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Based on the comparison between SDM and the
HLA-DR1/SEB complex, the binding of SDM to the
a-chain of MHCII is unlikely. MHCII a-chain-binding
regions of SEB and analogous areas of SDM present
significant differences. SDM residues Ile29, Gly30,
and Thr31 are less hydrophobic than, and positioned
differently from, the structurally equivalent residues
Phe44, Leud45, and Phe47 of SEB. Glu67 of SEB is
replaced by Asn56 in SDM, a change that disables the
ability of SDM to form a salt bridge with Lys39 of
the MHC a-chain. The region corresponding to the
disulphide loop of SEB between residues 93 and 115 is
completely different from the SDM structure. Major
differences in all sites involved in HLA-DR1 binding
can be seen, and this provides further support for an
MHCI binding mode in SDM different from that in
SEB. Additional evidence for the MHCII p-chain
binding of SDM was gained from mutagenesis
experiments where the mutation of His170 to alanine
resulted in a reduced mitogenic activity (Fig. 5).

Based on the similarity of the zinc-binding site with
that of other superantigens that bind through the
MHCI p-chain, a zinc-dependent SDM binding to
MHCII and similar MHCII R-chain-binding properties
for SDM can be suggested. In addition to His81 of the
MHCII B-chain as a zinc ligand, other residues at the
interface may be able to form bonds with the MHCII
p-chain. The superantigen residues involved in
hydrogen-bond formation with the B-chain are
Asn105, Lys163, Asp164, Ser200, and Asp203 of SPE-
C when SPE-C is cocrystallized with HLA-DR2a and
MBP antigen peptide,”® and Asnl13, Argl27, and
Ser205 of SEH in the SEH/HA /HLA-DR-1 complex.”’
Structural comparisons with other superantigens that
bind to MHCII in a zinc-dependent manner showed
that an asparagine equivalent to SDM Asnlll is
conserved in all those superantigens. A hydrogen
bond between the MHCII B-chain and the side chain
of this asparagine can be formed as described by
modelling. Thus, Asn111 could have some significance
in SDM binding to the MHCII molecule.
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Fig. 5. T-cell-stimulating activity of wild-type and
mutant SDM. Human peripheral blood mononuclear
cells (1x10° cells/well in 96-well plates) were stimu-
lated with various doses of SDM for 3 days and exa-
mined for mitogenic response as described in Experi-
mental Procedures.

Other superantigen residues forming hydrogen
bonds in SPE-C/MBP/HLA-DR2a and SEH/HA/
HLA-DR1 complexes are less conserved, and the
course of the main chains can vary slightly. This
indicates that residues involved in hydrogen-bond
formation can be different, the number of hydrogen
bonds could vary, and the angle of binding may not be
the same. Each of the SPE-C residues involved in zinc-
dependent MHCII binding has the same residue in the
structurally equivalent position in SDM (Asnl11,
Lys172, Aspl73, Ser199, and Asp202), with the
orientations of these residues being similar in both
SDM and SPE-C. The comparison of the SEH/HA/
HLA-DR1 complex and SDM showed that the residue
analogous to the hydrogen-bonding Arg127 of SEH is
Thr128 in SDM. Structural comparisons also suggest
that the binding angle of SDM may be different or that
residues not involved in hydrogen-bond formation in
other superantigens can instead take part in SDM-
MHCTI interactions. Details of the binding mode of
SDM are still unknown, and further examination is
certainly required.

Structural studies of superantigen/MHCII com-
plexes have shown that superantigens also interact
with the peptide antigen (e.g, MBP peptide, HA
peptide, or a collagen II peptide) bound to the MHCII
molecule.** GIn120 of SEH—as well as GIn113 of
SPE-C, which is aligned with GIn120 of SEH at the
structural but not at the sequence level—has been
shown to be an important residue for peptide
binding.® A glutamine residue analogous to SEH
GIn120 s conserved in most superantigens that bind to
the MHCII -chain but is absent in SPE-G, SPE-L, SPE-
M, and SDM. SPE-C GInl113 forms two hydrogen
bonds with MBP peptide antigen backbone atoms in
the HLA-DR2a/MBP/SPE-C complex. A model of
SDM/MBP/HLA-DR2a based on the SPE-C/MBP/
HLA-DR2a complex structure reveals significant
differences at the interface between these two struc-
tures, most importantly the absence of an SDM residue
that is structurally equivalent to SPE-C Gln113.
Compared to SEH, the side chain of SDM GIn12?2 is
located in the same area as the SEH GIn120 side chain,
but it is almost perpendicular to it after structural
superposition. However, this does not exclude the
possibility that SDM GIn122 could act as SEH GIn120
and SPE-C GIn113, thus enabling a similar binding
mode, although the binding angle of the peptide
would probably be different. Moreover, it is still
possible that SDM may interact with an antigen
peptide in a different way or may be unable to form
bonds with particular peptides. Nevertheless, the
general strategy adopted by superantigens that bind
to the MHCII B-chain to minimise specific interactions
with the side chains of the peptide antigen®” appears
highly likely for SDM as well.

TcR binding
SDM binds specifically to human VB1.1- and

VB23-chains, a repertoire shared only by a few
superantigens. No superantigen/TcR complex
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structure containing one of those Vp-chains has yet
been determined. Thus, structural comparisons and
modelling cannot give precise predictions. However,
and in order to gain structural insights, SDM was
superimposed onto SPE-C and SPE-A from the SPE-
C/TcR hVp2.1 and SPE-A/TcR mVp8.2 complexes,
respec:tively.11 Based on these comparisons, residues
of SDM were identified and mutagenesis experi-
ments were performed to obtain information on their
role in the mitogenic activity of SDM.

SPE-C Tyr15, SPE-] Tyr14, SPE-A Asn20, and SEB/
SEC2/SEC3 Asn23 have been previously shown to be
involved in TcR binding. Moreover, mutations of
SEC3 Asn23Ala and SPE-] Tyrl4Ala result in a
significant decrease in_the mitogenic capacity of
these superantigens.31'32 All residues mentioned
above are structurally conserved. Furthermore, SDM
Asnll shares the same location with the above
residues. The mutation of Asnll to Ala, however,
resulted in a protein with similar mitogenic activity as
the wild type (Fig. 5).

Another important residue for TcR binding is
located in the o5 helix and corresponds to either
glutamine (SPE-A GIn194 and SEB/SEC2/SEC3
GIn210) or arginine (SPE-C/SPE-] Argl81). Mutants
(GIn210Ala of SEC3 and Arg181GIn of SPE-]) showed
an almost complete loss of mitogenic capacity. The
lack of the a5 helix in SDM raises the question of
whether SDM has a different TcR binding mode
compared to many other superantigens. The side
chain of SDM Lys15 is located in the same area, with
the hydrogen bond forming residues from the o5
helix; thus, Lys15 of SDM could participate in
hydrogen-bond formation with TcR. The mutation of
Lys15 to Ala caused no decrease in the mitogenic
capacity (Fig. 5), suggesting that this residue is not
crucial for TcR interactions. TSST-1 is also character-
ized by the lack of a similar helix in its structure.
However, there are no currently available data
suggesting SDM binding to TcR similar to that found
for TSST-1.* Structural superposition of SDM onto
TSST-1 (sequence identity=19.7%; RMSD=2.02 A) of
the TSST-1/D10 hVp2.1 complex shows large devia-
tions (up to 7 A) in loops contacting D10; thus, no
reliable predictions can be drawn.

A ternary complex of MHCII molecule, super-
antigen, and TcR can be formed in several ways,
depending on the superantigen. SPE-C acts as a
bridge between MHC and TcR, and these molecules
cannot have any direct contacts between them. SEB
instead allows contacts between the TcR Va-chain
and the MHC B-chain. The unknown location of TcR
binding on SDM makes it impossible to predict the
exact geometry of the ternary complex that SDM
could form.

Conclusions

SDM shares the characteristic superantigen fold,
except that it lacks the o5 helix present in other
superantigens. In addition, SDM exhibits a zinc-
binding site as identified by the presence of a bound

zinc ion in the structure. Based on structural com-
parisons, binding to MHCII molecules is mediated
in a zinc-dependent manner involving the 3-chain of
the MHCII molecule. The binding most likely takes
place in a similar way as in SPE-C and SEH,
although the binding angle is probably different
and the peptide affects the SDM-binding properties.
The TcR VB-chain binding mode is less easily
predicted, and mutagenesis experiments suggest
that SDM does not share the same TcR-binding
properties with many other superantigens.

Experimental Procedures

Purification and crystallization

Recombinant SDM was expressed, 3Euriﬁed, and
crystallized as previously described.™ Briefly, the
protein was concentrated to 10 mg/ml prior to
crystallization in Na-acetate buffer (pH 5). Crystals
were grown with the hanging-drop vapour diffu-
sion method at 16 °C using a reservoir solution
containing 18-20% polyethylene glycol 3350 and
0.4 M lithium nitrate (pH 4.2—4.6). Crystals appeared
after ~5 days.

X-ray data collection

A complete data set to 1.9 A resolution was
collected on beamline X11 at the European Mole-
cular Biology Laboratory (EMBL) Hamburg (care of
Deutsches Elektronen Synchrotron). Prior to data
collection, a single SDM crystal was flash-cooled to
100 K using 20% glycerol as cryoprotectant. Diffrac-
tion data were recorded on a 165-mm MarCCD
detector using a A¢ of 0.5°, a crystal-to-detector
distance of 175 mm, and a wavelength of 0.8123 A.
The data were integrated, merged, and scaled using
the HKL program suite.>> The TRUNCATE program
from the CCP4 program suite®® was used to convert
intensities to amplitudes. Anomalous data on the
zinc peak edge (N=1.2824 A) were collected at
station BW7A (EMBL Hamburg). A total of 1700
images were collected (0.5° rotation per image).
Calculation of the anomalous difference electron
density map was carried out with programs from
the CCP4i.

Structure determination, refinement, and quality of
the models

Initial phases were obtained using molecular
replacement. The program PHASER? was
employed, and a polyalanine model of SPE-C with-
out water molecules, zinc, and highly flexible surface
loops was used in the search. To resolve the
ambiguity in the space group, the search was carried
out in P3, P3;, and P3, space groups. The best
solution was obtained in space group P3,. The
structure was refined using CNS v. 1.1.7 A subset
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(5%) of the total number of reflections was randomly
selected and set aside for cross-validation analysis to
monitor the progress of refinement using the Rgee
factor.* Initial rebuilding and refinement were
carried out using data to 2.4 A resolution. When a
new data set to 1.9 A resolution was collected, the
resolution was extended in steps of 0.1 A. Reflections
from 1.95 to 1.90 A were not used due to high Ry,
and low I/o ratio.

The models were visualized with the program
0.% Working and reference sets were merged only
in the final refinement run. The quality of the model
was checked using PROCHECK.?! The RMSDs from
ideal geometry and Luzzati plots were calculated
using CNS. LSQMAN*! was used for structural
superposition and calculation of RMSD for particu-
lar loops. Crystal contacts were determined with the
program CONTACT.*® Secondary structure ele-
ments were analyzed with DSSP.* Structure-based
alignment was performed using the protein struc-
ture comparison server SSM™ at the European
Bioinformatics Institute} and was inspected on
graphics.

Preparation of SDM mutants containing
single-amino-acid substitution

To introduce single-amino-acid substitution into the
SDM molecule, PCR-based mutagenesis was per-
formed. All amplified fragments were digested with
restriction enzymes as described by the restriction sites
introduced into the PCR primers and subcloned into
TAGZyme pGE2 (QIAGEN) to construct expression
plasmids. In the case of the H170A mutant, the N- and
C-terminals of SDM were amplified separately and
digested with restriction enzymes. The resulting
plasmids were used for the transformation of TOP10
cells (Invitrogen). After the verification of the plasmid
carrying each mutation by sequencing using BigDye v.
3.1 and 3100 Genetic analyzer (Applied Biosystems),
the mutant SDM proteins were expressed and purified
as previously reported.*

Mitogenic activity assay of SDM

To assay the mitogenic activity of SDM, human
peripheral blood mononuclear cells (1x10° cells)
were stimulated in triplicate with mitogens in 0.2-
ml volumes in 96-well round-bottom microplates
for 3 days. The cultures were pulsed with [°H]
thymidine for the last 16 h of cultivation, and
incorporation of radioactivity was measured as
previously described.*

Data deposition

Atomic coordinates and structure factors have
been deposited with the Rutgers Protein Data Bank
under accession code 2J4X.

f http:/ /www.ebi.ac.uc/msd-srv/ssm
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We identified seven novel variants of

Streptococcus dysgalactiae subsp. dysgalactiae or equisimi

streptococcal pyrogenic exotoxin G (SPEGG), a superantigen, in
Jis isolates from clinical cases of infection in humans

and animals. Phylogenetic analysis of the SPEGG variants indicated two clades in the dendrogram: one
composed of variants derived from the bacteria isolated from the humans and the other composed of variants

from the bacteria isolated from the animals.

Bovine peripheral blood mononuclear cells (PBMCs) were

stimulated effectively by recombinant SPEGGs (rSPEGGs) expressed in Escherichia coli, while human PBMCs
were not stimulated well by any of the rSPEGGs tested. SPEGGs selectively stimulated bovine T cells bearing
V$1,10 and VB4. Bovine serum showed reactivity to the rSPEGG proteins. These results indicated that

SPEGGs have properties as superantigens, and it is likely that SPEGGs

play a pathogenic role in animals.

Bacterial superantigens (SAGs) bind simultaneously to major
histocompatibility complex (MHC) class II molecules on antigen-
presenting cells and T-cell receptor (TCR) molecules, and bind-
ing leads to the stimulation of large numbers of T cells in a TCR
B-chain Vp-selective manner. Sirepfococcus pyogenes (group A
Streptococcus [GAS)), Staphylococcus aureus, Yersinia pseudotu-
berculosis, and Mycoplasma arthritidis are known as SAG produc-
ers (1, 18, 37). Overactivation of T cells by SAGs has been im-
plicated in the pathogenesis of infectious diseases, such as toxic
shock syndrome (TSS) and neonatal TSS-like exanthematous dis-
ease, as well as systemic Yersinia pseudotuberculosis infection.

It has been proposed that allelic variation in human leuko-
cyte class II antigens affects the severity of invasive streptococ-
cal infections, including streptococcal TSS (STSS) by regulat-
ing cytokine responses to streptococcal SAGs (17). However,
we found that GAS isolated from STSS cases produced smaller
amounts of SAGs than did GAS isolated from non-STSS cases
(21). Most SAGs have highly conserved secondary and tertiary
structures despite minimal amino acid sequence homology.
Some SAGs, such as SMEZ (28), staphylococcal enterotoxin C
(SEC), SPE-A (16, 22), SPE-G and SSA (30), and Y. pseudo-
tuberculosis-derived mitogen show allelic variations, which are
characterized by single- or multiple-amino-acid replacement.
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In addition to GAS, serological group C and G streptococci
possess genes that encode molecules similar to SAGs. For exam-
ple, S. dysgalactiae subsp. dysgalactiae produces S. dysgalactiae-
derived mitogen (SDM) (20). S. equi, the cause of equine stran-
gles, produces S. equi pyrogenic exotoxin H (SePE-H), SePE-],
SPE-Lg,, and SPE-M (3, 29). Recently, there have been a number
of clinical case reports of STSS caused by S. dysgalactiae subsp.
equisimilis, though S. dysgalactiae strains are generally pathogenic
in animals (4, 8, 12, 15, 19, 25, 26, 38). In addition to SDM, S.
dysgalactiae harbors a gene encoding a protein similar to SPE-G,
which has been designated in different ways, such as spegg or
speG®* (7, 11, 31). Here, we use “spegg” for the gene. Hashikawa
et al. analyzed the prevalence of SAGs in 12 clinical isolates of .
dysgalactiae from STSS cases by PCR and found that only spegg
was detected in 7 isolates, with none of the other superantigen
genes being detected in any of the strains (11): Brandt et al
analyzed the mitogenic activity of S. dysgalactiae isolates carrying
spegg and found no mitogenic activity in culture supematants )5
However, there have been no previous studies of the biological
properties of the spegg gene products. In this study, we analyzed
the prevalence of spegg in S. dysgalactiae isolates from humans
and animals and analyzed their biological activities using recom-
binant proteins encoded by the spegg genes. We also performed
molecular modeling analysis to examine the point mutations
found in SPEGG variants.

MATERIALS AND METHODS

Bacterial strains and growth conditions. All S. dysgalactiae isolates used in this
study were isolated from human subjects or animals. Individual strains were
stored in brain heart infusion (BHI) broth (Difco, Franklin Lakes, NJ) contain-
ing 7% diméthy! sulfoxide at —80°C until use. They were cultured overnight in
BHI broth at 37°C in a humidified 5% CO; incubator as described previously
(21). For expression’ of  the ' six-His (Hisg)-tagged  proteins, Escherichia: coli
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TABLE 1. Streptococcus dysgalactiae isolates used in this study

Strain Growp % dys‘:lgl;‘s’;f”“e Hegggs‘s Origin emm type SPEGG Accession no,  Jene, name deposited

125 C equisimilis B Human 5tg653 -

152 C equisimilis B Human - -

154 C equisimilis g Human - -

164 G equisimilis B Human stg485 SPEGG2 AB105080 spegg4
162 C equisimilis B Human - -

160 G equisimilis B Human Stg652 -

163 G equisimilis B Human stg643 -

167 C equisimilis B Human stL839 SPEGG3 AB105081 speggs
165 G equisimilis B Human - -

168 G equisimilis B Human ND* SPEGG4 AB105078 spegg2
169 G equisimilis B Human stgll SPEGG3

170 G equisimilis B Human ND SPEGGS5 AB105079 spegg3
1586 G equisimilis B Human stc36 SPEGG5

1149 G equisimilis B Human ND +

1317 G equisimilis B Human ND +

1379 G equisimilis B Human Stg4831 +

1434 G equisimilis B Human Stg2028 +

1412 G equisimilis B Human Stg485 SPEGG2

8 C equisimilis o Cow - -

9 C equisimilis B Cow ND SPEGGS6 AB105077 speggl
62 C equisimilis B Cow stL2764 -

63 C equisimilis B Cow - -

64a C equisimilis B Cow - -

648 C equisimilis B Cow stL2764 -

65 C dysgalactiae B Cow stL2764 -

10 C dysgalactiae o Cow - -

12 C dysgalactiae [ Cow - -

SD-1 C dysgalactiae B Animal - SPEGG7 AB105083 spegg7
SD-2 C dysgalactiae B Animal stL2764 -

SD-3 C dysgalactiae B Animal - SPEGG7

SD-4 C dysgalactiae B Animal - -

SD-5 C dysgalactiae B Animal - -

SD-6 C dysgalactiae B Animal stL2764 SPEGGS AB105084 spegg8
SD-7 C dysgalactiae B Animal stL2764 SPEGG7

16008sc:-8 C dysgalactiae B Animal stL2764 -~

16009sc-9 C dysgalactige B Animal stL2764 -

SD-10 C dysgalactiae B Animal ~ -

SD-11 C dysgalactiae o Animal - -

16021 C dysgalactiae a Animal - -

124 G equisimilis B Animal 552028 -

151 (o dysgalactiae B Animal - -

“ ND, sequencing analysis was not done because of the presence of multiple amplicons.

MI15(pREP4) (QIAGEN, Tokyo; Japan) was used for transformation with ex-
pression constructs derived from pQE30 (QIAGEN).

Preparation of genomic DNA and emn: typing. Chromosomal DNA was pre-
pared from: the S. dysgalactiae isolates as' described previously (20). Briefly,
bacteria grown in BHI broth overnight were collected and lysed by serial treat-
ment with mutanolysin_ (Sigma-Aldrich, Tokyo, Japan), lysozyme, freeze-thaw
cycling, and proteinase K (Sigma-Aldrich). S, dysgalactiae isolates were subjected
to emm typing as described previously (http:/fwww.cdc.gov/ncidod/biotech/strep
/M-ProteinGene typing htm)  (21). Briefly; genomic DNA from S, dysgalactiae
was used as the template for PCR using specific primers A (5'-TATTAGCITAG
AAAATTAA-3) and B (5'-GCAAGTTCITCAGCITGTTT-3'). The resulting
PCR fragments were sequenced with a Genetic Analyzer 310 system (Applied
Biosystems, Tokyo, Japan).

PFGE. Large restriction fragment profiles of all of the isolates were obtained
by Smal digestion followed by pulsed-field gel electrophoresis (PFGE) as de-
scribed previously (21). Briefly, plugs prepared from the isolates were treated
sequentially with achromopeptidase; RNase; lysozyme, mutanolysin; sodium de-
oxycholate, sodium laurylsarcosine, Brij-58,” EDTA, and proteinase K. After
digestion with Smal, the plugs were electrophorésed in'a Genepath contour-
clamped homogeneous electric field apparatus (Bio-Rad Labs; Tokyo, Japan)
and 'the patterns were' analyzed: with: Molecular Analyst Fingerprinting Plus
software; version 1.6 (Bio-Rad Laboratories, Iric.; Hercules, CA):

Amino- acid’ sequence: alignnient and dendrogram._preparation. The spegg
genes from 8. dysgalactiae genomic DNA in Table 1 were amplified using several
combinations of the primers listed in Table 2 and ExTaq (Takara, Shiga, Japan),
because the sequences of spegg including the proximal region were different in
several clinical isolates: The PCR products were sequenced directly after puri-
fication with a QLAquick PCR purification kit (QIAGEN). The SPEGG amino
acid sequences were aligned with those of known bacterial SAGs; and a dendro-
gram was constructed using the search and analysis service based on Clistal W.
at DDBJ (http:/fwww.ddbj.nig.ac.jp). The dendrogram was drawn using the Tree-
View program (27).

Expression and purification of rSPEGG. DNA fragments encoding the mature
form of SPEGG; as speculated from the cleavage site of signal sequence in
SPE-G (accession nio. AAF60291), were amplified by PCR. Because there was
sequence variation among spegg subtypes, two primers containing a-BamHI or
Sall site were chosen from the list of primers i Table 2. The fragments were
amplified and cloned with'a TOPO-TA cloning kit (Invitrogen) and then
sequenced and subcloned in the corresponding restriction sites of pQE30
(QIAGEN).: The resulting’ pQE30- derivatives were transformed into E. coli.
Induction with: isopropyl-thio-B-p-galactopyranaside resulted in production of
Hisg-tagged recombinant SPEGGs (tSPEGGs). The Hiss-tagged proteins were
purified by chromatography with chelating Sepharose 4B (Amersham Pharmacia
Biotech) preloaded with Ni2* dccording to the manufacturer’s instructions,
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TABLE 2. Primers used in this study

Primer name
(direction)®

A (forward)...... TATTAGCTTAGAAAATTAA

B (reverse) ......... GCAAGTTCTTCAGCTTGTTT

G1 (forward)..... TT. AAGGATCCGATGAAATATTAAAAGATTTG
G2 (reverse)......CGCCGTCGACCT. AGTGCGTTTTTAAGTAGAT
G3 (forward).....AAGCCCIT GCAAATGCATCA

G4 (forward).....CCTTTATGAACTTCCTCACT

G5 (reverse)...... TGATTAACT CGACACCAATC

G6 (reverse)......AATCTACAGGCGAGCCATGA

G7 (forward)...... TTAAGGATCCGATGAAATATCAAAAGATTTG
G8 (forward)...... TTAAGGATCCGATGAAATATTAAATGATITG
G9 (forward)...... TTAAGGATCCGATGAAATATTAAAAGATTTG
G10 (reverse)....CGCCGTCGACCT. AGTGTGTTTTTAAGTAGAT
G11 (reverse)....CGCCGTCGACCT. AGTGCGTTTTTAAGTAGAT
G12 (reverse)....CGCCGTCGACCT. AGTGTGTTTTTAAGTAGAC

Sequence®

@ Primers A and B for emm typing were designed according to the previous
description (http://www.cdc.gov/ncidod/biotechlstrep/NLProteinGene_typing.htm).
Primers Gl to G12 were designed based on the sequence of accession no.
AJ489606.

b The sequences for recognition by the restriction enzymes are indicated in
boldface.

Human and bovine PBMC proliferation assays and bovine T-cell repertoire
analysis. Bovine and human peripheral blood mononuclear cells (PBMCs) were
prepared as described previously (23, 36). Briefly, human or bovine PBMCs were
obtained from healthy donors and separated by Ficoll-Conray density gradient
centrifugation. T-cell-depleted bovine PBMCs were prepared by cell sorting of
cells negative for CD2, CD4, and CD8 using an EPICS ALTRA cell sorter
(Beckman-Coulter, Fullerton, CA). Purified PBMCs of human, bovine (1 X 10°
celispwell), and bovine T-cell-depleted populations in 96-well plates were stimu-
lated with tSPEGG2 to rSPEGGS or SPE-G. Primary proliferative response was
measured by [*H]thymidine uptake assay. Analysis of the VB repertories of
bovine T cells stimulated by SPEGG was performied as described previously (23).
Briefly, bovine PBMCs were incubated with recombinant proteins (1 pg/mi) at
105 cellsfwell for 3 days, and mRNAs were prepared using ISOGEN' (Nippon
Gerie, Tokyo, Japan) from the induced T-cell blasts. ¢DNAs synthesized from
the mRNA samples by avian myeloblastosis virus reverse transcriptase XL with
random DNA hexamers (Takara, Shiga, Japan) were used as templates for PCR
amplification of each VP fragment using Taq DNA polymerase (Sigma-Aldrich)
with 26 5' Vp-specific primers and a 3':CB-specific antisense primer.

Reactivity of bovine serum to the rSPEGG profeins. To detect antibodies
reactive to SPEGG in bovine serum, a conventional enyzyme-linked immunosor-
bent assay (ELISA) was performed. Briefly, each well in Maxisorp ELISA plates
(Nuric, Rochester, NY) was filled with 50 pl of tSPEGG solution (1 pg/ml in 50
mM Na-CO; [pH 9.0]) and incubated for 1 h at room. temperature. After
blocking the wells with SuperBlock (Pierce, Rockford, IL), the wells were incu-
bated with 1:1,000-diluted bovine serum samples for 1 h at room temperature.
After washing the wells, antibodies reactive with the rSPEGGs were detected
with horseradish peroxidase-labeled anti-goat immunoglobulin G, which cross-
reacts with bovine immunoglobulin G (Biosource Camarillo, CA):

Homology medeling. Models of SPEGG based on SPEGG2 and SPEGG3
sequences were made based on the SPE-C structure (PDB entry 1ANS) using the
program MODELLER (32):

Nuicleotide seqiience accession number. The DNA sequences for spegg2 to
spegg8 have been deposited in the DDBJ under the accession numbers listed in
Table 1.

RESULTS

Distribution of spegg in S. dysgalactine. We screened 41 in-
dependent isolates of S. dysgalactiae subsp. dysgalactiae (GCS)
or 8. dysgalactiae subsp. equisimilis (GCS or GGS) from the
humans or animals by PCR with spegg-specific primers (G1 and
G2; Table 2). Sixteen of the 41 (39%) S. dysgalactiae isolates
tested positive for spegg. Nineteen M/emm types were detected
among the S. dysgalactiae isolates, although the emm gene was

SUPERANTIGEN G FROM S. DYSGALACTIAE 1723

not amplified in 22 isolates with the primer pair used. The emm
types of the S. dysgalactiae isolates carrying spegg genes were
5tg485, stL839, sigll, stc36, sig485, stL2764, stg4831, stg2028,
and s1g6, respectively. Several reports suggested that types of
SPE in GAS strains correlate with their emm types (28). How-
ever, in the present study, the emm type did not correlate with
the prevalence of spegg in S. dysgalactiae, in accordance with
reports of S. dysgalactiae isolates from human subjects (11).
PFGE analysis was performed with the isolates after Smal
digestion, and the PFGE profiles were found to vary among the
isolates regardless of the presence of spegg (Fig. 1). PFGE
profiles also varied among isolates carrying the same spegg
variant, except for strains 170 and 1586, both of which carry
spegg5. Although the prevalence of spegg was higher in the
isolates from humans than in those from animals, spegg was not
detected in some of the human isolates, such as 154, 152, and
162.

Sequence variation of spegg. Although the presence of spegg
in S. dysgalactiae has been reported (7, 11, 31), characterization
of the SPEGG protein encoded by the spegg gene has not been
performed. To investigate the possibility that spegg exhibits
allelic variations, such as SPE-A and SMEZ, we sequenced 12
of the 16 spegg genes detected in this study (Table 1) and
identified 7 different alleles based on the sequences within the
open reading frames. None of the genes in the isolates exam-
ined in this study were identical to speggl reported previously
(accession no. AJ294849). SPEGGs showed about 84% simi-
larity to SPE-G. Forty-one mutations were detected at the
DNA sequence level. Most of the changes were A/G (31.7%),
T/C (19.5%), CIA (9.7%), and T/C (9.7%) transitions, while
G/C translation occurred only at position 169. Eighteen of the
variable positions resulted in amino acid changes, while the
others were synonymous mutations. Interestingly, the positions
of the SPEGG mutations in S. dysgalactiae isolates from hu-
mans were clearly different from those in isolates from animals,
except for mutations at amino acid positions 4, 5, and 8 (IK.K)
and 98 and 99 (KL or KH), which were found in both the
human and animal isolates (Fig. 2). Because the mutations at
amino acid positions 4, 5, and 8 are located in the putative
signal peptide sequence, they do not seem to affect function
when they are expressed.

As expected from the sequence similarity, phylogenetic anal-
ysis of the SAGs indicated that SPEGGs were related to
SPE-G (Fig. 3). There are three major clades in the phyloge-
netic tree: clades I and II are comprised of GAS, GCS, GGS,
and staphylococcal SAGs, while clade III contains only strep-
tococcal SAGs; including SPEGGs. In clade III; SPEGG vari-
ants are clearly divided into two subgroups: those in the animal
isolates (SPEGG6 to SPEGGS8 [SPEGG animal forms]) and
those in the human isolates (SPEGG2 to SPEGGS5 [SPEGG
human forms]):

Comparison of SAG activities of rSPEGGs and SPE-G on
human and bovine PBMCs. To determine whether SPEGG
has SAG properties, we first analyzed the mitogenic activities
of the culture supernatants from the S. dysgalactiae isolates.
However, we did not detect any mitogenic activities in any of
the isolates tested (data not shown), which may be due to the
lack of expression of spegg under the bacterial culture condi-
tions used. Therefore, all variants of SPEGGs were expressed
in E. coli as recombinant proteins to analyze further their
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FIG. 1. PFGE pattern of 8. dysgalactiae isolates carrying spegg genes and a dendrogram constructed by computer-assisted comparison of PFGE
patterns generated from all isolates used in this study: In the dendrogram, the isolates carrying spegg are shown in boldface. Isolates from humians
are indicated with a dollat sign ($). The scale bar indicates percent similarity among the isolates.

function as SAGs and to determine whether their functionwas  SPEGG2 to SPEGGS, required concentrations of 0.1 ng/ml
affected by the mutations. tSPEGGs were used to stimulate (Fig. 4). Among the human forms, only SPEGG2 showed
human or bovine PBMCs, and [H]thymidine uptake by the higher activity than SPEGG3, SPEGG4, and SPEGGS against
cells was measured to analyze their proliferation. Proliferation  bovine PBMCs. In contrast, concentrations of 100 ng/ml or
of bovine PBMCs was induced by the animal forms SPEGG6,  more of the proteins were required to induce proliferation of
SPEGG7, and SPEGGS at a dose of 0.01 ng/ml, while induc-  human PBMCs. T-cell-depleted bovine PBMCs did not re-
tion of bovine PBMC proliferation by the human forms, spond to any of the SPEGGs. These findings indicated that

- SULE ML R FElEEE :

FIG. 2. Multiple alignment of SPE-C, SPE-G, and SPEGG amino acid sequences. The amino acid sequences were aligned using Clustal W (35).
The bars above the sequences indicate the secondaty structure based on the crystal structure of SPE-C (PDB identification no. TANS). Highly
conserved regions and the zinc-binding motif are boxed with dotted lines. SPEGG variants derived from isolates from animals' (SPEGG6 to
SPEGGS) are separated with a dotted line from those from humans, and the residues commonly mutated in SPEGG6 to SPEGGS are indicated
in boxes (also see Fig. 6). Corresponding residues of intersst (see text for details) in the alignment are marked with A.
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FIG. 3. Phylogenetic tree of streptococcal ~and staphylococcal
SAGs, including SPEGGs. This phylogenetic tree was constructed
using Clustal W, and the GenBank accession numbers of the SAGs
sequences. are - as follows: SEH, CAI77677; SePE-H, AAF72809;
SPE-H, AAK33907; SPE-A, AAL97141; SEG, AAX11325; SSA,
AAAG65928; SEB; AAL04126; SEC3, AAA26624; SEC2, P34071; SED,
P20723; SEJ, AAC78590; SEP, BAB43036; SEA, AAP37183; SEE,
P12993; SePE-I, AAF72808; SPE-], AAL31571; SEL, BABS8170;
SEK, AAL04147; SEQ, AAL04146; SEM, AAG36925; TSST-1,
BAB58173; - SPE-C, AAA27017; SPE-J, ~AAZS50974;  SPE-G,
AAZ50801; SMEZ-2,. AAD52087; SMEZ,  CAD91900; SPE-L,
BAC63752; SPE-Lse, CAH65000; SPE-Mse, CAH68555; SPE-M,
AAL97849; and SDM, AB074529.

SRy

W ’ékﬁ\:ii&%u‘{«‘

i
i

SUPERANTIGEN G FROM S. DYSGALACTIAE 1725

SPEGG animal forms can stimulate bovine PBMCs more ef-
fectively than the human forms and that stimulation of bovine
PBMCs occurs in a T-cell-dependent manner.

Identification of TCR VP repertories of bovine T cells reac-
tive to rSPEGGs. As SPEGG showed T-cell-dependent PBMC
stimulation, we next performed reverse transcription-PCR
analyses to characterize the VB repertories of bovine T cells
reactive to SPEGG (Table 3). The VB profiles of bovine
PBMCs stimulated with rSPEGGs were compared with those
stimulated with concanavalin A (ConA) and SPE-G (cow 1 in
experiment 1), staphylococcal enterotoxin B (SEB) (cow 2 in
experiment 2), or SPE-G (cow 3 in experiment 3). Blasts in-
duced by stimulation with SPEGG2, SPEGGS6, SPEGG7,
SPEGGS, and SPE-G were significantly richer (two- to seven-
fold) in VB1,10 and VB4 than those stimulated with ConA or
SEB (experiment 1). Blasts induced by rfSPEGG2, -3, and -6
were slightly richer (about twofold) in VB50 in cow 1 but not
in cows 2 and 3. Blasts induced by rISPEGG3 and 5 were similar
in VB50 to those induced by SPE-G in cow 1 but not in cows
2 and 3. These experimental variations might come from indi-
vidual differences in the responses of T cells in cattle. There
were more blasts with V1,10 than with other Vs, especially
in experiments 2 and 3, suggesting that the T cells most reac-
tive to SPEGGs were those with VB1,10. These results indi-
cated that T-cell blasts induced by SPEGGs showed a bias in
the VP repertoire, suggesting that SPEGGs act as SAGs on
bovine T cells.

Recognition of rSPEGGs by bovine immune system. There
have been no reports of the expression of spegg in S. dysgalac-

3 asen whenr 1 B vewe ga 0 e 1o
recombinart proteing [ng'mi)
g st
2
% :
PELLPIELLS
recombinant proteins (1pgiml

FIG. 4. Stimulation of human and bovine PBMCs with 1SPEGGs. PBMCs were isolated from bovine (A) and human (B) blood samples and
incubated with various concentrations of ISPEGGs. After 2 days, 0.1 pCiof [PH]thymidine was added, and cells were incubated for a further 18 h
before being harvested and counted for the thymidine uptake with a beta counter. These experiments are representative of four independent
experiments. In panel C, bovine PBMC:s (solid bars) and T-celi-depleted bovine PBMCs (open bars) were stimulated with 1 jLg/ml of SPEGGs and
SPE-G for 2 days and the mitogenic response was measured as described in Materials and Methods. Serial dilution was performed without SPEGG

and used as a negative control (marked as “cell”). cont, control.
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TABLE 3. TCR VB repertories of bovine T cells stimulated with tfSPEGG and SPE-G

% of VB type induced when stimulated by*:

Bovine
VB type ConA SEB 1SPEGG2° ISPEGG3%¢ ISPEGG4° ISPEGG5° SPEGG6 rSPEGG7 rSPEGGS SPE-G
Expt 1
1,10 16 17 9 0 18 41 0 31 26
4 15 13 8 0 15 40 0 32 24
13 2 0 0 0 4 0 0 0 0
13C 0 0 0 0 0 0 0 0 0
18 13 13 0 0 5 3 0 0 2
22 0 0 0 0 0 0 0 0 0
27 13 19 26 0 29 3 0 16 24
35,91 3 0 0 0 0 0 0 0 0
45 0 0 0 0 0 0 0 0 0
50 6 15 17 0 6 4 0 1 0
82C 3 6 3 0 2 2 0 2 0
90 18 17 36 0 21 5 0 17 24
93 12 0 0 0 0 3 0 0 0
Expt 2
1,10 11 52 0 0 0 49 79 54
4 9 48 0 0 0 39 21 41
13 0 0 0 0 0 0 0 0
13C 0 0 0 0 0 0 0 0
18 10 0 0 0 0 S 0 0
22 8 0 0 0 0 0 0 0
27 9 0 0 0 0 0 0 0
35,91 0 0 0 0 0 0 0 0
45 13 0 0 0 0 0 0 0
50 0 0 0 0 0 0 0 0
82C 0 0 0 0 0 0 0 5
90 40 0 0 0 0 4 0 0
93 0 0 0 0 0 0 0 0
Expt 3
1,10 0 52 0 0 100 85 100 39
4 0 16 0 0 0 12 0 27
13 0 0 0 0 0 0 0 0
13C 0 0 0 0 0 [4] 0 0
18 0 21 0 0 0 0 0 8
22 0 0 0 0 0 0 0 0
27 0 0 0 0 0 0 0 14
35,91 0 0 0 0 0 0 0 0
45 0 0 0 0 0 0 0 0
50 0 0 0 0 0 0 0 9
82C 0 6 0 0 0 1 0 0
90 0 5 0 0 0 2 0 2
93 0 0 0 0 0 0 0 1

“ Bovine PBMCs were incubated with tSPEGGs (1 pg/ml) for 3 days. The numbers represent the percentage of each Vf type, and significant responses in the

1SPEGG variants are indicated in boldface.

© Because of experimental variation, bovine blasts were riot induced effectively by tSPEGG2 in experiment 3 and rSPEGGS3 in' experiment 2.
¢ Induction of blasts was not as effective as for the other rISPEGG variants because of low mitogenic activity of the ISPEGG variants at 1 pg/ml against bovine PEMCs,

although the entire experimental procedure was performed for those variants.

tige isolates, and we could not detect any mitogenic activity in
the culture supernatants of isolates carrying spegg. However,
spegg may be expressed specifically in vivo. To address this
possibility, we quantified antibodies reactive to SPEGG pro-
teins in bovine sera (Fig. 5). Sera from 10 cows were incubated
with tSPEGGs to detect: the presence of antibodies against
these proteins in ELISA. One of the serum' samples reacted
strongly to all SPEGGs, and the other three samples reacted
with SPEGG3, indicating that a certain proportion of the cattle
had been exposed to SPEGG.:

Structural comparison of SPEGG based on homology mod-
eling, As the SPEGG variants showed marked differences with
regard- to mitogenic activity, we used a molecular modeling

approach to analyze the influences of each mutation found in
the SPEGG variants in comparison with the known tertiary
structure of SPE-C (Fig. 6). The sequence identity was about
38%. The SPEGG model showed a very good match (0.28-A
root-mean-square deviation) with the SPE-C structure, al-
though three residues of SPEGG did not have equivalent res-
idues in SPE-C; these residues are different in the sequence
alignment (Fig. 2) and in the model. These discrepancies are
probably due to the difference in the methodologies of the
alignment analysis and the modeling approach.

Residues needed for intramolecular hydrogen bonds com-
bining N and C domains in SPE-C are conserved in SPEGG,
and their positions are structurally very similar to those

—604—

£002 ‘4 YoIeN UO HIINTO OAHI IVSNMOM NSLIHNMOY 1e Bio'wse re| woyy papeojumoq



Vor. 75, 2007
&5
L& E o ]
. " ;
§ P e i
. < wpE
§ = .
'
T I e
AAEILE LIS

FIG. 5. Reactivity of bovine serum to rSPEGGs. Serum samples
obtained from 10 cows were diluted 1:1,000, and their reactivity to
SPEGG was analyzed using ELISA. Fetal calf serum (FCS) was used
as a negative control, and the threshold line is presented according to
the absorbance (Abs.) obtained from FCS.

in SPE-C (2). Salt bridge formation between Aspl33 and
Arg137 (SPE-C numbering) is also possible in SPEGG. Lys124
in SPE-C is superimposed on His of SPEGG, and this could be
a difference between SPEGG and SPE-G because SPE-G has
Lys, similar to SPE-C. SPE-C Lys124 forms a salt bridge with
SPE-C Glu131. His is also a positively charged residue that can
form salt bridges, but the distance between His and Glu can be
longer in SPEGG than in SPE-C.

The zinc-binding residues of SPE-C. (His167, His201, and
Asp203 in SPE-C), which are necessary to provide a binding
site for MHC class II in a zinc-dependent manner, are also
conserved in SPEGG and SPE-G. MHC class II binding of
SPE-G shows clear zinc dependency, and it seems that SPEGG
could act in the same way. There is some variation between
SPE-C and SPEGG sequences in the residues involved in
MHC class 1T B-chain binding. SPE-C Asn105 (this Asn is
conserved in other B-chain binding), which forms a hydrogen
bond with MHC class II -chain, is aligned and superimposed
with Ile in SPEGG and SPE-G. Other residues involved in
MHC class II binding are conserved, but neither SPEGG nor
SPE-G has a residue similar to GIn113 of SPE-C, which is
important for peptide binding.

On the other hand, there are clear differences between
SPEGG and SPE-C in the residues involved in TCR binding,
as judged from the SPE-C complex structures. The SPEGG
residue equivalent to SPE-C Tyr15 (important for TCR bind-
ing) is replaced with Phe (also in SPE-G). Furthermore, in
most cases, other SAGs have Asn in the same position and this
residue is important for TCR binding. SPE-G and SPEGG
must have some alternative way to bind TCR. Argl8l of
SPE-C is another important residue for TCR binding, and both
SPEGG and SPE-G have an equivalent Arg residue. Other
residues of minor importance in TCR binding of SPE-C are
dissimilar in SPEGG and SPE-G.

Taken together, the results of SPEGG modeling suggested
strongly that there are some variations in MHC class 1I and
TCR binding in comparison with SPE-C, but the sequence of
SPEGG seems to fit the overall three-dimensional structure of
SAG. The sequence variations among the SPEGGs probably
have no direct effect on TCR or MHC class II binding because
the variations are in regions peripheral to the putative binding

SUPERANTIGEN G FROM S. DYSGALACTIAE 1727

FIG. 6. Molecular ‘modeling of the SPEGG protein: SPEGG2
and. -3 were modeled onto the crystal structures of SPE-C with
MODELLER (32). Residues that differed between animal and hu-
man forms of SPEGG are shown in black.

sites for the MHC and TCR. Thus, the mechanism underlying
the differences in mitogenic activities of SPEGG on bovine and
human PBMCs and the differences in stimulation of bovine
PBMCs between human and animal forms of SPEGG seem to
be due to the differences in binding ability of human and
bovine forms of SPEGG, which are affected indirectly by vari-
ations in the SPEGGs themselves.

DISCUSSION

In this study, we demonstrated that SPEGGs have mitogenic
activity toward bovine PBMCs and also, to a lesser extent,
toward human PBMCs. The mitogenic activity was deperident
on the presence of the T-cell population in PBMCs, and
SPEGG selectively activated bovine VB1,10- and VB4-positive
T cells, strongly suggesting that SPEGGs act as SAGs.

Brandt et al. showed that S. dysgalactiae subsp. equisimilis
clinical isolates from human invasive infections and from su-
perficial infections lacked expression of spegg and had no mi-
togenic activity in their culture supernatants (7). As shown in
this study, rSPEGG does not stimulate human PBMCs effec-
tively. However, it stimulates bovine PBMC:s effectively and a
percentage of bovine sera contained antibodies reactive to
SPEGG. These observations suggest that' SPEGG has some
pathogenic and/or physiological roles in cattle but not in hu-
mans. In addition, SPEGGs in animals seem to have been
adapted to their environment, because all of the animal forms
of SPEGG stimulated bovine PBMCs more effectively than the
human forms. Igwe et al. reported that 10 of 20 S. dysgalactiae
subsp. equisimilis isolates from the human invasive cases were
positive for at least one SAG gene (13). Hashikawa et al,
reported that 7 of 12 S. dysgalactiae subsp. equisimilis isolates
from the human invasive cases were positive for spegg but none
was positive for sped, speC, speH, spel, spel, or speL 11).
Brandt et al. reported that 6 of 46 S. dysgalactiae subsp. equi-
similis isolates were positive for spegg but none was positive for
sped, speC, speH, spel, spel, speK, speL, speM, smeZ, ot ssa .
Due to the low prevalence and based on our analysis showing
low mitogenic activity toward human PBMCs of rSPEGGs
from bacteria isolated from the human STSS cases, SAGs of S.
dysgalactiae seem to play very limited roles in the severity of
invasive S. dysgalactiae subsp. equisimilis infection in humans.
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Many SAGs have been shown to be located in the mobile
genetic elements, such as defective prophages, active prophages,
or bacteriophages, in the GAS genome (1, 14). These SAGs
show sequence similarity to those of non-group A streptococei,
suggesting that horizontal gene transfer has occurred between
GAS and non-GAS. Such horizontal gene transfer may not be
the case between SPEGG and SPE-G, which is a homologue of
SPEGG in GAS. SPE-G is not located in any apparent mobile
genetic elements in all of the GAS strains for which the ge-
nome sequences are available, whereas all of them have speG
(5, 6,9, 10, 24, 33, 34). Although Sachse et al. speculated that
the region including spegg (speG) in GAS came from S. dysga-
lactiae, based on a comparison of the genomes of MGAS8232
and GAS SF370 (31), whole-genome data of the other GAS
strains, such as MGAS10394 (accession no. NC_006086.1),
which became available after their report, suggested that their
speculation may not be true. Thus, the common ancestor of
GAS and non-GAS may already have a common ancestor in
SPEGGs and SPE-G instead of gene transfer among GAS and
S. dysgalactiae. If this is true, SPEGG and SPE-G may be direct
descendants of one of the ancestral SAGs of streptococci.
Further genome-wide analyses of streptococci should provide
the answers to these questions.
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Abstract

We previously reported that a mouse model reflected, at least in part, the
pathogenic mechanism of bacteremia observed during streptococcal toxic shock
syndrome caused by group A Streptococcus (GAS). We have extended this study by
assaying the in vitro adhesion of these same isolates to mammalian cells.
Unexpectedly, we found that high-virulence GAS isolates in the mouse model
showed low adhesion to the host cells. Similarly, the rate of recovery from the
peritoneal cavity and cardiac blood of mice after intraperitonial injection was
higher for high- than for low-virulence strains. Levels of expression of molecules
that affect the adhesion of GAS to host cells were not significantly correlated with
GAS virulence. Taken together, these results indicate that the invasiveness of GAS,
reflected as higher virulence, is correlated directly with lower adhesion to host cells.

Editor: Jan-Ingmar Flock

Keywords
Streptococcus, STSS; GAS; adhesin; in vivo
model.

Introduction

The group A streptococci (GAS) cause various infectious
disease, including invasive streptococcal toxic shock syn-
drome (STSS), which can be lethal (Smith et al., 2005).
Epidemiological studies have shown that GAS strains carry-
ing emm1 and emm3 are more frequently isolated from STSS
than strains  carrying emm4, and emm]l2. Because GAS
usually do not show significant virulence in mice, there has
been no good mouse model reflecting the pathogenic
mechanism of STSS. To analyze the pathogenic mechanism
of GAS, we compared the virulence in mice of GAS clinical
isolates carrying emml, emm3, emm4 and emmI2 by inject-
ing these isolates into mouse peritoneal cavities. We found
that GAS isolates carrying emml and emm3 showed higher
virulence than those carrying emm4 and emm12, indicating
that this. mouse model " reflected; at least in part, the
pathogenic mechanism of bacteremia observed during STSS
(Shiseki et al., 1999; Miyoshi-Akiyama et al., 2003).
Adhesion of bacteria to the host cell is considered one of
the most important processes in bacterial infection (Kerr,

FEMS Microbiol Lett 293 (2009).107-114

1999; Raupach et al., 1999). Many GAS products are known
as adherence factors (Molinari et al, 1997; Schrager &
Wessels; 1997; Fluckiger et al., 1998; Jadoun et al,, 1998;
Terao et al.,; 2001, 2002a; Mora et al.,, 2005). Testing of the
relationship between GAS adherence and virulence in ani-
mal models (Courtney ef al., 1994; Wessels & Bronze, 1994;
Terao et al., 2001, 2002b) has shown that; like other bacteria,
GAS requires an adhesion step to colonize the host. In
contrast to other types of GAS infection, GAS spreads
rapidly throughout the body in individuals with STSS,
making it likely that GAS causing STSS has particular
features that allow it to interact with and adhere to the
host cell.

While  assessing our mouse model of STSS, we: con-
structed a panel of GAS isolates with known virulence
against mice following intraperitonial infection. In this
study, we examined the adherence of these GAS isolates to
mammalian cells. Unexpectedly, we found that isolates with
higher virulence in mice showed lower adherence to mam-
malian ¢ells. Our findings suggest that the adhesion of GAS
to mammalian cells reduces virulence in our mouse model.

© 2009 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. Al rights reserved
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Materials and methods

Bacterial isolates and media

Profiles of GAS clinical isolates used in this study are
summarized in Table 1. To prevent phenotypic changes
of the isolates during passage, all isolates were stored
at —80°C until use. The GAS isolates were cultured in
Brain—Heart Infusion broth (Difco) overnight in the pre-
sence of 5% CO, at 37 °C. The lethal dose 50% (LDs,) values
indicated in Table 1 were based on our previous study
(Shiseki et al., 1999). In that study, GAS suspended at
0.5 mL of phosphate buffered saline (PBS) and fivefold serial
dilutions was injected intraperitonially into female 6-week-
old ddY mice (SLC Japan; 10mice per group). The mice
were observed for 3 days and the LD, was calculated.

emm typing and pulsed-field gel
electrophoresis (PFGE)

emm typing of the GAS isolates was performed as described
(http://www.cdc.gov/ncidod/biotech/strep/strepindex.htm)
with minor modifications. GAS isolates were compared by
PFGE using a GenePath system (Bio-Rad) with Smal diges-
tion, as described (Miyoshi-Akiyama et al., 2003).

GAS adhesion to mammalian cells

The mammalian cell lines used in this study included the
mouse fibroblast cell line, L cells, as well as HeLa and HEp-2
cells. These cells were precultured overnight in 2mL of

Table 1. Profiles of the GAS isolates in this study

T. Miyoshi-Akiyama et al.

Roswell Park Memorial Institute medium (RPMI) 1640
containing 10% fetal calf serum (FCS) at 1 x 10°cell per
well in 24-well culture plates. One hour before using the
cells, the medium was replaced with 1 mL of fresh RPMI
1640 containing 10% FCS. The concentrations of overnight
cultures of GAS isolates were adjusted to an ODgggpm Of
0.02, and a 20-pL aliquot of each GAS suspension, contain-
ing . 2 x 10* CFU of bacteria, was added to the mammalian
cell cultures (MOI=0.2). After 4h of incubation in a
humidified 5% CO, incubator at 37°C, each well was
washed five times with 1 mL of PBS, and 500 uL of DDW
was added to disrupt the cells. After vortexing for 30s, the
suspensions were plated on duplicate sheep blood agar
plates to determine the number of CFU. To analyze bacterial
growth, the bacteria were recovered by centrifugation and
the number was counted by plating as described above. To
microscopically assay the adherence of GAS to L cells, the
cells were cultured in chamber slides (Lab-Tek) with the
GAS isolates, washed using the same conditions as described
above, and the cells were subjected to conventional Giemsa
staining.

Recovery of GAS from the abdominal cavity and
bloodstream after intraperitonial injection

The ODggp nm values of GAS isolates were adjusted to 2 and
20 with PBS for recovery from the peritoneal cavity and
bloodstream, respectively, and 0.5mL of each suspension
was injected intraperitonial into ddY mice (four animals
per GAS isolate). Under these conditions, c. 1 x 10% and

Disease Isolate name Sites of isolation in mice Fate of the patients emm type LDsg (CFU per mouse)*

STSS ST1 Blood, pharynx Recovered emm3 8.33x10°
ST2 Blood, necrotic tissues Died emms89 2.51x10°
ST3 Blood, necrotic tissues Died emm3 1.12 % 108
ST4 Blood, necrotic tissues Died emm3 2.51x 10°
STS Pharynx Recovered emm3 9.97x 10°
ST6 Blood Died emm3 1.68 x 10°
ST7 Blood Died emm3 6.31x 107
sT8 Blood Recovered emm4 7.94 %107
519 Blood; necrotic tissues Died emm22.2 2.51% 10°
ST10 Blood, necrotic tissues Died emm4 5.53 %107

Scarlet fever SF1 Pharynx Recovered emm1 9.13x 108
SF2 Pharynx Recovered emm13w 2.51 x 10®
SF3 Pharynx Recovered emm11 2.82 % 10®
SF4 Pharynx Recovered emm4 3.55 % 10®
SF5 Pharynx Recovered emm4 3.98% 108
SF6 Pharynx Recovered emm12 447 x 108
SF7 Pharynx Recovered emm4 501 x 108
SF8 Pharynx Recovered emmi2 1.80 x 107
SF9 Pharynx Recovered emmi12 1.25x 107
SF10 Pharynx Recovered emm4 3.36x 107

*Based on Shiseki et al. (1999).

© 2009 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved
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Lower adhesion of high virulence GAS to mammalian cells

1 x 10° CFU per mouse were injected for recovery from the
peritoneal cavity and bloodstream, respectively. The actual
number of bacterial cells inoculated was confirmed by
plating, as described above, and there was no significant
difference among the isolates (data not shown). To recover
bacterial cells from the peritoneal cavity, the latter was
rinsed with 3mL PBS 30min after injection, and the
collected PBS was used as the sample. To recover bacteria
from the bloodstream, blood samples were obtained by
cardiac puncture 3h after injection. These samples were
plated on sheep blood agar plates as described above.

immunoblotting against M proteins

The constant region of the M6 protein gene was amplified
by standard PCR using primers containing a BamHI site
(5'-GGGAGGGGATCCGCATCACGTGAAGCTTAAGAAA-
3') and a Sall site (5'-AGTGGCGTCGACTTAGTTTTCT
TCTTTGGGTTT-3’), and cloned into the corresponding
sites of the his-tag expression vector, pQE30 (Qiagen). The
resulting plasmid was introduced into Escherichia coli XL1-
blue (Stratagene) and recombinant protein of the constant
region of M6 was expressed using isopropyl--p-thiogalac-
topyranoside, and purified by affinity to Ni-chelate resin, as
described by the manufacturers. The protein was further
purified by cation-exchange column chromatography, and
injected into rabbits using standard procedures. These
antisera were used for. immunoblotting. GAS isolates were
cultured as above. After adjusting the bacterial cell number
by measuring the OD, the cells were lysed in sodium dodecyl
sulfate-polyacrylamide gel ~electrophoresis (SDS-PAGE)
sample buffer and subjected to standard SDS-PAGE fol-
lowed by electroblotting on polyvinylidene difluoride
(PVDF) membranes (NEN Life Science Products). Proteins
were visualized using ECL (GE healthcare).

Hyaluronic acid quantification

Quantification of the amount of hyaluronic acid in each
GAS isolate, using Stains-All (Sigma-Aldrich), was per-
formed as described (Miyoshi-Akiyama et al., 2003).

Far-Western blotting using fibronectin as a
probe

To compare the profile of fibronectin-interacting proteins
produced by each GAS isolate, far-Western blotting was
performed using fibronectin as a probe. PVDF filters blotted
with GAS lysates were prepared as described above. The
filters were incubated with 10 ugmL ™" of fibronectin (Up-
state Biotechnology), and the binding of fibronectin to the
GAS proteins was detected using rabbit antifibronectin
polyclonal antibody (Biomedicals Inc.) with the chemilumi-
nescence systems described above.
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Statistical analysis

Data were analyzed for significance by the Kendall’s rank
correlation test for nonparametric data. These analyses were
performed using sTaT-MACROS for Ms-ExCEL (http://www.tuat.
ac.jp/~ethology/Columbo/Stat/index.html), and P < 0.05
was used to indicate statistical significance.

Results

PFGE pattern and emm type of the GAS isolates

When we analyzed the GAS isolates used in this study by
PFGE after Smal digestion, we found that their PFGE
patterns agreed with those reported previously (Stanley
et al.; 1995; Murase et al., 1999) (Fig: 1). ST1 to ST7 showed
the same PFGE pattern without any . polymorphism,
although the emm type of ST2, emm89, differs from the
type, emm3, in ST1 and ST3 to ST7. Thus, ST1 to ST7 have
similar genetic backgrounds. The other isolates with emm4
(ST8; ST10, SF4, SF5, SF7, and SF10) or emm12 (SF6, SF8,
and' SF9). showed PFGE patterns that differed from each
other.

Isolate - emm

SF11
SF2 11
SF3 13w
SF4 4
SF5 4
SF6 12
SF74
SF8 12
SF9.12
SF10 4

ST13
ST289
ST33
ST43
ST53
ST63
S173
ST8 4
ST922.2
ST104

Marker
Marker

Fig. 1. PFGE patterns of the GAS isolates used:in this study..The GAS
isolates were digested with:Smal and analyzed by PFGE. The names of
the isolates and their emm types are shown.
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Adherence of GAS isolates to mammalian cells

To compare the ability of these GAS isolates to adhere to
mammalian cells, we utilized L cells, a mouse fibroblast cell
line. The adhesion of these GAS isolates to L cells showed a
significant inverse association with their virulence in mice
(P=0.0025) (Fig. 2a). During the period of coculture with L
cells (4h), all isolates except ST10 showed essentially the
same growth behavior (data not shown). When L cells were
treated with the least virulent isolate, SF10, but not the most
virulent isolate, ST1, GAS bacterial cells were observed on
the surface of L cells. However, there was no difference in
appearance between L cells incubated with SF10 and ST1,
indicating that the difference in adhesion ability between
these two isolates was not due to physical modification of L
cells, such as disappearance from the assay system (Fig. 2b).
The lower adherence of ST1 compared with SF10 was also
observed when these isolates were incubated with the hu-
man-derived cell lines HEp-2 and Hela (Fig. 2c), although
the -difference in’ adhesion between ST1 and SF10 was
relatively small. These results indicated that high-virulence
GAS isolates have lower ability to adhere to mammalian cells
than low-virulence isolates.

To confirm that high-virulence GAS isolates have lower
ability to adhere to mammalian cells in vivo, these isolates
were injected into ‘mice (intraperitonially) and recovered
from the peritoneal cavity 30 min later. When we plotted the
number of bacteria recovered for each isolate against its
corresponding virulence, we found that GAS virulence in
mice was correlated positively with GAS recovery from the
peritoneal -cavity (P < 0.00001; Fig. 3). As recovery was
performed 30 min after injection, it is highly unlikely that

—_
2
N

(b)

Adheslon to L cells (CFU mL™")

P=0.0025

02 7h i i
1000104 10% 106 107 10® 10°
GAS virulence (LDg,; CFU per mouse)

T. Miyoshi-Akiyama et al.

the observed differences in number of bacteria recovered
were due to bacterial growth. We previously reported that
phagocytic cells (neutrophils) were induced by intraperito-
nial administration of GAS in mice (Miyoshi-Akiyama et al.,
2005). This induction required at least 3h and maximized
12h after GAS inoculation. Thus, the contribution of
phagocytic killing of bacterial cells to the number of GAS
recovered from peritoneal cavity was also minimal. These

—
(=)
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GAS virulence (LDgo; CFU per mouse)

Fig. 3. Correlation of virulence with GAS recovery from the peritoneal
cavity after intraperitonial injection into mice. GAS were recovered from

the peritoneal cavities of mice 30 min after intraperitonial injection of the

GAS isolates suspended in PBS; as described in Materials and methods.

The number of GAS recovered (CFUmL™") was plotted against virulence

in mice (LDso; CFU per mouse). The correlation was analyzed by Kendall's
rank correlation analysis (P=1.13x 107%).
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ks
(=]
>

STt SF10 STt SF10: ST1:' SF10

Fig. 2. Adhesion of the GAS isolates to mammalian cells. (a) Correlation of the lower adhesion of the isolates with virulence in the mouse model.
Adhesion of the GAS isolates to L cells was analyzed as described in Materials and methods, and the numbers of adhering GAS cells (CFUmL™"Y were
plotted against the mouse virulence (LDso; CFU per mouse). During the 4-h analysis period, all isolates except ST10 showed essentially the same growth
behavior (data not shown). Correlations were analyzed by Kendall’s rank correlation analysis (P=0.0025); (b) L cells were incubated with SF10 (the least
virulent isolate) or ST1 (the most virulent isolate) as described in Materials and methods. After washing with PBS, Giemsa staining was performed.
Bacterial cells seen in L cells are marked with arrows.in the figure. (c) The indicated cell lines were incubated with SF10 or ST1 to compare differences in
GAS adhesion. The data are presented as means = SE. Statistical significance of the difference of ability to adhere cell lines between ST1-and SF10 were
analyzed by Student’s t-test (*P < 0.01).
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results indicated that GAS isolates that showed higher
recovery rates were trapped less frequently in the mouse
peritoneal cavity than GAS isolates that showed lower
recoveries.

GAS invasion into the bloodstream in mice

Next we investigated whether there was a correlation
between the invasiveness of GAS isolates into the blood-
stream and lethality in mice. The GAS isolates were injected
into mice (intraperitonially), and blood samples were
obtained by cardiac puncture 3h later. We found that the
appearance of GAS in the bloodstream after injection into
the peritoneal cavity was significantly correlated with viru-
lence (P < 0.00001, Fig. 4), suggesting that GAS isolates not
trapped on host cells due to their lower ability to attach
appear in the bloodstream more rapidly than GAS isolates
that attach more efficiently to the host cells. Our results
agree with previous findings, showing that GAS isolated
from the blood shows lower adherence than GAS isolated
from the throat or skin (Molinari & Chhatwal, 1998).

Comparison of molecular features of the GAS
isolates

As the low adhesion of GAS to L cells was correlated with
high virulence in mice, the lower adherence reflects the
ability of GAS to spread in the body. To identify possible
candidates that may affect the ability to adhere to host cells,
we examined the expression patterns of molecules reported
as ‘adhesins’ of GAS.

-
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©
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—
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Fig. 4. Correlation of virulence with GAS recovery. in heart blood after
intraperitonial injection into mice. GAS were recovered by puncture of
the heart 3 h after intraperitonial injection of the GAS isolates suspended
in PBS as described in Materials and methods. The number of GAS
recovered (CFU mL™") was plotted against virulence in mice (LDso; CFU
per molise). The correlation was analyzed by Kendall's-rank correlation
analysis (P=6.30 x 1075);
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GAS with mutations in the M protein and protein F genes
showed markedly decreased host cell adhesion (Okada et al.,
1994). To compare the expression level of M protein among
the GAS isolates, an antibody against the constant region of
M6 protein was used for Western blotting analysis (Fig. 5a).
It is not appropriate to compare the M protein expression
levels among GAS isolates carrying different types of emm,
such as emmd, emm3, and emml12. ST1 to ST7, however,
have similar genetic backgrounds, as shown on PFGE
analysis (Fig. 1), although these isolates showed marked
differences in adhesion to L cells and virulence in mice.
There were no significant differences in M protein expres-
sion level among these seven isolates, suggesting that M
protein is not responsible for the difference in the ability of
GAS isolates to adhere to host cells.

Because the hyaluronic capsule content of GAS isolates has
been reported to act as an adherence factor via binding with
CD44 (Schrager et al., 1998; Darmstadt ef al., 2000), to prevent
phagocytic killing in co-operation with M protein, we assessed
the hyaluronic acid capsule content in each GAS isolate. There
was no correlation between the hyaluronic acid content of
each GAS isolate and its virulence (Fig. 5b) (P> 0.9).
Although ST1, which has a mucoid phenotype, showed the
highest hyaluronic acid content, other isolates showed similar
hyaluronic acid levels. These observations suggest that differ-
ences in hyaluronic acid content among the isolates cannot
explain the observed differences in their virulence.

We also examined the profile of fibronectin-binding
proteins produced by the GAS isolates. GAS produces many
factors that bind fibronectin (Bisno et al., 2003), one of the
major extracellular matrix proteins. Because distribution of
the fibronectin-binding proteins in GAS depends to some
extent on their emm type (Kratovac et al., 2007) and the emm
types of the isolates used in this study differ from each other,
we performed far Western blotting, using fibronectin as a
probe, to distinguish among them (Fig. 5¢). Several proteins
were detected in each isolate, and there were similarities
among the profiles of the different isolates. By PCR, we
confirmed that M1 and M3 type GAS, corresponding to the
ST1; ST3-7, and SF1 isolates, do not carry the protein F gene
(data not shown). Probing with fibronectin, however, de-
tected proteins of around 110-130kDa in ST3 to ST6 and
70-100kDa in ST1 and ST2. Although proteins from the
GAS isolates carrying emm other than emm3 (and emm89)
showed reactivity with fibronectin, their expression level was
riot correlated with virulence or adhesion; suggesting that
fibronectin-reactive proteins of GAS are not responsible for
the differences in their ability to-adhere to host cells:

Discussion

Our results are somewhat surprising; as GAS virulence was
negatively correlated with ~the ability to ~adhere to
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Fig. 5. Analyses of traits related to mammalian cell adhesion of the GAS isolates. (a) M protein expression level in the GAS isolates. GAS lysates,
prepared as described in Materials and methods, were blotted and probed with antiserum against the constant region of the M6 protein. Because of
differences in M-types among the isolates, the molecular weights of the M proteins are not the same. (b) Hyaluronic acid contents of the GAS isolates.
Hyaluronic acid was quantified using Stains-All as described in Materials and methods, and the values were plotted against the virulence of the GAS
isolates in mice. The correlation was analyzed by Kendall's rank correlation analysis (P=0.9740). (c) Analysis of fibronectin-interacting proteins in the
GAS isolates. GAS lysates prepared as described in Materials and methods were blotted and probed with fibronectin, Binding of fibronectin to the GAS
proteins was detected with antifibronectin antibody.

mammalian cells. Assessments of the adhesion of GAS  tested (data not shown). Because higher amounts of GAS
isolates from STSS and other GAS infectious diseases, such = isolates showing lower adherence to host cells were recov-
as superficial disease, showed only slight differences between ered from the peritoneal cavities of mice after intraperitonial
them (Bennett-Wood et al., 1998). In the present study,  injection, compared with the recovery of more highly
however, we found 10-100-fold differences between isolates  adherent GAS isolates, the in vitro assay we employed
using L cells as mammalian host cells. Among the mamma- - reflected in vivo conditions, at least in this mouse model;

lian cells tested, L cells showed the highest differences in the Several previous studies have shown that the genetic
adherence ability of GAS isolates, suggesting that the dis- - disruption of GAS molecules that affect bacterial adherence
crepancies between our results and those of previous studies -~ 'to. mammalian cells attenuated the virulence in mouse
may be due to differences in the cell lines used. The inverse models (Terao et al., 2001, 2002b; Okamoto ef al., 2004).
correlation between adherence to L cells and virulence in - These findings, however, differed from our results and from
mice was maintained in additional 32 GAS clinical isolates  those of a previous study regarding protein F1 (Nyberg et al.,
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2004). This discrepancy may be due, at least in part, to the
route of GAS injection; some of the former studies em-
ployed subcutaneous and intranasal injections, while the
latter studies and ours employed the intraperitonial route.
Intraperitoneal injection makes it possible for GAS to gain
direct access to normally sterile sites within the body with-
out a previous colonization step. In many patients with
STSS, GAS enters through an injury or wound. In such
cases, GAS isolates that do not adhere tightly to the host
cells could spread more rapidly in the body than those
that become trapped at sites by adhesion to host cells.
Intraperitoneal injection of GAS may mimic this process.
Adhesion is clearly necessary for other types of GAS
infectious diseases, such as pharyngitis. In these individuals,
GAS attaches to host cells at other locations, such as the
throat, and may then colonize the site to begin the infection.
The transcriptome of GAS has been reported to change
dramatically, allowing GAS to spread after entry into the
sterile part of the body (Graham et al., 2006). Our findings,
based on these phenotypic analyses, support these previous
findings
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