether ClyA-S1E was secreted
from S. typhimurium (Fig. 2C). After the same transformed
bacteria in Fig. 2B were cultured in LB media, proteins in
the culture supernatants were precipitated by acetone. The
precipitated proteins were separated in SDS-PAGE and
western-blotted by anti-ClyA (left panel) or anti-S1E (right
panel) antisera. ClyA and ClyA-S1E proteins were detected
in the supernatant of bacteria transformed with pGCSO
and pGApLCSIE, respectively (lanes 2 and 3). However,
we hardly detected ClyA-S1E in the supernatant of bacteria

transformed with pBApLCSI1E. It indicates that high

expression of ClyA-S1E is required for its efficient secretion.

Hemolytic and cytotoxic activities of ClyA-S1E
expressed in S. typhimurium

ClyA is a poreforming toxin to induce hemolysis against
red blood cells and cytotoxicity against various cells (9). To
examine whether ClyA-S1E recombinant protein still pos-
sessed the hemolytic activity, SHJ2037 bacteria transformed
with ClyA-S1E expression vectors were cultured on the
sheep blood plate for 2 days in 5% CO, (Fig. 3A, left panels).
Bacteria carrying pGCSO showed strong hemolytic haloes.
However, bacteria with pGApLCSI1E or pBApLCSIE
hardly did. It indicates that ClyA-S1E possesses very weak
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Figure 3. ClyA-SIE lost hemolytic and cytotoxic acitivities. (A) Hemolysis assay of S. typhimurium strains expressing the ClyA and
ClyA-S1E proteins. ppGpp-deficient SHJ2037 (left panels) and hns-mutated SCH2008 with (right panels) transformed with the indicated
plasmids were cultivated on the sheep blood agar plate for 2 days. 1, bacteria transformed with pUC19; 2, bacteria transformed with pGCSO;
3, bacteria transformed with pGApLCSI1E; 4, bacteria transformed with pPBApLCSIE. (B) The cytotoxicity of S. typhimurium expressing
ClyA and ClyA-S1E against HeLa cells. The cells (2 > 10°% were cultured for 9 hr afier inoculation of S. typhimurium SHJ2037 transformed
with the indicated plasmids (2 > 10®). Cell morphology was observed with microscopy. 1, bacteria transformed with pUC19; 2, bacteria
transformed with pGCSO; 3, bacteria transformed with pGApLCSIE; 4, bacteria transformed with pPBApLCSIE. (C) The genomic DNA
fragmentation by apoptosis was assayed in 2% agarose gel electrophoresis using the same cells in (B).

hemolytic activity, compared to ClyA.

The clyA gene has been strongly expressed in hns-mutant
S. typhi as HNS is the transcription factor to repress clyA
promoter (21). As the clyA gene used in this work contained
its promoter region, there was the possibility that ClyA-S1E
would be more expressed and secreted in the absence of
HNS, causing more hemolysis. It was tested using hns-
mutated S. typhimurium strain, SCH2008 (right panels).
Similarly to the result in SHJ2037, the hemolysis in SCH-
2008 transformed with pGApLCSIE or pBApLCSI1E was
hardly detected. It indicates that clyA promoter does not
work for the expression of ClyA and ClyA-SIE in the
vectors.

Next, we examined cytotoxicity of ClyA-S1E against
HeLa cells. SHJ2037 transformed with the indicated vectors
was inoculated in HelLa cells and the cell death was
observed by microscopy after 9 h (Fig. 3B). Consistent with
a previous report (8), the host cells with aberrant shrunk

morphology were induced by the bacteria carrying ClyA
gene caused (panel 2). However, any bacteria expressing
ClyA-S1E did not show cell death at all in this condition
(panels 3 and 4). ClyA induces apoptosis as well as necrosis
(22). Apoptosis causes DNA fragmentation in the genome
(15) and is induced by Salmonella infection (23). Using the
same HeLa cells in Fig. 3B, host genomic DNA fragmen-
tation caused by apoptosis was analyzed (Fig. 3C). Only
HeLa cells inoculated by bacteria carrying only clyA gene
showed DNA ladder in genomic DNA (lane 2). These
results indicate that ClyA-S1E does not induce the cell

death by necrosis and apoptosis.

Anti-S1E antibody detection in mice orally immunized
by S. typhimurium expressing ClyA-S1E

Finally, we examined whether S. typhimurium expressing
ClyA-S1E could enhance the production of anti-S1E anti-
body in mice. SHJ2107 bacteria, deficient of ppGpp and
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Figure 4. Detection of anti-S1E antibody in mice orally immu-
nized by S. typhimurium expressing ClyA-S1E. S. typhimurium
SHJ2107 strains carrying the deficiency of ppGpp and Asd were
transformed with the indicated plasmids. BALB/C mice were orally
immunized by the transformed bacteria (5 X< 10*) and the blood
was taken from mice at day 30. The serum was used for western
blotting against E. coli lysates expressing GST-conjugated SI1E
(upper panel). Ponseau S staining of E. coli lysates expressing
GST-conjugated S1E separated in SDS-PAGE (lower panel).
Western blotting against E. coli lysates containing GST-tagged S1E
using the immunized antiserum. As a control, the same sample was
western blotted by rabbit anti-S1E antiserum. 1, mouse antiserum
after the infection by bacteria with pGA; 2, mouse antiserum after
the infection by bacteria with pGApLC; 3, mouse antiserum after
the infection by bacteria with pGApLCS1E; 4, mouse antiserum
after the infection by bacteria with pPBApLCSIE; 5, rabbit anti-
S1E antiserum.

Asd, were transformed with pGApLCS1E and pBApLCSI1E
(Fig. 4). As controls, the same bacteria were transformed
with pGA carrying only asd gene or pGApLC carrying both
of asd and clyA genes. After mice were orally immunized
by the transformed bacteria for 30 days, the presence of
anti-S1E antibody in the mouse serum was examined using
the western blotting against GST-conjugated S1E. The same
amount of E. coli lysates expressing GST-S1E were loaded
in each lane of SDS-PAGE and separated. In the transferred
membrane, 45-kDa GST-S1E proteins strongly stained with
Ponceau S dye (upper panel). In the western blotting analysis

against membrane strips containing two lanes (lower panel),
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the immunized serum by bacteria with pGApLCSI1E but
not pBApLCSIE detected GST-SI1E with the significant
intensity (lanes 3 and 4), which was the same size of the
band by rabbit anti-SIE antiserum. It indicates that S.
typhimurium highly expressing ClyA-S1E could induce the

production of anti-S1E antibody in orally immunized mice.

DISCUSSION

ClyA found in S. typhi and some enterobacteria including
E. coli is exposed on the bacterial surface and secreted as a
monomer or oligomeric assembly (21). There were trials to
deliver the antigen using surface display and secretion of
ClyA (9, 10). In this work, 193-aa S1E epitope from SARS-
CoV S protein was chosen as a cargo antigen because this
has been well characterized as a receptor binding domain
(22) and vaccine candidate (14). The recombinant protein
ClyA-S1E nearly lost cytotoxicity against the host cells,
although it was expressed on the bacterial surface. It would
be ascribed to the conjugated S1E hindering the normal
conformation of monomeric ClyA or the conformational
change to make oligomeric assembly. This phenomenon
shown in ClyA-SI1E is not universal for all ClyAs conju-
gated to cargo antigen because it was efficiently exported
to the extracellular medium and possessed hemolytic activity
in the conjugation with p-lactamase (1). Probably, surface
or secretion efficiency of the recombinant ClyA protein
should be dependent upon the molecular character of the
cargo antigens.

ClyA-S1E was expressed more highly in pGApLCS1E
than pBApLCSI1E, indicating that the expression of antigen
is dependent on the gene copy number. Only the detectable
level of anti-S1E antibody in the mouse serum orally
immunized by the attenuated S. typhimurium carrying
pGApLCSIE was due to the difference in the expression.
Therefore, the increase of ClyA-SIE expression would
display the more efficient immune response in vaccine trial
using the attenuated S. typhimurium expressing ClyA-S1E.
To do this, lac promoter would be replaced by the more
strong promoters such as tacl7 to express ClyA-S1E (23).
Nevertheless, the attenuated S. typhimurium carrying
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pGApLCSIE is anticipated to be used as a live vaccine
against SARS-CoV.

Acknowledgements

We really thanks to Dr. Michael Farzan (Harvard Medical
School, Boston, MA, USA) for providing pcDNA-SARS
SI.

REFERENCES

1) Garmory HS, Brown KA, Titball RW. Salmonella
vaccines for use in humans: present and future per-
spectives. FEMS Microbiol Rev 2002;26:339-53.

2) Garmory HS, Leary SE, Griffin KF, Williamson ED,
Brown KA, Titball RW. The use of live attenuated
bacteria as a delivery system for heterologous antigens.
J Drug Target 2003;11:471-9.

3) Kochi SK, Killeen KP, Ryan US. Advances in the
development of bacterial vector technology. Expert Rev
Vaccines 2003;2:31-43.

4) Lee JS, Shin KS, Pan JG, Kim CJ. Surface-displayed
viral antigens on Salmonella carrier vaccine. Nat
Biotechnol 2000;18:645-8.

5) Gentschev I, Dietrich G, Goebel W. The E. coli alpha-
hemolysin secretion system and its use in vaccine
development. Trends Microbiol 2002;10:39-45.

6) Zhu C, Ruiz-Perez F, Yang Z, Mao Y, Hackethal VL,
Greco KM, Choy W, Davis K, Butterton JR, Boedeker
EC. Delivery of heterologous protein antigens via
hemolysin or autotransporter systems by an attenuated
ler mutant of rabbit enteropathogenic Escherichia coli.
Vaccine 2006;24:3821-31.

7) Wallace AJ, Stillman TJ, Atkins A, Jamieson SJ,
Bullough PA, Green J, Artymiuk PJ. E. coli hemolysin
E (HIyE, ClyA, SheA): X-ray crystal structure of the
toxin and observation of membrane pores by electron
microscopy. Cell 2000;100:265-76.

8) Wai SN, Lindmark B, Soderblom T, Takade A,
Westermark M, Oscarsson J, Jass J, Richter-Dahlfors A,
Mizunoe Y, Uhlin BE. Vesicle-mediated export and
assembly of pore-forming oligomers of the entero-
bacterial ClyA cytotoxin. Cell 2003;115:25-35.

9) del Castillo FJ, Moreno F, del Castillo I. Secretion of

111

the Escherichia coli K-12 SheA hemolysin is indepen-
dent of its cytolytic activity. FEMS Microbiol Lett
2001;204:281-5.

10) Galen JE, Zhao L, Chinchilla M, Wang JY, Pasetti MF,
Green J, Levine MM. Adaptation of the endogenous
Salmonella enterica serovar Typhi clyA-encoded
hemolysin for antigen export enhances the immuno-
genicity of anthrax protective antigen domain 4
expressed by the attenuated live-vector vaccine strain
CVD 908-htrA. Infect Immun 2004;72:7096-106.

11) Spiga O, Bernini A, Ciutti A, Chiellini S, Menciassi N,
Finetti F, Causarono V, Anselmi F, Prischi F, Niccolai N.
Molecular modelling of S1 and S2 subunits of SARS
coronavirus spike glycoprotein. Biochem Biophys Res
Commun 2003;310:78-83.

12) Li W, Moore MJ, Vasilieva N, Sui J, Wong SK, Berne
MA, Somasundaran M, Sullivan JL, Luzuriaga K,
Greenough TC, Choe H, Farzan M. Angiotensin-
converting enzyme 2 is a functional receptor for the
SARS coronavirus. Nature 2003;426:450-4.

13) Wong SK, Li W, Moore MJ, Choe H, Farzan M. A
193-amino acid fragment of the SARS coronavirus S
protein efficiently binds angiotensin-converting enzyme
2. J Biol Chem 2004;279:3197-201.

14)He Y, Zhou Y, Liu S, Kou Z, Li W, Farzan M, Jiang S.
Receptor-binding domain of SARS-CoV spike protein
induces highly potent neutralizing antibodies: implication
for developing subunit vaccine. Biochem Biophys Res
Commun 2004;324:773-81.

15) Valle E, Guiney DG. Characterization of Salmonella-
induced cell death in human macrophage-like THP-1
cells. Infect Immun 2005;73:2835-40.

16) Kang HY, Srinivasan J, Curtiss R 3rd. Immune responses
to recombinant pneumococcal PspA antigen delivered
by live attenuated Salmonella enterica serovar
typhimurium vaccine. Infect Immun 2002;70:1739-49.

17) Song M, Kim HJ, Kim EY, Shin M, Lee HC, Hong Y,
Rhee JH, Yoon H, Ryu S, Lim S, Choy HE. ppGpp-
dependent stationary phase induction of genes on
Salmonella pathogenicity island 1. J Biol Chem 2004;
279:34183-90.

18) Galan JE, Nakayama K, Curtiss R 3rd. Cloning and
characterization of the asd gene of Salmonella typhi-
murium: use in stable maintenance of recombinant



12

plasmids in Salmonella vaccine strains. Gene 1990;
94:29-35.

19) Nayak AR, Tinge SA, Tart RC, McDaniel LS, Briles
DE, Curtiss R 3rd. A live recombinant avirulent oral
Salmonella vaccine expressing pneumococcal surface
protein A induces protective responses against Strepto-
coccus pneumoniae. Infect Immun 1998; 66:3744-51.

20) Na HS, Kim HJ, Lee HC, Hong Y, Rhee JH, Choy HE.
Immune response induced by Salmonella typhimurium
defective in ppGpp synthesis. Vaccine 2006;24:2027-34.

21) Westermark M, Oscarsson J, Mizunoe Y, Urbonaviciene
J, Uhlin BE. Silencing and activation of ClyA cytotoxin

HH Piao, et al.

expression in Escherichia coli. J Bacteriol 2000; 182:
6347-57.

22) Morales C, Lee MD, Hofacre C, Maurer JJ. Detection
of a novel virulence gene and a Salmonella virulence
homologue among Escherichia coli isolated from broiler
chickens. Foodborne Pathog Dis 2004;1:160-5.

23) Lai XH, Arencibia I, Johansson A, Wai SN, Oscarsson
J, Kalfas S, Sundqvist KG, Mizunoe Y, Sjostedt A,
Uhlin BE. Cytocidal and apoptotic effects of the ClyA
protein from Escherichia coli on primary and cultured
monocytes and macrophages. Infect Immun 2000;68:
4363-7.




