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Recombinant expression and immunological characterization of Streptfococcus

Iniae antigens

Min Sun Kim

Department of Fish Pathology, The Graduate School

Pukyong National University

Abstract

During the last decade, sporadic and epidemic outbreaks of fish diseases
due to gram-—positive cocci have been reported world-widely, and are
responsible for significant economic losses in the fish farm industry. In
Korea, warm-water streptococcosis have been a main cause of mortality in
cultured fish, and 3 species —S. imae, S.  parauberis, and L. garviae — have
been identified as the causing.

To design potent and universally applicable subunit protein vaccines, it is
necessary to identify those antigens that are recognized as nonself by the
immune systems of a wide fish population or species during infection. In the
present study, 4 genes - glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), a-enolase, streptolysin, and ABC iron transporter - were selected
as subunit vaccine candidates. The full open reading frames (ORF) of the
selected 4 genes of S iniae were cloned and produced as recombinant
proteins to characterize their function and to obtain antisera. In the

investigation of vaccine efficacy, the organisms immunized with recombinant



proteins showed higher serum bactericidal activity than those of control.

As a nonliving delivery system with the capacity to be loaded with foreign
antigens, bacterial ghosts are a safe alternative to live—bacterial delivery
system. The display of heterologous antigens on the surfaces of pathogenic
bacteria is of considerable value for the development of combination
vaccines, and would be advantageous for the induction of antigen specific
antibody responses when using attenuated or inactivated recombinant bacteria
for immunization.

In this study, to generate combination-vaccine system, we have generated E.
coll and E. tarda ghosts displaying the above selected-antigens of S. inrae on
the outer membrane, and expression of S. i/miae antigens on the outer

membrane was confirmed by immunoblot.
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Introduction

Streptococci are Gram positive cocci (spherical or ovoid) in the family
Streptococcaceae often occurring in pairs and chains. They are facultatively
anaerobic and catalase—negative. During the last decade, sporadic and
epidemic outbreaks of fish diseases due to gram-positive cocci have been
reported world-widely, and are responsible for-significant economic losses in
the fish farm industry. The main pathogenic species responsible for these
streptococcal infections are Streptococcus parauberis, Streptococcus iniae,
Streptococcus = difficilis,  Lactococcus — garvieae, Lactococcus — piscium,
Vagococcus salmoninarum, and Carnobacterium piscicola (Bercovier et al,
1997; Eldar et al, 1997, 1999; Eldar and Ghittino, 1999). Outbreaks
associated with infections by L. piscium, V. salmoninarum, and C. piscicola
usually occur at water temperatures below 15°C and are termed cool-water
streptococcosis (Muzquiz et al, 1999). On the other hand, outbreaks that
occur at water temperatures .above 15°C, or warm-water streptococcosis, are
produced by L. garvieae, S. iniae, S. parauberis, and S. difficilis (Muzquiz et
al, 1999). In Korea, warm-water streptococcosis have been a main cause of
mortality in cultured fish, and 3 species - S iniae, S. parauberis, and L.
garviae — have been identified as the causing.

Since first isolation of Streptococcus iniae from a subcutaneous abscess of
a captive freshwater dolphin (/nia geoffrensis) in 1976 (Pier and Madin,
1976; Pier et al, 1978), it has been associated with disease outbreaks in
aquaculture farms of different fresh and seawater commercial fish species
(Kitao et al 1981; Baya et al 1990; Kusuda 1992; Eldar et al 1994 & 1995;
Perera et al 1994), with mortality rates of up to 50% (Eldar et al 1995



Zlotkin et al 1998). Moreover, this pathogen has recently been reported to
cause fulminant soft tissue infection in humans (Weinstein et al 1996 &
1997). Traditional classification of streptococci has been based on the
serogrouping of the carbohydrate antigens of the cell wall and their
haemolytic activities. S. iniae is a [P—haemolytic streptococcus, which does
not react to Lancefield A-V grouping antisera (Low et al, 1999 Shoemaker
et al, 2000). The most significant clinical signs of .S. imiae infections in fish
are septicemia and meningoencephalitis (Eldar et al, 1994, 1995), which are
very similar to those produced by other-bacterial fish pathogens, mainly
Streptococcus parauberis, Streptococcus difficilis or-. Lactococcus garvieae
(Doménech et al, 1993, 1996 Eldar et al, 1994, 1995 Bercovier et al, 1997
Eldar and Ghittino, 1999). Currently, S. ifmiae is an economically significant
cause of death of major cultured marine fish such as olive flounder
(Paralichthys olivaceus), rockfish (Sepastes schlegel), and rock bream
(Oplegnathus fasciatus) in Korea.

Since antibiotic therapy of farmed fish infected with streptococci gives
unsatisfactory results, the need for development of an effective vaccine is
paramount in the control- of “streptococcal disease: Although formalin—killed
vaccines [bacterins or modified bacterins (i-e., containing extracellular
products)] have been developed against .S. iniae (Eldar et al, 1997 Klesius
et al, 1999; Klesius et al, 2000; Klesius et al, 2002), their efficacy against
different serotypes has not been proved.

Streptococcal surface capsules are generally complex anionic
polysaccharides that contribute importantly to virulence by virtue of their
antiphagocytic properties, and the capsular polysaccharides are also
frequently a principal target of protective immunity. However, polysaccharide
antigens are poorly immunogenic and are also induces poor memory immune

responses. Concern also exists that non-vaccine serotypes may eventually



replace those contained in the vaccine, and if serotype replacement is
proven to occur, the vaccine will need to be reformulated. In fact, recently,
it has been shown that following a b-year routine vaccination program
against S. /nmrae in rainbow trout farms of Israel, a novel serotype, capable of
producing a generalized bacterial meningitis, has emerged (Bachrach et al/,
2001). In this case, S. iniae probably gains access to the bloodstream and
maintains a high level of bacteremia, leading to the onset of a generalized
disease and meningitis (Ferrieri et al, 1980; Lin et al, 2001). The new
strains were characterized as. -Serotype-lIl strains; they differed from
‘classical’ type I strains by serological, phenotypic. and genetic criteria.
Rainbow trout antisera to serotype I did not agglutinate serotype II but some
cross—reactivity was observed in the ‘opposite direction (Bachrach et al,
2001). Serotype II strains are able to enter phagocytes and multiply within
them, causing them subsequently to wundergo death through apoptotic
processes (Zlotkin et al 2003). S. iniae type II strains have also been
detected in the USA, indicating the wide distribution of S. inrae variants
(Barnes et al, . 2003).  Similarly to Streptococcus pyogenes (group A
streptococcus) infection “in “humans, where vserotype replacement in a
population (Kaplan et al, 2001) is most likely the result of the immune
status of the individuals along with the introduction of a highly virulent
organism (Dale and Shulman, 2002), the propensity of S, /niae to cause an
invasive disease in fish is likely related not only to the immune status of the
fish but also to the pathogenetic mechanism(s) of virulent strains (Zlotkin et
al. 2003).

Since vaccines composed of polysaccharides induce serotype—specific
immune responses and contribute to serotype redistribution, antigenic
proteins that show little sequence variation in diverse clinical isolates will

likely be superior antigens for the development of a broadly effective



vaccine against streptococcosis. Protein—based vaccines have the potential
advantages of being antigenically conserved across capsular types,
comparatively inexpensive to produce by recombinant DNA techniques, and
able to induce memory responses which are long-lasting and can be boosted
by revaccination.

To design potent and universally applicable subunit protein vaccines, it 1s
necessary to identify those antigens that are recognized as nonself by the
immune systems of a wide fish population or species during infection. In the
present study, 4 genes - _glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), a-enolase, streptolysin, and ABC iron transporter - were selected
as subunit vaccine candidates. The full open reading frames (ORF) of the
selected 4 genes of S. iniae were cloned and produced as recombinant
proteins to characterize their function and to obtain antisera.

The ground of those genes selections subunit vaccine candidates is as
follows. GAPDH has been considered a classical cytosolic glycolytic protein;
however, recent evidence demonstrates that some pathogenic prokaryotic and
eukaryotic organisms have cell surface—associating GAPDH, which may have
differing roles. In group- A “streptococci and vin Staphylococcus aureus, a
cell-surface GAPDH is involved in the-interaction with host cells and ligands
(Pancholi and Fischetti, 1992, 1993, 1997 Winram and Lottenberg, 1996,
1998 Modun and Williams, 1999). Gil-Navarro et al (1997) have reported
that an immunogenic cell-wall-associated GAPDH is found at the cell surface
of Candida albicans in an active form. Since C. albicans GAPDH is a
fibronectin— and laminin—-binding protein, the surface GAPDH could participate
in the adhesion of fungal cells to host tissues, thus playing a role in
virulence (Gozalbo et al, 1998 Villamon ef al, 1999). Also the surface
GAPDH of Schistosoma mansoni has been associated with human resistance

to schistosomiasis (Charrier—-Ferrara et al, 1992 Goudot-Crozel et al, 1989).



Recently, the presence of a surface-localized a—enolase that binds both
plasmin and plasminogen has been reported from .S. pyogenes (Pancholi and
Fischetti, 1998) and from S. pneumoniae (Bergmann et al, 2001). The
plasminogen system plays an important role in host defense by dissolving
fibrin clots and maintaining homeostasis and vascular potency (Plow et al,
1995), and may be subverted by pathogens to allow tissue invasion. It has
been known that pathogenic bacteria utilize the proteolytic activity of plasmin
to migrate faster through the host extracellular matrix (Eberhard et al,
1999), and this enzymatic activity —may. facilitate their invasion and
dissemination in the infected host (Lottenberg et al, 1994; Lottenberg, 1997).
One of the few distinguishing phenotypes of S, imae is the zone of
beta—hemolysis surrounding colonies cultured on blood agar (Pier and Madin,
1976). Hemolysins, or cytolysins, are well-recognized features of many
bacterial species, including streptococci, and are generally associated with
damage to the membranes of a variety of eukaryotic cell types. Examples of
streptococcal cytolysins include streptolysin O (SLO) and streptolysin S (SLS)
of group A streptococci (GAS), the beta—hemolysin/cytolysin of group B
streptococci (GBS), and the pneumolysin of Streptococcus pneumoniae, each
of which has been implicated as a-virulence-factor in animal models of
infection (Berry et al, 1989; Betschel et al, 1998; Limbago et al, 2000;
Wennerstrom et al, 1985).

Iron is an essential nutrient, as it is required for many cellular metabolic
processes, but free ferric iron is scarce in a fish host since it is bound to
high-affinity iron binding proteins such as transferrin. Pathogenic bacteria
have adapted well to the severe iron-restricted environment encountered in
the host; the extremely low availability of iron in host body fluids serves as
a major environmental signal to the bacteria to express virulence

determinants and they have developed specialized mechanisms for scavenging



iron from the host, thereby enabling them to multiply in host tissue. An
effective mechanism for scavenging iron involves the production and
secretion of low-molecular-weight ferric iron chelators, siderophores, which
scavenge iron from the host and transport it into the cell via specific ABC
transporters (Nikaido and Hall, 1998).

The display of heterologous antigens on the surfaces of pathogenic bacteria
is of considerable value for the development of combination vaccines, and
would be advantageous for the induction of antigen specific antibody
responses when using attenuated—or inactivated recombinant bacteria for
immunization. In mammals, avirulent strains of Sal/monella typhimurium are
being widely considered as delivery systems for heterologous antigens
because of their ability to induce complex mucosal and systemic immune
responses after oral administration.

As a nonliving delivery system with the capacity to be loaded with foreign
antigens, bacterial ghosts are a safe alternative to live—bacterial delivery
system. Bacterial ghosts are empty cell envelopes. They are produced from
Gram-negative bacteria. by controlled expression of protein £ from the
cloned PhiX174 lysis-gene. E. Protein E forms.a tunnel structure spanning the
whole cell wall complex, ~through ~which the  cytoplasmic contents are
expelled (Witte et al, 1990a,b, 1992). In contrast to heat or chemical
nactivation procedures, all native cell wall components are preserved during
the formation of bacterial ghosts (Witte et al, 1990b, 1992). Therefore
bacterial ghosts derived from a variety of bacteria provide an alternative to
conventionally inactivated vaccines (Eko et al, 1994; Huter et al, 2000;
Hensel et al, 2000). In the extended ghost system, foreign proteins can be
displayed outside outer membrane by specific membrane anchors prior to
lysis of bacteria (Lubitz, 2001). Furthermore, it has been demonstrated that

the cell targeting and adjuvant properties of ghosts are superior to Alum and



complete Freund's adjuvant (Eko et al, 1999). Therefore, epitopes from
viruses, Gram-positive bacteria or parasites can be inserted in the ghost
envelope, and thus, combination vaccines can be developed.

Edwardsiella  tarda, a Gram negative bacterium of the family
Enterobacteriaceae, is the causative agent of edwardsiella septicaemia and
leads to extensive losses in a diverse array of commercially important fish,
including eels (Wakabayashi and Egusa, 1973), chinook salmon (Amandi et al,
1982), olive flounder (Nakatsugawa, 1983), tilapia (Kubota et al, 1981), carp
(Sae-Oui er al, 1984), channel catfish-(Meyer and Bullock, 1973), and mullet
(Kusuda et al, 1976). We have recently generated Edwardsiella tarda ghosts
(ETG) by gene E mediated lysis (Kwon et al, 2005), and have demonstrated
its high vaccinée potential by in vivo immunization experiment (Kwon et al,
2006). In this study, to: generate combination vaccine system, we have
generated ETG displaying the above selected antigens of S. iniae on the
outer membrane, and expression of S  immae antigens on the outer membrane

was confirmed by immunoblot.



Materials and methods

1. Bacterial strain and culture conditions

Streptococcus iniae JSLO208 was kindly provided by Dr. J. S. Lee, National
Fisheries Research & Development Institute, Korea. Lactococcus garvieae
was provided by the American Type Culture Collection (ATTQ).
Streptococcus parauberis was provided by the Korean. collection for type
cultures (KCTC). They were cultured at 37C overnight. in brain heart
infusion broth (BHI, Difco) supplemented with 1.0% NaCl.

Escherichia coli BL.21 (DE3) was used as the host strain for recombinant
pET 28a (Novagen, USA) and pGEX-4T-1 expression plasmid and cultured at
37C on Luria-Bertani (LB, Difco) agar containing kanamycin and ampicillin.
Expression of the His—tagged fusion protein and Glutathione S-—transferase
(GST) fusion were. induced with 1 mM IPTG after.reaching an ODgyp of 1.0,
and growth continued at 27 Cor 37TC.

Plasmid pInaN-UreA-ghost provided-by -Dr."Nam, Pukyoung National University
were used as a template for construction of surface expression vector. High
constitutive expression vector, pHCEIIB was purchased from Bioleaders, corp.
The constructed vector was transformed into £ co// DH5a (Invitrogen) and Z.
tarda FSW910410 strain. Transformed bacteria was inoculated in Luria Broth
(LB, Difco) containing 50 pg/m¢ ampicillin (Sigma) at 27C or 37C. Growth and
lysis of bacterial cultures were monitored by measuring the optical density at

600 nm (ODsgqo).



2. Preparation of genomic DNA from S. iniae

Cultured bacteria was pelleted by centrifugation at 2,500 X g for 10 min
and washed three times with Phosphate buffered saline (PBS, pH 7.0). Total
genomic DNA of S iniae was extracted using AccuPrep” genomic DNA
extraction kit according to the manufacturer’s instructions (Bioneer, Taejon,
Korea). The quality and quantity of DNA was determined by ultraviolet(UV)

spectrophotometer (U][raspec@ 3100 pro, Amersham Pharmacia Biotech).

3. Polymerase chain reaction (PCR) amplication of 4-genes

PCR was utilized to amplify the open reading frame (ORF) of the 4-genes.

3.1. PCR amplification for full sequencing of GAPDH and a—enolase

Degenerate PCR primers were designed based on the conserved sequences

found at either N- or C-terminal region of genes reported previously from
various streptocoecci (Fig. 1 and Fig. 2).
The sequences of ~.the GAPDH . primers are: forward primer; 5 -
ATGGTAGTTAAAGTTGGTATTAACGG-3, reverse primer; 5 -
TTATTTAGCRATTTTTGCRAAG-3. The sequences of the a-enolase
primers are: forward primer; 5 -ATGTCAATTATTACTGATGTWTACGC -3,
reverse primer; 5 -YTATTTTTTHARGTTRTAGAATG-3'.

The extracted DNA (100 ng) was used in a 20 i of PCR reaction
containing 10 pmoles of each primer and 0.5 U of Tag DNA polymerase
(Takara, Shiga, Japan). The PCR reaction was carried out 30 cycles at 95°C
for 30 sec, 50°C or 42°C for 30 sec and 72°C for 40 sec, with an initial
denaturation at 95°C for 30 sec using an automated thermal cycler (iCycler,

BioRad). The PCR product was separated on 0.7% agarose gel and stained



with ethidium bromide.

3.2. PCR amplification for full sequencing of streptolysin S, SagA

The SagA gene of S. iniae was registered in NCBI and the primers were
designed from Genbank (NCBI, AF465842). The sequences of the SagA
primers are: forward primer; 5 -ATGTTACAATTTACTTCAAATATC
TTAGC-3’, reverse primer; 5 -TTACTTTGGAGCTGGTGCTG-3").

The extracted DNA (100 ng) was used in a 20 u of PCR reaction
containing 10 pmoles of each primer—and-0.5 U of Tagq DNA polymerase
(Takara, Shiga, Japan). The PCR reaction was carried-out 30 cycles at 95°C
for 30 sec, 50°C for 30 sec and 72°C for 30 sec, with an initial denaturation
at 95°C for 30 sec using an automated thermal cycler (iCycler, BioRad). The
PCR product was separated on 0.7% agarose gel and stained with ethidium

bromide.

3.3. PCR amplification for full sequencing of iron uptake ABC transporter,
piaA

3.3.1. PCR cloning of ‘partial“genomic DNA using degenerated primer

Due to unknown full nucleotide sequence of piaA, degenerate PCR primers
were designed based on the conserved sequences found at either N- or
C-terminal region of genes reported previously from various Gram positive
bacteria (Fig. 3). The sequences of the primers are: forward primer;
5 -ACYCGYAATCCAWTWGCAGATCCT-3’, reverse primer;
5 -TAAACCDACAAARCCAATWGGTCC-3".

For 20 wul of PCR reaction volume, it was composed genomic DNA (100
ng), 10 pmols of each primer, TE buffer, and 0.5 U of Taq DNA polymerase
(TaKaRa, Shiga, Japan). PCR was performed with 30 cycles of denaturation

at 95°C for 30 sec, annealing at 55°C for 30 sec, and extension at 72°C for
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30 sec, with an initial denaturation at 95°C for 30 sec using an automated
thermal cycler (iCycler, BioRad). The PCR product was separated on 0.7%

agarose gel and stained with ethidium bromide.

3.3.2. Primer walking of genomic DNA

Genomic DNA of S. iniae were used as template. Primer walking was
conducted using DNA Walking SpeedUp™ Primix Kit (Seegene) following the
manufacturer's protocol. The three nested primer sets for DNA walking in
downstream and upstream region-were-designed on the basis of the partial
sequences, respectively (Table 1). It was performed-on ice in downstream
and upstream of pia A. Before the first PCR, PCR master ‘mix prepared. For
each 50 w PCR reaction, it was composed 44 ul of 19 wl of distilled water
and 25 wl of 2% SeeAmp™ ACP™ Master Mix II per reaction tube. 1 wl of
genomic DNA, 4 @ of 2.5 uM DW-ACP (one of DW-ACP 1, 2, 3 and 4)
primers and '1 ul of primer walking TSP 1 primer (10uM) were added to
each tube. The first PCR was performed using the following three-step cycle
parameters : 1 eycle at 94C for 5 min, 42C for 1 min, 72C for 2 min,
30cycles at 94T for-40 sec, 55C for 40 sec; 72T for 1.5 min and 1 cycle
at 72C for 7 min. The first PCR products were purified using AccuPrep@
PCR Purification Kit (Bioneer).

Before the second PCR, PCR master mix prepared. For each 20 w! PCR
reaction, it was composed 15 ul of 5 wl of distilled water and 10 wl of 2X
SeeAmp™ ACP™ Master Mix Il per reaction tube. 3 gl of purified first PCR
products, 1 ul of DW-ACPN primer (10 uM) and 10 of primer walking TSP
2 primer (10 pM) were added to each tube. The second PCR was performed
using the following two-step cycle parameters : 1 cycle at 94C for 3 min
and 35 cycles at 94T for 40 sec, 60T for 40 sec, 72T for 1.5 min.

Before the third PCR, PCR Master Mix prepared. For each 20 w! PCR
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reaction, it was composed 17 wul of 7 wl of distilled water and 10 wl of 2X
SeeAmp™ Master Mix Il per reaction tube. 1 ¢ second PCR products, 1 «l
of universal primer (10 uM) and 1 @0 of primer walking TSP 3 primer (10
M) were added to each tube. The third PCR was performed using the
following two-step cycle parameters : lcycle at 94C for 3 min and 35
cycles at 94 T for 40 sec, 60T for 40 sec, 72T for 1.5 min. The PCR

products analyzed on a 1.5% agarose gel stained with ethidium bromide.

4. Cloning and sequences analysis

Amplified PCR products were purified with Gel Extraction Kit (Nuclogen)
from 1.0% agarose gel and cloned into the pGEM-T easy vector (Promega,
WI, USA). Recombinant ‘plasmid containing insert of correct size was
screened and the selected clones were purified using an Accuprep® Plasmid
Extraction Kit (GENE ALL) for sequencing analysis. Sequencing reaction was
carried out ‘using BigDye  Terminator Ready Reaction 'Mix (Applied
Biosystems Inc, Fosters City, CA, USA) and the sequences were analyzed
with an Automated DNA Sequencer (ABI Prism 377, Applied Biosystems Inc,
Foster City, CA, USA). The resulting sequences were aligned with GenBank
database through the BLAST search (http://www.ncbi.nlm,nih.gov/BLAST/).

5. Recombinant protein production and purification

5.1. Polymerase chain reaction (PCR) amplification assay and sequencing
The reaction primer sets were shown in Table 2. The primer sets

contained restriction enzyme sites (underlined). The extracted DNA (100 ng)

was used in a 20 wl of PCR reaction containing 10 pmoles of each primer

and 0.5 U of Tagq DNA polymerase (TaKaRa, Shiga, Japan). PCR was
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performed with 30 cycles of denaturation at 95°C for 30 sec, annealing at
42~55C for 30 sec and extension at 72°C for 30~40 sec using an
automated thermal cycler (iCycler, BioRad Inc., USA). The PCR products
were separated on 0.7% agarose gel and stained with ethidium bromide. The
amplified product was purified using a PCR Purification Kit (Nucleogen) and
cloned into pGEM-T easy vector (Promega). Recombinant plasmid containing
insert of correct size was screened and the selected clones were purified
using an Accuprep® Plasmid Extraction Kit (GENE ALL) for sequencing
analysis. Sequencing reaction was —carried. out using BigDye Terminator
Ready Reaction Mix (Applied Biosystems Inc, Foster City, CA, USA) and the
sequences were analyzed with an Automated DNA Sequencer (ABI Prism

377, Applied Biosystems Inc, Foster City, CA, USA).

5.2. Construction of recombinant protein expression vector
5.2.1. Construction of recombinant protein expression vector, pET28a
Sequenced plasmids of GAPDH, a—enolase were digested with appropriate
restriction enzymes and inserted into the pET 28a vector (Novagen, USA).
The His-tagged fusion ‘recombinant plasmids..were ‘prepared by transforming

Escherichia coli BL21 (DE3)-competent cells.

5.2.2. Construction of recombinant protein expression vector, pGEX-4T-1

Sequenced plasmids of SagA-toxic and piaA were digested with
appropriate restriction enzymes and inserted into the pGEX-4T-1 vector
(Amersham Biosciences). The Glutathione S-transferase (GST) fusion
recombinant plasmids were prepared by transforming FEscherichia coli BL21

(DE3) competent cells.

5.3. Expression and purification of recombinant proteins
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5.3.1. Expression and purification of His-tagged fusion protein

The 10 m¢ of overnight culture of £ coli BL21 (DE3) harboring pET
28a/GAPDH and pET 28a/a-enolase were diluted in 1¢ of fresh LB medium
containing 30 pg/ml kanamycin and grown 37TC with vigorous shaking.
Isopropyl 1-thio—B-p—galactoside (IPTG) was added to a final concentration
of 1 mM when the ODgypo reached about 1.0. Bacteria were harvested 4 h
after the addition of IPTG by centrifugation at 2000 X g at 4C for 10 min
and resuspended in 100 ml of binding buffer(5 mM imidazole, 500 mM NaCl,
20 mM Tris/pH7.9). Lysozyme was added to. a final concentration of 200 ug/
ml and the cells were lysed by sonication using Sonic. Dismembrator (Fisher
Scientific) for 5 min at intervals of 20 sec at output power 7. The lysate
was centrifuged at 10,000 X g at 4C for 40 min and the supernatant was
collected by 0.45 umm syringe filter and the pellet was resuspended in binding
buffer. The His-tagged fusion protein was purified by chromatography under
native conditions on Ni—nitrilotriacetic acid resin according to the
manufacturer's: protocols (Novagen). The integrity of insert DNA was verified
by sequence analysis. «Protein purity was monitored by Sodium dodecyl
sulphate-polyacrylamide’ “gel “~electrophoresis- « (SDS=PAGE), stained with
Coomassie Brilliant Blue, and the protein concentration was determined using

the BCA protein assay (Sigma, MO, USA).

5.3.2. Expression and purification of GST fusion protein

The 10 md of overnight culture of £ co/i BL21 (DE3) harboring pGEX-
4T-1/SagA-toxic and pGEX 4T-1/pia A were diluted in 1 ¢ of fresh LB
medium containing 50 pg/m¢ ampicillin and grown 37C with vigorous shaking.
Isopropyl 1-thio—B-p—galactoside (IPTG) was added to a final concentration
of 1 mM when the ODgypo reached about 1.0. Bacteria were harvested 4 h

after the addition of IPTG by centrifugation at 2000 X g at 4C for 10 min
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and resuspended in 100 m¢ of binding buffer (140 mM NaCl, 2.7 mM KCl, 10
mM NasHPO4, 1.8 mM KHyPO,). Lysozyme was added to a final concentration
of 200 pug/mt and the cells were lysed by sonication using Sonic
Dismembrator (Fisher Scientific) for 5 min at intervals of 20 sec at output
power 7. The lysate was centrifuged at 10,000 X g at 4C for 40 min and
the supernatant was collected by 0.45 m syringe filter and the pellet was
resuspended in binding buffer. The GST fusion protein was purified by
affinity ~ chromatography using gluthatione-sepharose 4 FF  columns
(Amersham Biosciences) and eluted-with-10-mM reduced glutathione (Sigma).
The integrity of insert DNA was verified by sequence-analysis. Protein purity
was monitored by Sodium dodecyl sulphate-polyacrylamide gel
electrophoresis’ (SDS-PAGE), stained with-Coomassie DBrilliant Blue, and the
protein concentration was determined using the BCA protein assay (Sigma,

MO, USA).

6. Antibody production

6.1. Production of Ab-(Antibody) from rat against recombinant proteins
Specific-pathogen-free male-~Wistar rats (4-weeks old) were used for the
immunization experiment. At the first immunization, three rats were
immunized by intraperitoneal injection of 0.15 ml of purified recombinant
proteins emulsified with an equal volume of complete Freund's adjuvant
(FCA, Sigma), and boosted with the injection of a same dose of the protein
emulsified with incomplete Freund's adjuvant (FIA, Sigma) two weeks later.
Three rats of the control group were intraperitoneally injected with PBS and
FCA mixture at the first injection, and boosted with PBS and FIA mixture.
On 2 weeks post-boost immunization, all rats were bled to obtain serum.

These sera were stored at —80C until analysis.
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6.2. Bactericidal activity of serum

The serum bactericidal activity was determined according Barnes AC et al
(2003) with some modifications. Pellets were washed and resuspended in
PBS to an ODsi of 1.0 (5.32 < 10" cfu ml’"). This was diluted 50-fold in
PBS and 25 0 was incubated with an equal volume of heat—inactivated
normal serum or antiserum for 1 h at room temperature. Complement activity
was provided by the addition of fresh normal serum (1:4; bacterial
suspension/serum : fresh normal serum). Suspensions were incubated in a
‘U-shaped microtitre plates for—1.5h-at room temperature. Following
incubation, suspensions-were serially diluted in PBS and spotted (25 ) onto
THA plates, which were incubated at 27C for 48 h. Viable colonies were

counted.

7. Extraction of cell wall proteins

Cell-wall protein was extracted by using a slightly modified version of the
method of Gatti et al. (1997). S. iniae cultivated in BHI broth for 48 h were
harvested, washed twice in 0.05-mol 1"} Tris=HCI, pH 7.5, containing 0.1 mol
17" CaCly, and resuspended in-1-ml of the same. After centrifugation at 8,700
X g for 5 min, cell wall proteins were extracted from the pellets with 1 ml
of extraction buffer, pH 8.0, containing 0.01 mol 1" EDTA, 0.01 mol 1" NaCl
and 2% (wt/vol) SDS. Suspensions were stored at room temperature for 60
min, heated at 100TC for 5 min and centrifuged at 10,000 X g for 10 min at
4°C. The supernatants were analyzed by SDS-PAGE and stained with

Coomassie blue.

7.1. Western blot
Cell wall proteins were solublized in SDS-PAGE loading buffer (2% SDS,
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14.4 mM B-mercaptoethanol, 25% glycerol, 0.1% bromophenol blue, 60 mM
Tris—HCI, pH 6.8), boiled for 5 min and fractionated on a 10% SDS-PAGE
gel. Proteins were transferred to nitrocellulose membrane. The membrane
was blocked with blocking solution (3% bovine serum albumin in TBS; 150
mM NaCl, 10 mM Tris-HCI, pH 7.5) for 2 h at room temperature (RT),
washed with TTBS (0.05% Tween 20 in TBS, pH 7.5) and incubated with
diluted rat sera (1:500) for 2 h at RT. The membranes were washed three
times with TTBS and incubated with alkaline phophatase conjugated goat
anti-rat IgG (1:2000, Santa Cruz Bietechnology) for 2 h at RT. After washing
off unbound secondary antibody, the specific antigen—-bound antibody was
visualized  with nitroblue  tetrazolium and 5-bromo=4-chloro-3-indoly

phosphate (NBT-BCIP)substrate buffer (Sigma).

8. Immunoblot analysis for plasmin(ogen) binding

Purified human plasmin, plasminogen (Sigma) and human immunoglobulin M
(IgM, as a control) .were transferred to nitrocellulose’ membrane after
SDS-PAGE as described abowve. After blocking with bovine serum albumin,
the membrane was incubated with-the purified His—-GAPDH and His-Enolase
(1:100 dilution) at RT for 2 h and then it was incubated at 4C for
overnight. The membranes washed 3 times with TTBS. His—-anti rabbit IgG
(1:1000) was added, incubated for 2 h at RT and washed 3times with TTBS.
The membranes were incubated with alkaline phophatase conjugated goat
anti-rat IgG (1:2000) for 2 h at RT. After washing off unbound secondary
antibody, the specific antigen—bound antibody was visualized with NBT-BCIP

substrate buffer (Sigma).
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9. Display the 4 genes on the surface of E. tfarda ghost

9.1. PCR amplification for pHCE-InaN-4genes—ghost 37 SDM

The reaction primer sets were shown in Table 3. The primer sets
contained restriction enzyme sites (underlined). The extracted DNA (100 ng)
was used in a 20 ul of PCR reaction containing 10 pmoles of each primer
and 0.5 U of Tagq DNA polymerase (TaKaRa, Shiga, Japan). PCR was
performed with 30 cycles of denaturation at 95°C for 30 sec, annealing at 5
0T for 30 sec and extension at-72°C for 30-sec using an automated thermal
cycler (iCycler, BioRad Inc., USA). Each amplified PCR product was visualized
on 0.7% agarose gels stained with ethidium bromide, purified with gel extraction

kit (Nucleogen).

9.2. Construction of surface expression vector

Ice nucleation protein, InaN combined with UreA was obtained by Nco I -Sac I
digestion of plnaN-UreA-ghost and cloned into pHCEIIB. This plasmid was
designated as pHCE-InaN—-UreA.

The PCR products~of 4-genes were cloned into pGEM-T easy vector
(Promega) and designated as pGEM/GAPDH, pGEM/a-enolase, pGEM/SagA and
pGEM/piaA, respectively. The 4-plasmids DNA were digested with Spe I and Sac
I, purified and subcloned into the Spe I -Sac I cleaved pHCE-InaN-UreA. Thus
UreA was replaced with 4-genes, respectively and the resulting plasmid was
designated as pHCE-InaN-target gene.

For ligation pHCE-InaN-target gene with ghost cassette, pAPr—c I —Elysis 37
SDM was digested with Apal and Sall, and then cloned into pBluescript I KS
(Stratagene). This plasmid was designated as pBS-APr—c I -Elysis 37 SDM.
pHCE-InaN-target gene and pBS—-APr-c I —Elysis 37 SDM were digested with

Sacl and Sall and ligated with each other. The resultant plasmid was
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pHCE-InaN-target gene-ghost 37 SDM (Fig. 33).

9.3. Transformation of bacteria

9.3.1. Transformation of . co/i DH5a by chemical method

E. coli DH5a was inoculated into 100 m¢ LB and grown at 37C to an ODggp of
0.4 with vigorous agitation (200 rpm). The cultures were prepared to a
chemically competent cell with 0.1M CaCl,. pHCE-InaN-target gene—ghost 37
SDM were added to the competent cells. Mixtures of cell and DNA were stored
on ice for 30 min and transferred in-a preheated 42°C circulating water bath for
90 s. After cooling thetube, 800 wul of SOC medium was added to cells and
incubated for 1.5 h at 37°C. After incubation, cells were plated onto LB agar

plate containing 50 gg/md ampicillin.

9.3.2. Transformation of £ tarda FSW910410 by electroporation

E. tarda FSW910410 was inoculated into 10 m¢ LB and grown at 27T to an
ODggo of 0.4 with vigorous agitation (200 rpm). The cultures were prepared to a
electrocompetent cell with ice—cold 10% glycerol solution.
pHCE-InaN-target gene—ghost-37 SDM were-added to-the competent cells.
Mixtures of cell and DNA were stored on ice for 50 sec, dried off any moisture
from cuvette outside and transferred in a chilled cuvette. It was flicked to settle
cell and DNA mixture into bottom of cuvette and gave pulse with a field
strength of 12.5 kV/cm for 4-5 milliseconds. Rapidly 1 m¢ of SOC medium was
added to cells and incubated for 1.5 h at 37C. After incubation, cells were plated

onto LB agar plate containing 50 pg/ml ampicillin.

10. Induction of target genes expression and preparation of bacterial

ghosts
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E. coli and E. tarda carrying pHCE-InaN-target gene—ghost 37 SDM were
inoculated 100 m¢ LB broth containing 50 xg/ml ampicillin at 27°C or 37°C. When
the cultures were reached an ODggy of 0.2~0.3, the expression of E gene was
induced by a temperature upshift from 27C to 42C. At different time points
after expression of £ gene, an optical density was measured until no further
decrease in optical density was detected. After the lysis has been completed,
ghost bacterial cells were washed 3 times with a phosphate buffered saline (pH
7.0) by centrifugation (5000 X g, 4T, 10 min). The harvested cell was

lyophilized and stored at 4 C until further use.

11. Isolation of outer membrane

Cell fractionation was performed according to the method described in Shi and
Su (2001). After induction of heterologous proteins, harvested cells were diluted
to set as unit cell density (ODgoo = 1.0), washed, and resuspended in PBS buffer
containing 1 mM EDTA and lysozyme at 100 pg/ml. After 2 h incubation, cell
suspension was treated with an ultrasound sonicationtat 30 sec 2 cycles. To
obtain total membrane fraction, whole cell lysate was pelleted by centrifugation
at 100,000 x g for 1 h using an-ultracentrifuge (Himac CS-150GX, Hitachi). For
further outer membrane fractionation, the pellet was resuspended with PBS
containing 0.01 mM MgCle and 2% Triton X-100 for solubilizing inner membrane
and incubated at room temperature for 30 min, and then the outer membrane
fraction was collected by ultracentrifugation. These samples were saved for

further analyses.

11.1. Western blot analysis

An equal volume of outer membrane fraction of the cells and target gene

induced cells were mixed with SDS sample buffer (10% sodium dodecyl sulfate
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(SDS), 10% B-mercaptanol, 0.3 M Tris—HCI (pH 6.8), 0.05% bromophenol blue,
50% glycerol), boiled for 10 min at 95C, and resolved by 10% (wt/vol)
SDS-polyacrylamide gel electrophoresis (SDS-PAGE), followed by
electrophoretic transfer to nitrocellulose membrane with transfer buffer (48 mM
Tris—HCI, 39 mM glycine, 20% methanol, pH 9.2) by using a Trans—Blot SD Cell
(Novex) at 25V for 90 m. The membrane was blocked with blocking solution (3%
Bovine serum albumin in TBS; 150 mM NaCl, 10 mM Tris-HCI, pH 7.5) for 2 h at
room temperature (RT), washed with TTBS (0.05% Tween 20 in TBS, pH 7.5)
and incubated with diluted rat sera—(1:500)-for 2 h at RT. The membranes
were washed three times with TTBS and incubated with alkaline phosphatase
conjugated goat anti-rat IgG (1:2000, Santa Cruz, Biotechnology) for 2 h at RT.
After washing ‘off unbound secondary antibody, the specific. antigen—bound

antibody was visualized with NBT-BCIP substrate buffer (Sigma).

12. Statistical analysis

Statistical analysis was performed using the SPSS/PC+ statistical package
(SPSS Inc, Chicago, ~USA). . Significant - différences between groups were
analyzed by the Student’s ¢—test..The level of - significance was established at

P<0.05.
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(AB110908) ATGGTAGTTAAAGT TGGTATTAACGET TTCGGACGT ATCGGTCGTCTTGCTTTCOGOCGTATCCAAAACG 70
( AE006494)
(AJ505822)
( AB163425)
( AB163426)
(AE014133)
( AF442551)

PR RRRE R
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(AB110908)
( AE006494)
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(AB163426)
(AE014133)
(AF442551)

(AB110908)
( AE006494) .. 347
(AJ505822) . JE TA A G . mg ... 344
(AB163425) .. 4 -f-.... 347
(AB163426) LA TAAG.... 344
(AE014133) ..

(AF442551) o T e-- L. 347

(AB110908)
( AE006494) 8 .. 417
(AJ505822) 414
(AB163425) .. 417
(AB163426) 414
(AE014133) 351 ...G............. A A T.T...A"G..AC.C....... Co.o. T... 420
(AF442551) 348 G.......... T T A TA C 417

(AB110908)
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(AB163425)
(AB163426)
(AE014133)
(AF442551)
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(ABLB3426) 555 ... .. L 624
(AE014133) 561 .GT..... T AAA.C.. .. T ... A.T...C..A.............. 630
(AF442551) 558 ................ Ao G....... T ... o T . 627

(AB110908) 628 AACTCAACTGGTGCTGCTAAAGCTATCGGTCTTGTAATCOCAGAAT TGAACGGTAAACTTGACGGATCTG 697
( AE006494)
(AJ505822)
( AB163425)
(AB163426)
(AE014133)
( AF442551)

(AB110908)
( AE006494)
(AJ505822)
( AB163425)
(AB163426)
(AE014133)
( AF442551)

(AB110908)
( AE006494)
(AJ505822)
( AB163425)
(AB163426) o
(AE014133) 771 ........... ToToo T..G...T..... T AMIHFT. SN .. 840
(AFA42551) 768 .. ... ALA L ™SO AN .. G.T... 837

(AB110908) 838 TCTTCAGATATCGTAGGTATGICTTACGGTTCATTGITTGACGCAACTCAAACTAAAGTTCTTGATGITG 907

(AE006494) 838 .............4... OANVARIN WA T N g A G.A ... 907
(ais0s822)f 835 8 . /... A AR R T LV R0 C.... 904
(AB163425) 838 ........ CGARN. . S 'R W O TAeWw . . W C.... 907
(AB163426) 904
(AE014133) 910
( AF442551) 907

(AB110908) 908
(AE006494) = 908
(AJ505822) 905
(AB163425) 908
(AB163426) 905
(AE014133) 911
(AF442551) 908

(AB110908) 978 TACTCTTGAATA
(AE006494) 978
(AJ505822) 975
(AB163425) 978
(AB163426) 975
(AE014133) 981
(AF442551) 978

Fig. 1. Nucleotide sequence alignment of GAPDH from different Streptococci.
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(AJ536594)
(CP000023)
( CPO00056)
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ATGTCAATTATTACTGATGT TTACGOACGCGAAGT CCTTGACT CACGCGGTAACCCAACACTTGAAGTAG 70

RPRRRRR

— a-enolase- F
71  AAGTTTATACTGAATCAGGTGCTTTCGGACGT GGTATGGT TCCTTCAGGAGCT TCTACTGGTGAACACCA 140

421 el T e A LT Agh .. . JALT . C....... ALl 490

630
630
630
630
630

631 CGITTCGACGGAATTGAAGATGGTGTAGAAACTATCCTTAAGGCTATCGAAACTGCTGGTTACGAAGCTG 700

631 LT.GA L 700
631 AL .. ALLT.T.C.A 700
631 CCT..G.T...G...... A .T.T.C.A 700
631 TG 700
631 T..G......... T.TTC. 700
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(AJ536594) AGATGCCGITTA 764

(CP000023) 770
( CPO00056) 767
( AE005672) 767
( AF439649) 770
(AE014133) 767
(AJ536594) CGACTACACTAAATTCGAAGGT GAAAAAGGT GCTAAACGT TCTGCAGCAGAACAAATCGATTACATCGAA 834
(CP000023) 840
( CPO00056) 837
( AE005672) 837
( AF439649) 840
(AE014133) 837
(AJ536594)
(CP000023)
( CPO00056)
( AE005672)
( AF439649)
(AE014133)
(AJ536594)
(CPO00023) 911 .ATT..T..T..... CRERANPNE L . 980
(CPO00056) 908 A T . T..T............ GTAMA . "HRNE . A.T....... c 977
(AE005672) 908 A .T..T..T.............. GMA A T B8\ . A 977
(AF439649) 911 A . T..T........ C..... GGA. 4. ..A ... A T 0 7 2 T 980
(AE014133) 908 ..AAG.T..T.............. AAAA A .. CCT........ . B A....T...TC977
(AJ536594) 975 CTACCTTGCACGTGGTATCAAGGAAGGT GOOGCAAACT CAATCCT TATCAAGGTTAACCAAATCGGTACT 1044
(CPO00023) 981 A........ T.. 4 & ARAAY . SR T A g% \...... 1050
(CPO00056) = 978 T....... A AAA .. .. TCCATNICAC . TR . .. . . . . ANVRELN 1047
(AE005672) 978 ..........ieee.. ... CYAN ' ®|m - IR AN .« T T 1047
(AFA39649) 981 T...T.A............. AL AA T T ALy g L 1050
(AE014133) 978 A .T....AAAG ....... T NCNTCL I S A.G. Mo T ... C 1047
(AI536594) TTGACAGAAACTTTCGAAGCTATTGAAATGECTAAGGAAGCT GGATACACT GOCGT TGTATCACACCGTT 1114
(CP000023) 1120
(CPO00056) 1117
( AE005672) 1117
( AF439649) 1120
(AE014133) 1117
(AI536594) CAGGTGAAACTGAAGATTCAACAAT CGCT GACAT CGCAGTTGCAACT AACGCT GGT CAAATCAAGACAGG 1184
(CP000023) 1190
(CPO00056) 1187
( AE005672) 1187
( AF439649) 1190
(AE014133) 1187
(AJ536594) 1185 CTCACTGTCACGTACGGACOGTATGGCTAAATACAACCAATTGCTTCGTATCGAAGATCAACTTGGTGAA 1254
(CP0O00023) 1191 T...T.......... A T A 1260
(CPO00056) 1188 T...T.......... T T Coviii 1257
(AE005672) 1188 T..... T A Gt Coviii 1257
(AF439649) 1191 T...T.A ....... T T A Coviii 1260
(AE014133) 1188 T..... T A T Coviii 1257

(AI536594) TCATTCTACAACTTGAAAAAATAA] 1302

(CP000023) A G 1308

(CPO00056) o CTTGLA 1305

(AE005672) 1258 ..A..G....CGL...T.G.A...........CT......... 1305

( AF439649) A G 1308

(AE014133) LTC......

a-enolase- R «

Fig. 2. Nucleotide sequence alignment of a-enolase from different

Streptococci.
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AAL73226 ) 1 c--mmeemeememooooooo o MHAKMRNKKQ NLG | FVI CLGLL- | TI FLSLKLGTKE! NI RDFLAAFGVGN 51

E BAE07212 ) 1 ------------------ MITLDTRTPPDTVTTRRPAG- VRLLW/LL SVLALAAVMVASVAL GSRDVPWEDWAAL - - GG 59
( NP_691181 ) 1 --------mmmomooooooo MBNI SVSENKQLHLPKNLI KVLI LSWLLG SI LASLAFGSRVI GANELMDGL- FHP 56
( NP_737296 ) 1 -------mmmmmomie oo MITVI LSR- - RPLPLI | LGALLVAACI CSLMFGVRSI GAGDALHSL - - AG 46
( NP_486626 ) 1 ---------------------- MIRATTASPRNWNPPKI SPLVGLI LG LI LLI CLVYSVTLGAAEI PLNKI LESF- | TF 57
( ZP_01169663 ) 1 ----------------------- MNHTSVSENKQLHL PKHFI MVLVLSM/LLGLCVLASLAFGSRI VGANDLMDGL- FHP 56
( ZP_01360246 ) 1 ----------mmmmmmmom oo MKQPK- LSSLI WSLI VLGACALASLAFGARFVDFMEVI ETL- | HS 44
( ZP_00998412 ) 1 ------------------ MIT- - VEATGVTLDRLRRSRRGRVWLAVWVL TLACACLL SVGLGTRAVGAGDI LAGM - SG 58
(

ZP_00913397 ) 1  MGSRRLCGPARRGRAPGEMSR- - GSPSPTAVAAL RRSGRGRLVW.GLLAAGLVLACALSVTVGTRGVNWPDI LGGL- - AG 76

AAL73226 ) 52 TNDDFI KSI | YKRI PRTI FAI LAGSSLAI SGVLMQBSVTRNPI ADPGE LG NTGASLSWVI GLSFLG SSSI SHI SFAI T G 131
BAE07212 ) 60 ADDTLGQAAATKRI PRTVLAWI GAALGLAGGVMGYTRNPLADPGE LGVNMGASLAVWTAVAFFGLTSPTGYI WAl AG 139
NP_691181 ) 57 EVQTHGANVVRORVARTVFSLMOGAALGVSGALMISYTRNPI ADPSI LGYNTGAALFWCGE AFFNI GSASHYI WFALVG 136
NP_737296 ) 47 HTATAGEAAAAKRI PRTVLG LTGAALAVSGTTLQAYTRNPLADPG FGVLSGASLAWTG AFFGLSAAVPTMWAVTG 126
NP_486626 ) 58 DGSYEHLVI QTVRLPRSLVALLVGSSLAVAGALMG] TRNPLADPG LG ESGAALAWTTI FVFGSSSLGLLTTVAFLG 137
ZP_01169663 ) 57 EAESHGANVVRQRI ARTVFSLMCGAAL GVSGALMSYTRNPI ADRSI LGYNTGAALFWCG SFLDI GSAGQYI W.ALAG 136
ZP_01360246 ) 45 RKTTI NEI VWWHERI PRTVFGM AGAAL GVSGAL MBI TRNPI ADRSI LGYNTGASLFWGGE AFFQI SSSNEY! VFALVG 124
ZP_00998412 ) 59 TTETMAQAWWAVRVPRTVLAVLAGGAL GLAGAVMQGYTRNPLADRG LGVNAGAAVAVVI GVAWFGMJTLGAFLWIAI LG 138
ZP_00913397 ) 77 RTVTI GEAWAVRVPRTLLAVLAGAAL GLSGAVMQG TRSPLADRG L GVNAGAAVAVVL GVAWFGVETLSAHLWEAI LG 156
— piaA (partial)- F
AAL73226 ) 132 GLVSAI FVYAI AVSGKAGLTPI KLALSGTCVSMALSSFVSFLI LPNNNVLDKFRFWQI GSLGAATLSSI STLLPFI | LGH 211
BAE07212 ) 140 AALSALFVHTVGTLGRGGATPLKLALAGAATSAAFASLVSAVI LPRNDI AGSFKLWQ GGVGGASFERI GQVAPFLAVGF 219
NP_691181 ) 137 Al LTAl FVFG GSMGSGGATPLKLVLAGAATSAAL SSLVMAVM PRSSVIVDEFRFWQVGSVGAGDVWSVSLFI PFLLMA 216
NP_737296 ) 127 AALAAVFVYTVGSI G - GATPLKLALAGAATAAAL SSLVSAVL L PRLEVMVDSFRFWQI GGl GGADWERI TLAAPALAVGF 204
NP_486626 ) 138 AGVTAM.VYFLGSLGKGGATPLNLTVAGAALTALI SSLTTAI LI VSQRTLEEI RFW.AGSLAGRDFNI LLSALPFVM GL 217
ZP_01169663 ) 137 AFI TAl FVFG GSMGSGGATPLKLVLAGAATSAAL SSLVVAVM PRSNVIVDOFRFWQVGSVGAGNWNSVSI FI PFLI T GL 216
ZP_01360246 ) 125 AAVTSI FVYSI GSLGQGGATPI KLALAGVATSAALTSLVSAI | LLRNDVMNAVRFWQVGSVSGATWEG FSVI PRI VAG 204
ZP_00998412 ) 139 AG AACFVYAI GSLGRGGATPLKLALAGAATSI AAASFTNVATVLPRNDI AGGVRSWQ GG GGASFDAI LPCLPFLAI GL 218
ZP_00913397 ) 157 AAAAACFVYAVGSLGRGGATPLKLALAGAATTI AVSSLTVAI | LPRGDI AGSVQSWQVGGVGGASADAL AAM_PFLVAGG 236

AAL73226 ) 212 LI Al FI SSDLNALAMGDEMAVGLGVNVNRI RSLAI | ASVLLCSSI TAl GGPI GFVGL|l VPHFCGLFI SKDI RTMTI SSAF 291
BAE07212 ) 220 AVCLLSARALNSLALGDELAAG.GERVAVARAVAALGAVL L CGAATAVAGPI GFVGLVWPHTCRLLVGVDHRW.LPLSTV 299
NP_691181 ) 217 || Al ATSPALNALALGDEAATGLGVRTGTLRLI AAFGGVI LCGAATALAGPI GFI GLATHVI RLLI GPDLRYVI PLSAL 296
NP_737296 ) 205 LI CFACARGLNALALGDDI AAGLGESVARTRLVASAGAVLLCGVATALAGPI AFVG! | PHLCRLAI GTDHRW.I PVTAV 284
NP_486626 ) 218 VWAFALGRQ TTMSLGEDMAKGLGQRTAWKI TTAI SWLLAGSSVSLAGPI GFI G{VWPHWRFFI KADYRW LPYSAV 297
ZP_01169663 ) 217 LI AVFTAPGLNALAL GDEAAKGLGVRTGTLRLSAAFGGVLLCGAATALAGPI GFI GLLATHLI RLVI GPDLRFVI PMSAL 296
ZP_01360246 ) 205 VLAI FLTPSLDALSMEDDI ATGLGVRTGLVRLI GAFAGVLLCGATTALAGPI GFI' G MVPHTIVRLI CGPNLKRVI PMBAV 284
ZP_00998412 ) 219 VLCLLSARSLNLLALGDDAAAGL GARVAWARGAAAL GAVLLCGATTAI CGPI GFVGLWPHACRLLVGYDHRW.LPFSAL 298
ZP_00913397 ) 237 Al SLWSARNLNMLAL GDDAAAGL GVPVAL SRLI AAAGAVL L CGATTAI CGPI GFVGLWPHVGRLLVGYDHRW.LPFAAL 316
piaA (partial)- R«
AAL73226 )292 | GAELLLI CDI | GRMLGKPGEI EVGI TAI | GGPVLI YVTMKNRGVNT 339
BAEO7212 ) 300 LGAVLLTAADWGRI VARPSEI DVG VTALI GAPFFI YI.VRRQKVRAL 347
NP_691181 ) 297 AGAVI LTI SDVFGRI VGSPGELEVGWTAFI GAPI LI LI TMKAKMRAL 344
NP_737296 )285 AGAVLLLLADTVGRVLTRPEEVAVG | MPLLGAPLFI W | RRQKVRQL 332
NP_486626 )298 VGATLLLVADVAARVLLKPQELPVGVMIALVGAPFFVYLA- KSKVKK- 345
ZP_01169663 ) 297 SGAAI LTI ADVCGRVLGSPGELEVGWTAFI GAPI LI LI TMKAKMRAL 344
ZP_01360246 ) 285 GGAVLLLVADI LGRVI GSPSEVEAGVI TAFVGAPI LI | | AVRAKVRAL 332
ZP_00998412 ) 299 TGG LLI | ADVI GRI VARPSEMDVG VTAFVGAPVFI W VRORRVRDL 346
ZP_00913397 ) 317 SGALLLTLADVLGRI AARPGELDVG VTAFAGAPVFI W VRRRRI REL 364

Fig. 3. Amino acid sequence alignment of iron uptake ABC transporter, piaA

from gram positive bacteria.
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Table 1. Target-Specific Primers (TSPs), DNA Walking—Annealing Control
Primers (DW-ACPs) and Universal Primer used for DNA walking

Name of primer Sequence (5' to 3")

TSP 1| GGTCCGGCAATAGCAACAGAG
up

stream TSP 2 | CCAGCTTGCCAGCCAATGAC

TSP 3| GTGGTAATCCCTTGCCCTATGGC

TSP 1| GCAGATCCTGGACTTTTGCECEG

down
TSP 2 | GGCTACCAGCAATTGCGICTGG
stream
TSP 3 | TCATTGCCTGGECAAGCTGEG
1 AGGIC
2 TGGTC
DW-ACP 3 GGGTC
4 CGGTC
N GGIC

Universal primer TCACAGAAGTATGCCAAGCGA
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Known Sequence

: A—“\
5 R upstream 3
N S _/ e g .
Unknown Sequence Unknown Sequence

Template DNA

Unknown sequence Known sequence

f— f—

TSP-3 7Tsp-2 TS5P-1

DNA Walking ACP 15% pCR

DW-ACP v
S
LA - - —
Target-specific primer 1
DNA Walking ACP 2™ BCR
DW-ACP-NH
gt = 3
Target-specific primer 2
| |
DHA Walking ACP 3™ pCR
- i
5/ - " 3
¥
3 LN

Direct sequencing or cloning

Fig. 4. Amplification of unknown sequences from upstream or downstream

the piaA known sequence
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Table 2. Primers

vector

used for construction of recombinant protein expression

Restriction
Name of primer Sequence (5' to 3"
enzyme
GAPDII F | CGCGAATTCATGGTAGITAAAGTTGG EcoR 1
R | CGCGICGACTTATTTAGCRATTTTTG Sal I
| F CGCGGATCCATGTCAATTATTACTGATG BamH I
a—-enolase
R | CGCAAGCTTCTATTTTTTTAGGITGTAG Hind III
. F | GAATTCGTGGCGGTAAATGTTGGAAG EcoR 1
Sag A-toxic
R | GTCGACTTACTTTGGAGCTGGTGCTG Sal I
pia A F GAATTCATGCGCTTGGAATTTTTCACATCAAG EcoR 1
(partial) R |GTCGACTTATTCCCAAAAAATACTGGATTGICG Sal I

(Restriction enzyme sites are underlined.)
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Table 3. Primers used for construction of surface expression vector

Name of primer Sequence (5" to 3" Restriction enzyme
F | ACTAGTATGGTAGTI TAAAGI TGGTATTAACGG Spe 1
GAPDH R | GAGCTCTTATTTAGCGATTTTTGCGAAGTAC Sac 1
F | ACTAGTATGTCAATTATTACTGATGTITTACG Spe 1
@renolase R | GAGCTCCTATTTTTTTAGGT TGTAGAATG Sac 1
F | ACTAGTGTGGCGGTAAATGI TGGAAG Spe [

Sag A-toxic

R | GAGCTCTTACTTTGGAGCTGGTGCTG Sac 1
pia A F [*ACTAGTATGGCTTGGAATTTTTCACATCAAG Spe |
(partial) R | GAGCTCTTATTCCCAAAAAATACTGGATTGICG Sac [

(Restriction enzyme sites are underlined.)
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Results

1. Cloning and sequence analysis

1.1 Glyceraldehyde—-3-phosphate dehydrogenase (GAPDH)

The PCR amplification of -GAPDH gene of S. iniae, S. parauberis and L.
garvieae was conducted using a series -of degenerate -primers, which were
based on the -conserved amino acid regions in different species of
streptococci. The coding sequence of GAPDH comprised 1,011 nucleotides
with a G + C content of 40.06%. A protein of 336 amino acid residues
(calculated M = 35,887 Da) was encoded by the open reading frame of
GAPDH. Nucleotides sequence of S. /niae GAPDH showed 89.9% and 82.7%
identity with that of S parauberis and L. garviae, respectively (Fig. b5).
Deduced amino acid sequence of S. imiae GAPDH showed 92.6% and 83.4%

identity with that of S-parauberis and- L. garviae, respectively (Fig. 6).
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( S. iniae ) 1 ATGGTAGTTAAAGT TGGTATTAACGGT TTCGGACGTATCGGT CGTCTTGCATTCCGTCGTATTCAAAATG 70
(S parauberis ) 1 L. T..C....... Ao T 70
( L.oogarvieae ) 1 T C. 70

( S. iniae ) 71 TTGAAGGTGTTGAAGTAACTCGTATCAATGACCTTACAGATCCTAACATGCTTGCACACTTGIT- GAAAT 139
(S parauberis) 71 A ............. T..... C.... Co AT -A ... 139
( L. garvieae ) 71 ........... ..., GIAGCA. . ...C...o it ACCA. . ...... T LI 139

( S. iniae ) 140 ATGATACAACTCAAGG TCGTTTTGACGGTACAGT TGAAGT TAAAGATGGT GGATTCGAAGT TAACGGAA 208
(S parauberis) 140 .C............. L T A T..C.ooivi 208
( L. garvieae ) 140 ....C.......... EIPN C..... GA T T. 208

( S. iniae ) 209 GCTTTGITAAAGTTTCTGCAGAACGCGAACCAGCAAACATTGACTGGGCTACTGATGGTGTAGACATCGT 278
(S parauberis ) 209 AA .CA ............ T...AAA..T....ACA .......... A ... C.... T..A ... 278
( L.garvieae ) 209 AA .... A ... Ao CCTA.C..... T ... CA ....... GAA ...... C..A.... 278

( S. iniae ) 279 TCTTGAAGCAACAGGTTTCTTCGCTTCTAAAGCAGCT GCTGAACAACACATTCACGCTAACGGTGCGAAA 348
( S parauberis ) 279 ............ T T...AAA ... A...TT.A . T.AA . T..... T... 348
( L. garvieae ) 279 ............ Tt AA. ... A AAA L TG, T... 348

( S. iniae ) 349 AAAGTTGTTATCACAGCTCCTGGTGGAAATGACGT TAAAACAGT TGTTTACAACACTAACCATGATATTC 418
(S parauberis ) 349 .............. T e .. [ [, ATT .o C. 418
( L. garvieae ) 349 .............. .. A - "R R CERTEAR. M TAC ... T C..A .CT 418

( S. iniae ) 419 TTGATGGAACTGAAACAGT TATCTCAGGTGCTTCATGTACTACAAACTGT TTAGCTCCAATGGCTAAAGC 488
(S parauberis ) 419 ... ... I LT . S 488
( L. garvieae ) 419 .GAC...TGAA ............. T ... - T ... C TR N .. G T.. 488

( S. iniae ) 489 ATTACAAGATAACTTTGGTGTAAAACAAGGT TTAATGACTACTATCCATGGT TACACTGGTGACCAAATG 558
(S parauberis) 489 T................. . . 0 . . A ... CC... N\ . a0 .\ ... 558
( L. garvieae ) 489 T..GACAA .... C..CT...GIT...AC...... . . E...... \. %" V.. 558

( S. iniae ) 559 GITCTTGACGGACCACACCGTGGTGGTGATCTTCGTCGTGCTCGT GCAGCTGCAGCAAACATCGTTCCTA 628
( S. parauberis ) 559 C...... To.... . . Clt A. . . . [EEE . TRGE . TAAC !T..T... . .| . 628
( L. garvieae ) 559 AC...... T..CHR . D | cr. I A.... T T.A .. EF A ... 628

( S. iniae ) 629 ACTCAACTGGTGCTGCTAAAGCAATCGGT CTTGT TATCCCAGAATTAAATGGTAAACT TGACGGTGCTGC 698
(S parauberis ) 629 ... e - 4NN SRR S Y SR 698
( L. garvieae ) 629 ....... A T . . AN . . ...... /., C. A ..CAC . 698

( S. iniae ) 699 ACAACGTGITCCTGITCCAACTGGATCAGTAACTGAATTAGTAGCAGT TCTTGAAAAAGATACTTCAGTA 768
(S parauberis ) 699 ......... A LA A.T........ AT AT .... Ao 768
( L. garvieae ) 699 ......... POl . ... T..TG.A..CT...T.....0.... . AGT.A. T..T 768

( S. iniae ) 769 GAAGAAATCAATGCAGCTATGAAAGCAGCAGCTAACGATTCATACGGT TACACTGAAGATGCTATCGTAT 838
( S. parauberis ) 769 ........ T..CTe. . TA .. ... T8 -B M. . . - | CA...... 838
( L. garvieae ) 769 ...... GA ... e T --. A Tt . .... AC....... AA ... T. 838

( S. iniae ) 839 CATCAGATATCGTAGGTATTTCTTACGGTTCATTATTTGATGCTACTCAAACTAAAGTACAAACTGTITGA 908
(S parauberis) 839 ....T........ To.... G...T......o G 908
( L. garvieae ) 839 ....T.............. C..A.TC....C.C..... [ G...TACT..A C... 908
( S. iniae ) 909 TGGAAATCAATTGGTTAAAGTTGTTTCATGGTATGACAATGAAATGTCTTACACTGCTCAACTTGITCGT 978
(S parauberis) 909 ............ A 978
( L. garvieae ) 909 C .CGT............. ACA...GT..... C.T..Co....ooiii AT.. AC .C..... 978
( S. iniae ) 979 ACTCTTGAGTACTTCGCAAAAATCGCTAAATAA 1011

(S parauberis ) 979 .. A ... 1011
( L. garvieae ) 979 ..G....A .. ... 1011

Fig. 5. The comparison of the GAPDH nucleotide sequence of S. iniae, S.

parauberis and L. garvieae.
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( S. iniae ) 1 MWKVG NGFGRI GRLAFRRI QNVEGVEVTRI NDLTDPNMLAHLLKYDTTQGRFDGTVEVKDGGFEVNGS 70
(S parauberis) 1 ...... .. .. am A B B o TS i D...K70
( L.ogarvieae ) 1 ... ...t 9 A AN LY 4 W e S E........... K 70

( S. iniae )
( S. parauberis )
( L. garvieae )

( S. iniae )
( S. parauberis )
( L. garvieae )

( S. iniae ) 211 STGAAKAI GLVI PELNGKLDGAAQRVPVPTGSVTEL VAVLEKDTSVEEI NAAMKAAANDSYGYTEDAI VS 280
( S. parauberis ) Bl ......!. &= P... 280
( L. garvieae ) VIR . .. S.E....N.E .. 280

( S. iniae ) 281 SDI VA SYGSLFDATQTKVQTVDGNQL VKVWSWYDNEMSYTAQLVRTLEYFAKI AK 336
(S parauberis ) 281 ..... ME....... A . NN . . DA . .... 336
( L. garvieae ) 281 ....... NS........ ETA.V....T.A........ BN . ... 336

Fig. 6. The comparison-of the-GAPDH amino-acid sequence of S. inrae, S.

parauberis and L. garvieae.
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1.2 a—enolase

The PCR amplification of a-enolase gene of S. inrae, S. parauberis and L.
garvieae was conducted using a series of degenerate primers, which were
based on the conserved amino acid regions in different species of
streptococci. The coding sequence of a-enolase comprised 1,302 nucleotides
with a G + C content of 40.67%. A protein of 435 amino acid residues
(calculated M = 47,183 Da) was encoded by the open reading frame of a
—enolase. Nucleotides sequence—of S. imiae-a—enolase showed 92.7% and
99.8% identity with that of S, parauberis and L. garviae, respectively (Fig.
7). Deduced amino acid sequence of S iniae a—enolase showed 97.7% and
99.8% identity with that of .S parauberis and L. garviae, respectively (Fig.
8).
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S.

iniae

)

S. parauberis)
L. garvieae)

S.
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)
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S.

iniae

)

S. parauberis)
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S.
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)
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S.
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)
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L. garvieae)

S.

iniae

)

S. parauberis)
L. garvieae)

S.

iniae

)

S. parauberis)
L. garvieae)

S.

iniae

)

S. parauberis)
L. garvieae)

S.

iniae

)

S. parauberis)
L. garvieae)

S.

iniae

)

S. parauberis)
L. garvieae)

S.

iniae

)

S. parauberis)
L. garvieae)

S.

iniae

)

S. parauberis)
L. garvieae)

S.

iniae

)

S. parauberis)
L. garvieae)

S.

iniae

)

S. parauberis)
L. garvieae)

S.

iniae

)

S. parauberis)
L. garvieae)

S.

iniae

)

S. parauberis)
L. garvieae)

S.

iniae

)

S. parauberis)
L. garvieae)

S.

iniae

)

1 ATGTCAATTATTACTGATGT TTACGCT CGCGAAGT CT TAGACT CACGCGGTAACCCAACACTTGAAGTAG 70

841 GAATTGGTTAACAAATACCCAATCATCACTATCGAAGATGGTATGGATGAAAATGACTGGGATGGTTGG 909
841 .- 909
841

910 AAAGCACTTACTGAACGT TTAGGCGCACGTGT TCAATTAGT TGGTGACGACTTCTTCGT TACAAACACTG 979
910
910

1190 GTTCATTGICACGTACAGACCGTATTGCTAAATACAACCAATTACTTCGTATCGAAGATCAACTTGGTCGA 1259
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(S parauberis ) 1190 ... ... ... 1259

( Loogarvieae ) 1190 .. ... ... . 1259
( S iniae ) 1260 AGTTGCTCAATACAAAGGAATCAAATCATTCTACAACCTAAAAAAATAG 1308
(S parauberis ) 1260 ........ ... ... 1308
( Logarvieae ) 1260 .......... ... .. ... 1308

Fig. 7. The comparison of the a-enolase nucleotide sequence of S. inrae, S.

parauberis and L. garvieae.
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( S iniae ) 1 NSl | TDVYAREVLDSRGNPTLEVEVYTESGAFGRGWPSGASTGEHEAVEL RDGDKSRYLGLGTEKAVDN 70
( S parauberis) 1

( L. garvieae ) 1
( S iniae ) 71 VNN | AEAI | GF-DVRDQQAI DRAM AL DGTPNKGKLGANAI LGVSI AVARAAADYLEVPLYNYLGGFNAK 140
(S, parauberi s ) 70 e e e 140

( L. garvieae )

( S iniae )
( S. parauberis )
( L. garvieae )

( S iniae )
S. parauberis 21Y. .S . RS S . W ... S N 280

( p

( L. garvieae )

( S iniae )
( S. parauberis )
( L. garvieae )

( S iniae ) 350 TLTETFEAI EMAKEAG YTAVVSHRSGETEDSTI ADI AVATNAG Q KTGSLSRTDRI AKYNQLLRI EDQ 417

( S. parauberis ) 341 SPNRY. DNFSYNGRSW.HCSSI . PFRNRFNNCYRSCYKCR. . ONRF. V. YRPYCI QP. TS. - - - - . RSTW 406
( L. garvieae ) 350 ................ . W . F. A ....../ .. S | . 417
( S iniae ) 418 LGEVAQYKA KSFYNLKK 435
( S. parauberis ) 407 SCSI QRNQ . LQPKKI - - 422
( L. garvieae ) 418 ...........c....u. 435

Fig. 8. The comparison of the a—enolase amino acid sequence of S. iniae, S.

parauberis and L. garvieae.
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Table 4. Similarities of nucleotide and deduced amino acid sequences of

Streptococcus iniae a—-enolase to those of other Streptococcus spp.

Genebank Accession Similarity (%)

Bacteria

jmber Nucleotide Amino acid
Streptococcus intermedius AB029313 84 90
Streptococcus sobrinus AJ536594 87 93
Streptococcus thermophilus CP000023 86 91
Streptococcus pyogenes CP000056 91 97
Streptococcus pnewumoniae AEO005672 87 93
Streptococcus agalactiae AAJP0O1000047 90 97
Streptococcus mutans AE014133 87 91
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1.3 Streptolysin S-SagA

The SagA gene was amplified from chromosomal S. iniae JSLO208 DNA by
PCR employing primers designed from SagA gene sequence recorded In
Genbank (Accession number; AF465842).

The N terminus of the propeptide of SagA (Fig. 9) contains eight cysteine
and one threonine residues, which is involved in its cytolytic activity.

The SagA gene encodes a 53—aa prepropeptide with a Gly—-Gly proteolytic
cleavage site that has been predicted-to-release a 30—aa propeptide from the
23-aa leader sequence: A synthetic peptide corresponding to the propeptide
sequence evoked antibodies that neutralized the hemolytic activity of SLS, a
finding that strongly supports—identification of SagA as the structural gene
for SLS. The remaining genes in the operon have features consistent with
export functions, posttranslational modification of the SLS peptide, and a
possible immunity protein; this gene organization is typical of that for the
bacteriocin family of antimiecrobial peptides. The molecular size of the SLS
peptide and its amino acid composition also resemble those of bacteriocins

produced by other bacterial species.
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10 20 30 40 50
MLQFTSNILATSVAETTQVAPGGCCCCCCTCCVAVNVGSGSAQGGSGTPAPAPK

bacteriocin synthetic peptide

leader peptide propeptide

Prepropeptide

Fig. 9. Amino acid sequence similarity between SagA proteins of S. iniae and
GAS. Putative Gly—Gly cleavage sites are underlined; and residue thought to

undergo posttranslational modification are. shaded.
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( SagA ) 1 ATGITACAATTTACTTCAAATATCTTAGCTACTAGTGTAGCTGAAACAACTCAAGT TGCTCCTGGTGGCT 70
MLQFTSNI LATSVAETTO QVAPGG
DACLEri OCIi N ) 1 = m e s e e e oo e eeeeeeeieeea-aoaes T1

SAgA-tOXi C ) 1 s e e e Mmoo 1

( SagA ) 71 GITGCTGCTGCTGCTGCACATGTTGIGTGECGGTAAATGT TGGAAGT GGTTCTGCTCAAGGTGGTAGTGG 140
ccccccTCCVAVNVGSGSAQGGSG

( bacteriocin) 2 GITGCTGCTGCTGCTGCACATGITGT- = - == == === = s s s o mmmmoomoocmo oo 27
c/C@emelmCc C T CC
( SagA-toxic ) 1 s--eee--maaao--- GAATTCATGGTGGCGGTAAATGT TGGAAGT GGT TCTGCTCAAGGTGGTAGT GG 53

ECoRF MV AV NV GS GS AQGGSG

( SagA ) 141 TACTCCAGCACCAGCTCCAAAGTAA:- - - - - - 165

bacteriocin) 27 ----mc-cemimicaa e 27

SagA-toxic ) 54 TACTCCAGCACCAGCTCCAAAGTAAGICGAC 84
TP APAPK* Sall

Fig. 10. Nucleotide- and deduced amino ~acid ‘sequence of SagA and
SagA-toxic of Streptococcus-miae in outside region. The top lines show the
nucleotide sequence, the bottom lines the deduced amino acid sequence in

the single-letter code.
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1.4 piaA

For the cloning of the gene piaA in S inae, firstly, a partial 569 bp
fragment was amplified using degenerate primers derived from highly
conserved consensus sequences among gram positive bacteria. As a result,
the nucleotide sequence of the amplified fragment showed high homology
with the sequences of Gram positive bacterial piaA gene, which is known to
iron uptake ABC transporter. From this initial sequence, the full open reading
frame (ORF) of S iniae piaA gene was—amplified by primer walking. The
predictive sequence of-the piaA gene is shown in Fig. 13. The ORF contains

945 nucleotides and encodes a protein of 314 amino acid residues.
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1  ACTCGTAATCCATTTGCAGATCCTGGACT TTTGGEEGATAAATGCT GEEECTGECCTGECACTGGTTGICG 70
- D TSP 1
71 CCTATGCTATCTTTCATCACCTTCATTATATCTCAATAATCTTGGT TTGITTATTAGGAGCCAGTCTTGC 140

141 TTGCTTACTTGICTTTGGTCT TTCATATCAATACGCAAAAGCCTACCAGCAATTGCGTCTGGTTCTCCCA 210
— D-TSP 2
211 GGAGCCATGATTTCCATGTTTCTATCTGCCATAGGGCAAGCEATTACCACTTATTTTAATTTGGCAACTT 280
< U TSP 3
281 CAGTCATTGGCTGGCAAGCTGGEGEGGT TTTATTGECCT CAAT TGGACCATGT TAAAGATTATTGCTCCCCT 350
— D-TSP 3 <« U-TSP 2
351 TATCATCTTCGCTTTAGCTTTAGCACAGCTTCTTTCTTATCAGTTGTCTATTTTAAGCCTTAGTGAACTA 420

421 AGAGCAAAAGCATTAGGGCAAAAAACCTTTCATCTAACACTAGI TTTTTTAAGCATCGICCTCATCCTTG 490

491 CTTCTGCCTCTGITGCTATTGCCGGACCAATTGECTTTGTAGGTTTA 537
< UTSP 1

Fig. 11. Partial sequence of piaA gene using primer walking.
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pi aA - ORF
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pi aA - ORF
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pi aA - ORF
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pi aA - ORF
pi aA-partial

pi aA - ORF
pi aA-partial
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pi aA-partial

pi aA - ORF
pi aA-partial

pi aA - ORF
pi aA-partial

pi aA - ORF
pi aA-partial
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pi aA-partial

pi aA - ORF
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pi aA - ORF
pi aA-partial

141

211

281

351

72

421
142

491
212

561
282

631
352

701
422

771
492

841
537

911

ATGATTGAGAGTAAACCATCTCAAGTAATTCATCATAAGCCAAAATCATTTTGGCTTCTTTTTGICATCA 70

upstreamwal ki ng «
CGCGCAACCCTATTGCAGACCCTGGACT TTTGEGCATAAAT GCTGEGEECTGECCTGECACTGGT TGTCCC 350
CTCGTAATCCATTTGCAGATCCTGGACT TTTGEGEGATAAATGCTGEGEECTGGOCTGECACTGGT TGTCCC 71

CTATGCTATCTTTCATCACCTTCATTATATCTCAATAATCTTGGTTTGT TTATTAGGAGCCAGTCTTGCT 420
CTATGCTATCTTTCATCACCTTCATTATATCTCAATAATCTTGGT TTGTTTATTAGGAGCCAGTCTTGCT 141

TGCTTACTTGICTTTGGTCTTTCATATCAATACGCAAAAGGCTACCAGCAATTGCGTCTGGTTCTCCCAG 490
TGCTTACTTGTCTTTGGI CTTTCATATCAATACGCAAAAGGCT ACCAGCAATTGCGTCTGGITCTCCCAG 211

GAGCCATGATTTCCATGT TTCTATCTGCCATAGGGCAAGGGATTACCACTTATTTTAATTTGGCAACTTC 560
GAGCCATGATTTCCATGT TTCTATCTGCCATAGGGCAAGGGATTACCACTTATTTTAATTTGGCAACTTC 281

AGTCATTGGCTGGECAAGCT GGGGGT TTTATTGGCCTCAATTGGACCATGT TAAAGATTATTGCTCCCCTT 630
AGTCATTGGCTGGECAAGCT GGBGGT TTTAT TGECCTCAATTGGACCAT GT TAAAGATTATTGCTCCCCTT 351

ATCATCTTCGCTTTAGCTTTAGCACAGCTTCTTTCTTATCAGT TGTCTATTTTAAGCCTTAGTGAACTAA 700
ATCATCTTCGCTTTAGCTTTAGCACAGCTTCTTTCTTATCAGI TGTCTATTTTAAGCCTTAGTGAACTAA 421

GAGCAAAAGCATTAGGGCAAAAAACCT TTCATCTAACACTAGT TTTTTTAAGCATCGTCCTCATCCTTGC 770
GAGCAAAAGCATTAGGGCAAAAAACCTTTCATCTAACACTAGTTTTTTTAAGCATCGTCCTCATCCTTGC 491

TTCTGCCTCTGITGCTATTGCCGGCTCTATTTCCTTTGT TGGTCTTGT TGT TCCGCATATCATTAAAGCC 840
TTCTGOCTCTGT TACTAT TGOOGGACCAAT TARCT TTGTAGGT T TA - - - - == e me e 537
— downst ream wal ki ng
CAATCCTTTGGAAATTACAAACAGAGT TTGCCTTTAATTGECCT TTTAGGAGCTACCTTTATGGTCTTAT 910
---------------------------------------------------------------------- 537

TATCAATTGAAACAGTGCAAATACCAGCCCGTTGA 945
----------------------------------- 537

Fig. 12. piaA gene sequence by primer walking.
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1 ATGATTGAGAGTAAACCATCTCAAGTAATTCATCATAAGCCAAAATCATTTTGECTTCTTTTTGICATCA 70
MI ESKPSQVI HHKPKSFWLLF VI

71 TATCCCTTTTATTGCTAAGIGGTGICTATTTGGGATTGCGCTTTGGTGCTTGGAATTTTTCACATCAAGA 140
I SLLLLSGVYLGLRFGAWNTEFS SHG® QD

141 CCTCCTCAAAGTGATTCGACATCAAGCAATAGATCATCGACAATCCAGTATTTTTTGGEGAAATGCGCTTA 210
LLKVI RHQAI DHRQSSI FWEMRL

211 CCTCGACTTTTAGCAACTTTACTTGI TGGTGCGGCACT TGCCGT TTCAGGAGCCATTATGCAAGCCGTGA 280
PRLLATLLVGAALAVSGAI MQAYV

281 CGCGCAACCCTATTGCAGACCCTGGACTTTTGGGEGATAAAT GCTGGEGEGECTGECCTGECACTGGTTGTCGC 350
TRNPI ADPGLLGI NAGAGLALVVA

351 CTATGCTATCTTTCATCACCTTCATTATATCTCAATAATCTTGGTTTGTTTATTAGGAGCCAGTCTTGCT 420
YAl FHHLHWHYI SI1 I LVCLL GASLA

421 TGCTTACTTGTCTTTGGT CTTTCATATCAATACGCAAAAGGCT ACCAGCAATTGOGTCTGGT TCTCCCAG 490
CLLVFGLSYQYAKGYQQLRLVLTFP

491 GAGCCATGATTTCCATGITTCTATCTGCCATAGCECECAAGEGATTACCACTTATTTTAATTTGCCAACTTC 560
GAMI SMFLSAI GQGI T TYZFNLATS

561 AGTCATTGGCTGCCAAGCTGGGEGT TTTATTGECCTCAAT TGGACCATGT TAAAGATTATTGCTCCCCTT 630
VI GWQAGGFI GLNWTMLIKI I APL

631 ATCATCTTCGCTTTAGCTTTAGCACAGCTTCTTTCTTATCAGITGT CTATTTTAAGCCTTAGIGAACTAA 700
I 1 F AL ALAQLL SYQL SI L SL SEWL

701 GAGCAAAAGCAT TAGGGCAAAAAACCTTTCATCTAACACTAGITTTTTTAAGCATCGTCCTCATCCTTGC 770
RAKALGQQKTFRHLTLVEL SI VLI L A

771 TTCTGCCTCTGITGCTATTGCCGECTCTATTTCCTTTGI TGGTCTTGITGT TCCGCATATCATTAAAGCC 840
S ASVAI AGSI SFVYGLVVPHI I KA

841 CAATCCTTTGGAAATTACAAACAGAGTI TTGCCTTTAATTGGCCTTTTAGGAGCTACCTTTATGGTCTTAT 910
QSFGNYKQSLPLI GLLGATFMVL

911 TATCAATTGAAACAGTGCAAATACCAGCCCGTTGA 945
L SI ETVQI P ARH®™

Fig. 13. Nucleotide and deduced amino acid sequence of piaA of
Streptococcus imiae. The top lines show the nucleotide sequence, the bottom

lines the deduced amino acid sequence in the single-letter code.
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Table 5. Similarities of nucleotide and deduced amino acid sequences of
Streptococcus iniae iron uptake ABC-transporter, piaA to those of other gram

positive bacteria.

Genebank Accession Similarity (%)
Bacteria

number Nucleotide Amino acid
Streptococcus suis ZP_00875973 57 76
Streptococcus pyogenes YP_059666 60 76
Streptococcus agalactiae ZP_ 00782854 56 72
Bacillus cereus NP_830221 45 66
Exiguobacterium sibiricum ZP_ 00540351 42 66
Bacillus weihenstephanensis 7ZP_01183328 41 66
Clostridium acetobutylicum NP_347425 38 65
Desulfitobacterium hatfniense YP_519805 37 64
Listeria monocytogenes YP_014581 22 59
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2. Recombinant protein purification and Western blot analysis

2.1 GAPDH

2.1.1 Recombinant protein production and purification

GAPDH gene of S. iniae was amplified from genomic DNA by PCR and
inserted into the pET 28a vector. The recombinant protein was successfully
expressed using £ coli BL21(DE3). The purified recombinant His-tagged
GAPDH protein (Fig. 14) was used for immunization of rat to get antiserum,
and the specificity of-the produced rat antiserum against S. imiae GAPDH

was confirmed by Western blot analysis.

2.1.2 Production of Ab against recombinant protein in the immunized rat

A. Western blot

The His-tagged GAPDH fusion protein and bacteria lysate were separated
by SDS-PAGE. The band of approximately 40 kDa in His—-tagged GAPDH
fusion protein and thesband of approximately 37 kDa in. the lysate of S
niae, S. parauberis and L. garvieae was observed. The protein size of the
GAPDH was approximately 37 kDa, thus the band in Fig. 15. A lane 1 (L.
garvieae lysate), lane 2 (S. parauberis lysate) and lane 3 (S. iniae lysate)

was presumed GAPDH protein.

B. Bactericidal activity
In serum bactericidal activity test, antisera obtained from rats immunized
with the recombinant GAPDH showed significantly higher bactericidal

activities than sera obtained from rats injected with PBS (Fig. 16).
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Mw(kDa)

Fig. 14. Coomassie blue stained SDS-PAGE gel of His-tagged GAPDH of
Streptococcus miae. M : prestained protein marker (Pierce), Lane 1; Total
lysate of bacteria with IPTG induction: Lane 2; Recombinant GAPDH protein

purified by a Ni-NTA His-Bind® Resin (Novagen) open column.
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Fig. 15. Western blot an APDH protein i,&nmunized—rat

coccus lysate. prestained

serum against. purified GA

'ercew
5

parauberis lysate: La ,°6, 1ni. "Lan
05
GAPDH protein. The primary antibody in L

protein marker ne 1, 4, 7; L. garvieae.

, 2, 3, 10 was recombinant
GAPDH injected immune serum, in Lane 4, 5, 6, 11 was PBS injected control

serum and in Lane 7, 8, 9, 12 was adjuvant alone injected control serum.
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Fig. 16. Serum bactericidal activity of rat immunized intraperitoneally with
Recombination GAPDH protein, PBS injected control and adjuvant alone
injected control at 2 weeks post boost immunization. The bactericidal activity
of the serum was expressed as the number of colony forming unit (CFU)/ml
of three species of Streptococcus with serum. Values are means and T-bars
indicate standard error. Bars with different letters indicate statistically

differences at P < 0.05.
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2.2 a—-enolase

2.2.1 Recombinant protein production and purification

a—enolase gene of S. /niae was amplified from genomic DNA by PCR and
inserted into the pET 28a vector. The recombinant proteins were
successfully expressed using E. colif BL21 (DE3). The purified recombinant
His-tagged a-enolase protein (Fig. 17) was used for immunization of rat to
get antiserum, and the specificity of the produced rat antiserum against .S.

iniae a—enolase was confirmed-by Western blot-analysis.

2.2.2 Production of Ab against recombinant protein in the immunized rat

A. Western blot

The His-tagged a-enolase fusion protein and bacteria lysate were
separated by SDS-PAGE. The band of .approximately 50 kDa in His-tagged a
—enolase fusion protein and the band of approximately 47 kDa in the lysate
of S. iniae, S. parauberis and L. garvieae was observed. The protein size of
the a—-enolase was approximately 47 kDa, thus the band in Fig. 18. A lane 1
(L. garvieae lysate), lane 2 (S. parauberis lysate) and lane 3 (S. iniae lysate)

was presumed a—enolase protein.

B. Bactericidal activity
In serum bactericidal activity test, antisera obtained from rats immunized
with the recombinant a—-enolase showed significantly higher bactericidal

activities than sera obtained from rats injected with PBS (Fig. 19).
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Mu{kDa)

Fig. 17. Coomassie blue stained SDS-PAGE gel of His-tagged a-enolase of
Streptococcus iniae. M : prestained protein marker (Pierce), Lane 1; Total
lysate of bacteria with IPTG induction: Lane 2; Recombinant a-enolase

protein purified by a Ni-NTA His-Bind® Resin (Novagen) open column.
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recombinant a-enolase protein. imary antibody in Lane 1, 2, 7, 8 was
recombinant a—enolase injected immune serum, in Lane 3, 4, 9, 10 was PBS
injected control serum and in Lane 5, 6, 11, 12 was adjuvant alone injected

control serum.
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Fig. 19. Serum bactericidal activity of rat immunized intraperitoneally with
Recombination a-enolase protein, PBS injected control and adjuvant alone
injected control at 2 weeks post boost immunization. The bactericidal activity
of the serum was expressed as the number of colony forming unit (CFU)/ml
of three species of Streptococcus with serum. Values are means and T-bars
indicate standard error. Bars with different letters indicate statistically

differences at P < 0.05.
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2.3 Streptolysin S-SagA

2.3.1 Comparison of sagA & sagA-toxic recombinant protein expression

and purification

SagA & sagA-toxic gene of S. iniae was amplified from genomic DNA by
PCR and inserted into the pGEX-4T-1 vector. The sagA-toxic recombinant
proteins were successfully expressed wusing £ colf BL21 but, sagA
recombinant proteins containing bacteriocin-like toxin sequence were not
expressed. The purified recombinant GST fusion sagA-toxic protein (Fig. 21)
was used for immunization of rat to get antiserum, and. the specificity of the
produced rat antiserum against S. inae sagA-toxic was confirmed by

Western blot analysis.

2.3.2 Production of Ab against recombinant protein in the immunized rat

A. Western blot

The GST fusion sagA-toxic protein and bacteria lysate were separated by
SDS-PAGE. The band of approximately 28 kDa in.GST fusion SagA-toxic
protein and the band. of “approximately 2 kba'in the lysate of S iniae, S.
parauberis and L. garvieae was._not observed.~The protein size of the GST

fusion sagA-toxic was approximately 28 kDa, thus the band in Fig. 22.

B. Bacterial activity of serum
In serum bactericidal activity test, antisera obtained from rats immunized
with the recombinant sagA-toxic showed significantly higher bactericidal

activities than sera obtained from rats injected with PBS (Fig. 23).
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Fig. 20. Coomassie blue stained SDS-PAGE gel of GST protein and GST
fusion sagA-toxic protein of Streptococcus iniae with IPTG induction. M :
prestained protein marker (Pierce), Lane 1; GST protein is approximately 26

kDa: Lane 2; Recombinant sagA-toxic protein is approximately 28 kDa.
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Fig. 21. Coomassie blue stained SDS-PAGE gel of GST fusion sagA-toxic of
Streptococcus iniae. M : prestained protein marker (Pierce), Lane 1;
Recombinant sagA-toxic protein purified by affinity chromatography using

gluthatione—sepharose 4 FF columns (Amersham Biosciences)
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Fig. 22. Western blot analysis —of recombinant™ sagA-toxic protein
immunized-rat serum against purified SagA-=toxic or Streptococcus iniae
lysate. M : prestained protein marker (Pierce), Lane 1, 2, 3; recombinant
SagA-toxic protein. The primary antibody in Lane 1 was recombinant
SagA-toxic injected immune serum, in Lane 2 was PBS injected control

serum and in Lane 3 was adjuvant alone injected control serum.
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Fig. 23. Serum bactericidal activity of rat immunized intraperitoneally with
Recombination sagA-toxic protein, PBS injected control and adjuvant alone
injected control at 2 weeks post boost immunization. The bactericidal activity
of the serum was expressed as the number of colony forming unit (CFU)/ml
of three species of Streptococcus with serum. Values are means and T-bars
indicate standard error. Bars with different letters indicate statistically

differences at P < 0.05.
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2.4 piaA

2.4.1 Recombinant protein production and purification

piaA gene of S iniae was amplified by chromosome walking PCR using
specific primers and inserted into the pGEX-4T-1 vector. For piaA
recombinant protein was induced expression in cytoplasm, it was investigated
transmembrane helices structure, previously. The piaA recombinat outer
membrane protein successfully expressed using £. co/f BL21 in cytoplasm.
The purified recombinant GST -fusion piaA -protein (Fig. 26) was used for
immunization of rat to-get antiserum, and the specificity of the produced rat

antiserum against S, imiae piaA was confirmed by Western blot analysis.

2.4.2 Production of Ab against recombinant protein in the immunized rat

A. Western blot

The GST fusion piaA protein and bacteria lysate were separated by
SDS-PAGE. The band of approximately 28 kDa in GST fusion piaA protein
and the band of approximately 34 kDa in the lysate.of S. smae. The protein
size of the GST fusion piaA was approximately 28 kDa, thus the band in Fig.
27.

B. Bacterial activity of serum
In serum bactericidal activity test, antisera obtained from rats immunized
with the recombinant piaA showed significantly higher bactericidal activities

than sera obtained from rats injected with PBS (Fig. 28).
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( piaA ) 1 ATGATTGAGAGTAAACCATCTCAAGTAATTCATCATAAGCCAAAATCATTTTGGCTTCTTTTTGICATCA 70
MI ESKPSQVI HHKPKSFWLLFVI
(OUESTAE ) L mmmm e e mm e e 1

( piaA ) 71 TATCCCTTTTATTGCTAAGIGGTGICTATTTGGGATTGOGCTTTGGTGCTTGGAATTTTTCACATCAAGA 140
I SLLLLSGVYLGLRFGAWNFSHOQD

(outside ) 1 ---cecccmmm i GAATTCATGGCTTGGAATTTTTCACATCAAGA 32
EcoRIM A WN F S H QD

( piaA ) 141 CCTCCTCAAAGIGATTCGACATCAAGCAATAGATCATCGACAATCCAGTATTTTTTGGGAAATGCCCTTA 210
LLKVI RHQAI DHRQSSI FWEMRL

( outside ) 33 CCTCCTCAAAGTGATTCGACATCAAGCAATAGATCATCGACAATCCAGTATTTTTTGGGAATAAGTCGAC 101
LLKVI RHQAI DHRQSSI| FWE* sall

( piaA ) 211 CCTCGACTTTTAGCAACTTTACTTGITGGIGCGGCACT TGCCGT TTCAGGAGCCATTATGCAAGCCGTGA 280
PRLLATLLVGAALAVSGAI MQAYV
(0UESTAE ) 102 - - - mmm s e 102

( piaA ) 281 CGCGCAACCCTATTGCAGACCCTGGACTTTTGGGGATAAATGCTGGGEECTGBCCTGGECACTGGTTGTCGC 350
TRNPI ADPGLLGI NAGAGLALVYVA
(outsSide ) 102 -----mmm e e e e s e e 102

( piaA ) 351 CTATGCTATCTTTCATCACCTTCATTATATCTCAATAATCTTGGTTTGTTTATTAGGAGCCAGTICTTGCT 420
Y@AS PF9H "H L_H Y LS IWIL VFCa ™ G A S L A
(oUtSide ) 102 --d - mmm i m o m e e 102

( piaA ) 421 TGCTTACTTGTICTTTGGTCTTTCATATCAATACGCAAAAGGCTACCAGCAATTGCGTCTGGTTCTCCCAG 490
CLLVEGLSYQYAKGYQQLRLWVLFP
(outside ) 102 -m---mmmm s e e 102

( piaA ) 491 GAGCCATGATTTCCATGITTCTATCTGCCATAGGCCAAGBGATTACCACTTATTTTAATTTGGCAACTTC 560
GAMI SMFLSAI GQGI TTYFNLATS
(outside ) 102 ---------lmn oo ool 102

( piaA ) 561 AGTCATTGGCTGECAAGCTGGGGGT TTTATTGECCTCAATTGGACCATGT TAAAGATTATTGCTCCCCTT 630
VI GWQAGGFI GL NWTMLKI1 I APL
(outside ) 102 ------------ ool 102

( piaA ) 631 ATCATCTTCGCTTTAGCTTTAGCACAGCTTCTTTCTTATCAGTTGTCTATTTTAAGCCTTAGTGAACTAA 700
I I FALALAQLLSYQLJ SI L SL SEIWL
(outSide ) 102 - --- - m o me o n e e oo 102

( piaA ) 701 GAGCAAAAGCATTAGGGCAAAAAACCTTTCATCTAACACTAGITTTTTTAAGCATCGTCCTCATCCTTGC 770
RAKALGQKTFHL TLVFLSI VLI LA
(outside ) 102 -----m o e s s e R e m e e e 102

( piaA ) 771 TTCTGCCTCTGITGCTATTGCOCGECTCTATTTCCTTTGITGGTCTTGT TGTTCCGCATATCATTAAAGCC 840
SASVAI AGSI SFVGLVVPHI I KA
(oUtSide ) 202 ----c-mmmi o s n oo 102

( piaA ) 841 CAATCCTTTGGAAATTACAAACAGAGITTGCCTTTAATTGGCCTTTTAGGAGCTACCTTTATGGTCTTAT 910
QSFGNYKQSLPLI GLLGATFMVL
(oUtSIide ) 102 ----cmmmm oo n e 102
( piaA ) 911 TATCAATTGAAACAGTGCAAATACCAGCCCGTTGA 945

LSI ETVQI PAR®™
(outside ) 102 -------mmmcmmii i 102

Fig. 25. Nucleotide and deduced amino acid sequence of piaA of S. iniae
in outside region. The top lines show the nucleotide sequence, the

bottom lines the deduced amino acid sequence in the single-letter code.
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Fig. 26. Coomassie blue stained SDS-PAGE gel of GST fusion piaA protein
of Streptococcus iniae. M : prestained protein marker (Pierce), Lane 1; Total
lysate of bacteria with IPTG induction: Lane 2; Recombinant piaA protein
purified by affinity chromatography wusing gluthatione-sepharose 4 FF

columns (Amersham Biosciences).
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Fig. 27. Weste immunized-rat

d%\or Streptococcus lysa o

marker (Pierce), Lane- 1, %T pare 'xly

>0 Lane 10, 11 ,12; recombinant

serum against purifie prestained protein

Lane 2, 5, 8, L.

garvieae lysate . Lane 3, 7,
piaA protein. The primary antibody in Lane 1, 2, 3, 12 was adjuvant alone
injected control serum, in Lane 4, 5, 6, 11 was PBS injected control serum

and in Lane 7, 8, 9, 10 was recombinant piaA injected immune serum.
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Fig. 28. Serum bactericidal activity of rat immunized intraperitoneally with
Recombination piaA protein, PBS injected control and adjuvant alone injected
control at 2 weeks post boost immunization. The bactericidal activity of the
serum was expressed as the number of colony forming unit (CFU)/ml of
three species of Streptococcus with serum. Values are means and T-bars
indicate standard error. Bars with different letters indicate statistically

differences at P < 0.05.
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3. Cell wall association using immunoblot method

3.1 GAPDH

The cell wall proteins of S. iniae were extracted and the presence of
GAPDH in the cell wall was analyzed by immunoblot using rat antiserum
against the recombinant GAPDH of S inmae. As a result, about a 40 kDa
band, which was corresponded to the MW of GAPDH of S. iniae, was clearly
detected (Fig. 29).

3.2 a—enolase

The cell wall proteins of S. iniae were extracted and the presence of
a—enolase in the cell wall was analyzed by immunoblot using rat antiserum
against the recombinant a-enolase of S. imiae. As a result, about a 50 kDa
band, which was corresponded to the MW of a-enolase of S inmae, was

clearly detected (Fig. 30).
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Fig. 29. Cell wall associating GAPDH of Streptococcus iniae. Left figure;
SDS-PAGE gel of extracted cell-wall proteins of S. imiae: Right figure;
Western blot of the transferred proteins onto a nitrocellulose membrane. M :
prestained protein marker (Pierce), Lane 1 : extracted cell-wall proteins of

S. iniae.
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Fig. 30. Cell wall associating a-enolase of Streptococcus iniae. Left figure;
SDS-PAGE gel of extracted cell-wall proteins of S. imiae: Right figure;
Western blot of the transferred proteins onto a nitrocellulose membrane. M
prestained protein marker (Pierce): Lane 1 extracted cell-wall proteins of S

iniae.
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4. Plasmin(ogen) binding ability using immunoblot method

4.1 GAPDH

The plasmin—-binding activity of the recombinant GAPDH of S. iniae was
examined by Western blot. Human plasmin, and human immunoglobulin M
(IgM as a control) was incubated with the recombinant GAPDH. The results
of the immunoblot demonstrate that GAPDH of S. imiae has plasmin-binding

activity (Fig. 31).

4.2 a—-enolase

The plasmin-binding activity of the recombinant a-enolase of S. inae was
examined by Western blot. Human. plasmin, plasminogen and human
immunoglobulin M (IgM as a control) was incubated with the recombinant a
—enolase. The results of the .immunoblot demonstrate that a-enolase of S.

iniae has plasmin(ogen)=binding activity (Fig. 32).

_69_



114

79 b

33

21 >

Fig. 31. GAPDH of Streptococcus iniae binding to plasmin.

(A) SDS-PAGE gel of immunoglobulin M (Lane 1) and plasmin (Lane 2; as a
control). (B) Western blot of the transferred proteins onto a nitrocellulose
membrane. M, prestained protein marker (Pierce) Lane 1, immunoglobulin M;

Lane 2, plasmin.
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Fig. 32. a—enolase of Streptococcusiniae binding to plasmin.

(A) SDS-PAGE gel ofplasmin (Lane 1), immunoglobulin M (Lane 2; as a
control) and plasminogen (Lane 3). (B) Western blot of the transferred
proteins onto a nitrocellulose membrane. M, prestained protein marker

(Pierce) Lane 1, plasmin; Lane 2, immunoglobulin M Lane 3, plasminogen.
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5. Display the 4 genes on the surface of E. farda ghost

5.1 Generation of ghost bacteria

Generation of ghosts in the transformants of £ coli and E. tarda carrying
plasmid pHCE-InaN-4 genes—ghost 37 SDM was successfully performed by
increasing the incubation temperature up to 42C. Compared to £. coli, in which
the lysis was observed within 30 min and completed 2 h after induction of £ gene
expression (Fig. 34), onset of £ tarda lysis_was delayed until 2 h after
temperature elevation and lysis process was completed 16 h after induction (Fig.

35).

5.2 Efficiency of E. tarda ghost generation

At the end of lysis process, the efficiency of ghost induction in non-lyophilized
E. tarda was 99.9920.01% as results of 10 replicate experiments. However, no

bacterial growth was detected in lyophilized E. tarda.

5.3 Expression of 4-proteins

The expression of inserted streptococal genes in £E. coli and E. tarda
harboring pHCE-InaN-4 genes—ghost 37 SDM vector was confirmed by
Western blot analysis (Fig. 36). Extracted outer membranes of £, farda ghosts
were subjected to Western blot analysis and successfully detected the antigens

with anti—-3 genes antibody, respectively (Fig. 37).
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Fig. 33. (A) Partial restriction map of pHCE-InaN-4 genes-ghost 37 SDM. The

plasmid harbors ice nucleation gene, 4 genes, the £ lysis cassette, consisting of

the lysis gene E, the leftward Lamda promoter, the temperature sensitive

. R
repressor clgs7, and ampicillin resistance gene (Amp ).

(B) Constructed vector map.
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Fig. 34. Spectrophotometric observation for growth and lysis of E. colf DHb5a
harboring plasmid pHCE-InaN-4 genes-ghost 37 SDM by temperature induction
of gene E expression. At time zero, the cultures were shifted from 37C to 42C.

Bars at each detection point indicates standard deviations.
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Fig. 35. Spectrophotometric observation for-growth and lysis of £E. tarda
harboring plasmid pHCE-InaN-4 genes—-ghost 37 SDM by temperature induction
of gene E expression. At time zero, the cultures were shifted from 27T to 427C.

Bars at each detection point indicates standard deviations.
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Fig. 36. Western blot analysis for £. coli harboring pHCE-InaN-3 genes—ghost
37 SDM and naive £, coli (A); E. tarda harboring pHCE-InaN-3 genes-ghost 37
SDM and naive E. farda (B). M: protein molecular marker (Pierce), lane 1 : E,
colr or E. tarda harboring pHCE-InaN=GAPDH=-ghost 37 SDM, lane 2 : E. coli or
E. tarda harboring pHCE-InaN-a-enolase—ghost 37 SDM, lane 3 : E. coli or E.
tarda harboring pHCE-InaN-SagA-ghost 37 SDM, lane 4: naive E. coli or E.
tarda. Respectively, Anti-3 genes antibody was used for this assay. Molecular

weight is given in kilodaltons (kDa).
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Discussion

The Dbacterial surface proteins play an important role in transport of nutrients,
cellular metabolism as well as virulence-related functions such as evasion of host
defenses, adhesion and invasion. In the present study, 4 genes -
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a-enolase, streptolysin,
and ABC iron transporter — were selected as- subunit vaccine candidates
against Streptococcus miae.

The GAPDH 1is an enzyme of the glycolytic pathway responsible for the
phosphorylation of GAP to generate 1,3-bisphosphoglycerate, besides having
a cytoplasmic location, is cell wall-associating protein. The protein sequence
homologies of GAPDH confirm that these pathogens possess a highly
conserved GAPDH protein implicated in many surface specific activities,
including a role as a plasmin_ receptor, host cytoskeletal protein binding
affinities and signal transduction between bacteria and host cells (Winram and
Lottenberg, 1996; Gase-et al;1996; ‘Pancholi and Fischetti, 1992, 1997).

In the cell surface location of “GAPDH, the protein may contribute to the
microorganism’s invasiveness by its ability to bind to various proteins of
host. A prerequisite for the invasiveness of a pathogen is the pathogen’s
ability to breach epithelial as well as endothelial barriers in order to gain
access to the submucosa and blood. A successful strategy used by
pathogenic bacteria to degrade the extracellular matrix and to promote
invasiveness is the recruitment of proteolytic activity to the bacterial cell
surface (Lottenberg, R., 1997, Lottenberg, R. et al, 1994). Streptococcus

pneumoniae, a common etiologic agent of respiratory tract diseases and
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life—threatening invasive diseases, is able to capture plasminogen on the
bacterial cell surface. Subsequent activation by tissue—type and urokinase-—
type eukaryotic plasminogen activators allows the bacteria to acquire
surface—associated proteolytic activity (Eberhard, T. et a/, 1999, Kuusela, P.
et al, 1992). Plasminogen, a glycoprotein, is the zymogen of the serine
protease plasmin, which is a key enzyme of the fibrinolytic pathway (Collen,
D. et al, 1975). The acquired plasmin activity promotes dissemination and
transmigration of the pathogen through reconstituted basement membranes
(Coleman, J. et al, 1999, Eberhard, T. et -al, 1999, Lottenberg, R. et al,
1994). Not only plasmin is binding GAPDH, but a-eneolase was identified as
the major plasminegen- and plasmin—binding protein of S. inmiae.

The present results demonstrate that Strepfococcus iniae a—enolase is also
a plasmin(ogen)-binding and cell wall-associating protein similar to the
enolase that has been described on the surface of mammalian streptococci
(Pancholi and Fischetti, 1998; Bergmann ef a/, 2001). The plasmin(ogen)
binding property of pathogenic bacteria is suggested to be one of the
characteristics that may contribute to tissue invasion .and the overall
pathogenicity of group “A ‘streptococci (Lottenbeérg et al, 1994 Boyle
andLottenberg, 1997). Typical "examples of bacterial plasminogen activators
are the streptokinase of pyogenic streptococci (Tewodros et al, 1995) and
the staphylokinase of Staphylococcus aureus (Matsuo et al, 1990), and both
act as secreted proteins. On the other hand, a—enolase of streptococci
including the present S. imiae is not secreted but cell-wall associated. The
ability of cell-wall associated a—enolase to bind plasmin(ogen) demonstrated
here suggests that this protein may be responsible in part for the ability of
S. Iniae to cross tissue barriers thorough plasminogen activation. Recently, a
—enolase present in the cell wall of Candida albicans has been reported as

an abundant immunodominant antigen in invasive candidiasis (van Deventer et
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al, 1994; Angiolella et al, 1996), and induce a partially protective immune
response against systemic candidiasis in mice (van Deventer et al, 1996;
Montagnoli et al, 2004). In the case of S pyrogenes, polyclonal antibodies
to a—enolase significantly enhanced the phagocytosis of group A streptococci
(Pancholi and Fischetti, 1998).

In addition to three species of streptococci share common epitopes of
GAPDH and a-enolase, so that are to cross—react with different species of
streptococci. In this study, the cross—recognition of GAPDH and a—enolase
epitope among S. iniae, S. parauberis-and-L. garvieae was significantly higher
bactericidal activity.

In conclusion, the identification of these proteins located on the outer
surface of S. inmiae may be of uSe in suggesting potential vaccine candidates.
Streptolysin 'S (SLS) has been described as the most potent of bacterial
cytolytic toxins (Wannamaker, L. W. et al, 1983). The potency of the toxin,
the broad range of host cells that it lyses, and the fact that it is always
bound to carrier molecules are thought to be the primary reasons that it is
not immunogenic. We ~have shown for the first. time that neutralizing
antibodies can be evoked by “—a nontoxic synthetic peptide of SLS (SagA).
This observation may have -significant- implications for our understanding of
the role of SLS in the pathogenesis of group A streptococcal infections and
also in the development of vaccines designed to prevent these infections and
their complications. The characterization of SLS has been an elusive subject
of intense interest for many years (Wannamaker, L. W. e¢ al, 1983).
Structural analyses of the translated proteins from the sag operon revealed
that SagA resembles the family of bacteriocins, with a 23—amino acid leader
peptide and a putative enzyme -cleavage site following GG, which would
result in a 30—amino—acid propeptide.

In addition, those authors predicted that other genes in the sag operon may
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encode an enzyme responsible for posttranslational modification of the
propeptide and integral membrane proteins that could possibly be involved in
secretion of the toxin (Nizet, V. et a/ 2000).

The structural similarities between the SagA propeptide and bacteriocins
indicate that posttranslational modifications may lead to the formation of a
cyclic structure at the N terminus of SagA resulting from thioester bonds
between serine, threonine, or glycine residues and neighboring cysteine
residues (Nizet, V. et al, 2000, Sahl, H. G. et al, 1998). In the present study,
we hypothesized that the C-terminal-20-amino—acid peptide of SagA, which
does not contain cysteine residues, would be devoid of toxicity and therefore
may be immunogenic. When coupled to KLH, the SLS (10-30) peptide evoked
antibodies that completely neutralized the hemolytic activity of native SLS in
bacterial supernatants and on the bacterial cell surface.

The SLS-neutralizing activity of the synthetic peptide antisera indicates

that the antibodies were evoked by epitopes whose conformation was
maintained in ‘the native toxXin, even after the proposed posttranslational
modifications (Nizet, V. et al, 2000, Sahl, H. et al, 1998). And as a result of
bactericidal activity was signifieantly higher bytrecognizing the SagA epitope
among S. iniae, S. parauberis-and L. garvieae.

Because of the potency of SLS as a cytolytic toxin for many target cells and
its known role in the virulence of GAS, further studies will focus on the
potential role of SLS neutralizing antibodies in preventing infections or in
modifying the outcomes of these infections. In addition, SLS peptides may
be important components of vaccines.

The iron uptake ABC transporters Pia was required for full virulence in
mouse models of septicaemia and pneumonia (Brown JS er a/, 2001) and its
lipoprotein components piaA have been investigated as potential vaccine

candidates (Brown JS et a/ 2001). Iron is one such nutrient which is
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essential for the growth of most bacteria but whose restricted availability
within the host forms a nutritional barrier to infection (Wandersman, C.,
2000). As a consequence many bacterial pathogens contain specialized iron
uptake mechanisms to acquire iron from iron—containing mammalian proteins
such as transferrin, hemin, and ferritin, either by direct binding of the iron
source to the bacterial surface or through secreted low—molecular-weight,
high-affinity iron scavengers called siderophores (Cornelissen, C. N. et al,
1994, Schryvers, A. B. et al, 1999, Wandersman, C. et al, 2000). Multiple
and often partially redundant _iron acquisition mechanisms are frequently
present within a single pathogen, emphasizing the importance of iron
acquisition for bacterial growth (Bearden, S. W. ef al, 1997, Bearden, S. W.
et al, 1999, Brown, J. S. et al; 2001). Although pathogenic bacteria utilize a
variety of environmental iron sources, frequently specific iron uptake ABC
transporters transport the iron moiety into the cytosol across the membrane
of gram-positive bacteria (Cabrera, G. et al, 2001, Drazek, E. S. et al,
2000).

We can report for the . first time the cloning and characterization of the S.
niae piaA, iron uptake ABC transporter, which, on the basis of sequence
homology, is likely to encode.gram-pesitive bactera. By sequencing, we have
confirmed that iron uptake ABC transporters are not highly conserved and
varies significantly in amino acid sequence In gram-positive bacteria.
However, analysis with anti—-recombinant piaA serum of i.p. vaccinated rat
indicate that piaA is likely to induce protection against S. iniae, S. parauberis
and L. garvieae, and indeed in this paper we have demonstrated that the
cross—recognition of piaA epitope among S. inmiae, S. parauberis and L.
garvieae was significantly higher bactericidal activity.

In the present study, these 4 proteins of S iniae have identified potential

vaccine candidates and they are produced recombinant Z. co/i ¢ECG) and Z.
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tarda (rETG) ghosts. The ghost bacteria is nontoxic, effective delivery
vehicles with potent adjuvant properties, and are capable of inducing both T
cell and Ab responses in mucosal tissues. We investigated the hypothesis
that rECG and rETG could serve as effective delivery vehicles for subunit
streptococcal vaccines to induce a high level of protective immunity.
Bacterial ghosts as candidate vaccines and carriers of foreign viral and/or
bacterial antigens are under development as multivalent vaccines against
diarrheal diseases of humans and might represent new, improved nonliving
bacterial vaccines with excellent—safety —properties and high immunological
potential.

Bacterial cell surface display of heterologous proteins can be useful in
procedures such as development of live vaccines and multiple antigen
antisera (Lee et al, 2000). In the present study, a vector harboring double
cassettes, a heterologous 4-genes expression cassette and a ghost cassette was
constructed. Various display systems have been created for the expression of a
number of heterologous proteins on the surface of gram-negative bacteria.
Outer membrane proteins such as LamB (Charbit et a/, 1988), PhoE (Agterberg
et al., 1987), OmpA (Freudl, 1989), TraT (Harrison et al., 1990), Oprl (Cornelis
et al, 1996), OprF (Wong er-al; 1995)-and INP (Jung er al, 1998a) served as
anchoring motifs for surface display.

Among them, in this study, we adopt ice nucleation protein (INP), because it
include stable expression and outer membrane translocation and modulatable
length of internal repeating units (Jung et al, 1998b). INP is a
membrane—bound protein which confers on host cells the ability to nucleate
crystallization in supercooled water (Mararitis and Bassi, 1991).

Total expression level and surface display efficiency of heterologous proteins
were compared following their fusion with either the N-terminal domain of

InaK (InaKN), or with the known truncated InaK containing both N- and
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C-terminal domains (InaK-NC). Truncated InaK containing only the
N-terminal domain can be successfully employed as a cell surface display
motif (Lin Li et al, 2003).

In the present study, we used a truncated INP fragment consisting of only the
N-terminal domain as an anchoring motif.

Several protein expression systems with various promoters have been
developed for the effective expression of foreign proteins in bacteria. Among
these, an £. coli expression vector including a #rp-/ac fusion promoter (tac, pac,
rac, or trc), which can be effectively induced by IPTG, is the most frequently
used system (Brosius et al 1985; Donovan et al. 1996; Yarzabal et al. 1997).
However, chemical inducers, including IPTG, are costly and can generate a
safety problem as the presence-of a chemical inducer in the purified recombinant
protein product is potentially toxic to humans (Donovan et a/ 1996). Such
problems can be overcome by cloning foreign genes into a constitutive
expression vector along with a constitutive promoter, which facilitates the
high-level expression of foreign proteins without induction by chemical inducers
(Chauhan er al 2001). In the present study, we used a strong constitutive
promoter (pHCE) isolated  from the D-amino acid ‘aminotransferase gene of
Geobacillus toebii by Poo et al (2002) as a promoter for foreign protein
expression. As a result, the double cassettes vector, which can constitutively
express foreign protein during bacterial culture and can also lysis gene £
expression by temperature elevation, was constructed.

To confirm the ability of InaN to act as a display motif and the production of
ghost by E lysis gene, we employed 4 target proteins.

As a result, all of proteins were identified production of rECG and rETG and
GAPDH, a-enolase, SagA and piaA proteins were confirmed expression of
rECG and ETG on the cell surface. (Fig. 33-34)

These data confirmed that the InaN signal can successfully and efficiently

_84_



direct translocation of foreign proteins to the cell surface.
The present recombinant ghost vaccine system coupled with its carrier and
targeting functions of heterologous antigens have a great strategic potential for

the development of new multivalent vaccines.
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