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INTRODUCTION

Staphylococcus aureus (S. aureus) produces three immu-
noglobulin G (IgG) inhibitors to evade host immunity: Staph-
ylococcal protein A (SpA), Staphylococcal binder of immu-
noglobulin (Sbi) and Staphylococcal superantigen like 10 
(SSL10).1–3) SSL10 is a member of SSL family that consists 
of 14 SSLs they are characterized by similar structures with 
staphylococcal superantigens (SAgs); they are composed of 
N-terminal half of oligonucleotide/oligosaccharide-binding 
(OB)-fold domain and C-terminal half of β-grasp domain. 
SSLs have no superantigenic activity despite their structural 
similarity with SAgs; several SSLs target host immune mol-
ecules.4) SSL10 is reported to bind to CXCR4,5) phosphatidyl-
serine6) and blood coagulation factors.7) SSL10 is also report-
ed to target on human IgG (hIgG) and interfere the effector 
functions of IgG, i.e. complement activation3) and Fcγ recep-
tor-meditated phagocytosis2) via binding to the Fc portion of 
hIgG. SSL10 does not show homology with other staphylo-
coccal IgG inhibitors, the molecular mechanism of interaction 
between SSL10 and IgG remains to clear.

We previously identified the regions of SSL10 responsible 
for binding to prothrombin by examining the binding activi-
ty of chimeras between SSL10 and its paralog SSL7.8) We 
also identified the regions of SSL5 responsible for interaction 
with its target protein matrix metalloproteinase 9 (MMP-9) by 
using a series of chimeras between SSL5 and SSL7.9) In this 
study, we attempted to identify the regions of SSL10 respon-

sible for binding to hIgG by analyzing the binding activity of 
chimeras to hIgG.

MATERIALS AND METHODS

Reagents   All chemical reagents and media unless other-
wise stated were purchased from FUJIFILM Wako pure chem-
icals (Osaka, Japan), Nacalai tesque (Kyoto, Japan) and SIG-
MA (St. Louis, MO).

SSL7, SSL10 and Their Chimeras   The gene of SSL7 
and SSL10 were amplified from the genome of S. aureus 
(ATCC27733) as described previously.3) Chimeras between 
SSL10 and SSL7, named SSL7x10, SSL10x7 and SSL7x10A-
Q, were constructed by domain swapping.8) SSL7x10R, the 
mutant of SSL10 replaced β1-β3 to that of SSL7, was con-
structed by megaprimer method as described previously.8) The 
sites where swapped were shown in Fig. 1, and schematic rep-
resentations of chimeras were depicted in Fig. 2. SSL7, SSL10 
and their chimeras were produced in E. coli JM109 as N-ter-
minal hexahistidine-tagged form and purified by Ni-conju-
gated Sepharose as described previously.8) The recombinant 
SSLs were biotinylated using EZ-link NHS-LC-biotin (Ther-
mo Fisher Scientific, Waltham, MA) in according to manufac-
turer’s protocol.

Preparation of hIgG   Normal hIgG was purified from 
human serum by ammonium sulfate precipitation and affinity 
purification using Protein G-Sepharose as described previous-
ly.3) The trace amount of IgA in purified hIgG was removed 
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by incubation purified hIgG fraction with SSL7-conjugated 
Sepharose at 4°C for 16 h.

Solid Phase Binding Assay   Interaction between SSLs 
and IgG was determined using solid phase binding assay as 
described previously.8,9) Briefly, hIgG (0-1.0 μg/mL) was 
adsorbed on MaxiSorpTM microtiter plate (Nalge Nunc, Naper-
ville, IL). After blocking with heat denatured 1% BSA, the 
wells were treated with biotinylated SSLs (1 μg/mL, 50 μL  
in PBS-0.05% Tween 20) at room temperature for 1 h, 
then treated with horse radish peroxidase (HRP)-conjugat-
ed Streptavidin (Pharmingen, SanDiego, CA). The peroxi-
dase activity bound to each well was determined using 3, 3', 
5, 5'-tetramethybenzidine as substrate. The absorbance in each 
well was read at 450 nm/750 nm by using iMark Microplate 
Absorbance Reader (Bio-Rad Laboratories, Hercules, CA).

Far Western Blot Analysis   SSL7, SSL10 and their chi-
meras (1 μg/lane) were separated on SDS-polyacrylamide gel 
(12.5%) under non-reducing conditions, and transferred onto 
a polyvinylidene fluoride (PVDF) membrane (FluoroTrans 
W; Pall, Port Washington, NY). The membrane was blocked 
with BlockAce (Dainippon Pharmaceutical, Osaka, Japan) 
and incubated with biotinylated hIgG (20 μg/mL) for 1 h, 
then with NeutrAvidin-HRP (Thermo Scientific) for 30 min. 
The band was visualized with the ECL detection system (GE 
Healthcare).

Statistical Analysis   Statistical evaluation was performed 
using one-way ANOVA.

RESULTS

The secondary structure of SSLs is consist of α1 signal 
peptide that removed during secretion, α2, β1, β2, β3, α3, β4, 
β5, β6, β7, β8, α4, β9, β10, β11 and β12. OB-fold domain of 
SSLs is from α2 to β5, and β-grasp domain is from β6 to β12  
(Fig. 1).10) To identify the responsible region of SSL10 for 
binding to hIgG, a series of chimeras between SSL10 and 
SSL7 were examined their binding ability to immobilized 

hIgG. SSL10 but not SSL7 bound to immobilized IgG as pre-
viously reported (Fig. 2A).3) SSL7x10, the chimera consisted 
of OB-fold of SSL7 and β-grasp of SSL10, and its comple-
mentary chimera SSL10x7 that consisted of OB-fold of SSL10 
and β-grasp of SSL7, significantly bound to hIgG (Fig. 2A). 
SSL7x10A that held β1-β5 of SSL10 significantly bound to 
hIgG, on the other hand SSL7x10B that held α2 of SSL10 lost 
the binding to hIgG (Fig. 2B). SSL7x10E that retained β1-β3 
of SSL10 but not SSL7x10F that retained β4-β5 of SSL10 sig-
nificantly bound to hIgG (Fig. 2C). SSL7x10R, the mutant of 
SSL10 replaced β1-β3 to that of SSL7 significantly bound to 
hIgG (Fig. 2D). Above results suggests that β1-β3 of SSL10 
is responsible for binding to hIgG but it is not the only region 
of SSL10 to bind to hIgG. SSL7x10G that held α2 and β6-β7 
of SSL10 and SSL7x10K that held α2 and β8-α4-β9 of SSL10 
did not significantly bind to hIgG (Fig. 2E). On the other hand 
SSL7x10L and SSL7x10M those retained β10-β12 of SSL10 
significantly bound to hIgG (Fig. 2F). SSL7x10Q, the mutant 
of SSL10 substituted β1-β3 and β10-β12 to those of SSL7 
lost binding ability to hIgG, whereas SSL7x10P the mutant of 
SSL7 included β1-β3 and β10-β12 of SSL10 acquired bind-
ing ability to IgG (Fig. 2G). The interaction of SSL7, SSL10 
and their chimeras with human IgG was confirmed by far 
western blot analysis. Biotinylated hIgG bound to SSL10 and 
SSL7x10P immobilized on PVDF membrane but not SSL7 
and SSL7x10Q (Fig. 3A). Collectively, β1-β3 and β10-β12 
of SSL10 are the regions responsible for binding of SSL10 to 
hIgG.

DISCUSSION

In this study, we identified the two regions of SSL10 
responsible for binding to hIgG by analyzing the binding 
ability of a series of chimera between SSL10 and its paral-
og SSL7 that reported to bind to IgA and C5 but not hIgG. 
SSL7x10, the chimera that covered C-terminal half of SSL10 
and SSL10x7 that covered N-terminal half of SSL10 bound 

Fig. 1.   The Primary Sequences and Secondary Structures of SSL7 and SSL10
The homology of amino acids between SSL7 and SSL10. Identical amino acids are marked with asterisk, similar amino acids are marked with dot. Secondary structure showed 

by helix (α-helices) and arrow (β-stands) were reported by Arcus et al. The positions domain swapped were indicated dotted lines and the amino acid positions of SSL10.
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to hIgG suggest that SSL10 possesses at least two responsi-
ble region for binding to hIgG; one of them would be in N-ter-
minal half of OB-fold and the other would be in C-terminal 
half of β-grasp. The chimeras that contained either β1-β3 of 
SSL10 (SSL10x7, SSL7x10A, SSL7x10E and SSL7x10P) or 
β10-β12 of it (SSL7x10, SSL7x10R, SSL7x10L, SSL7x10M 

and SSL7x10P) kept binding ability to hIgG (Fig. 2 A-D, 2F 
and 2G). On the other hand the mutant that substituted both 
β1-β3 and β10-β12 of SSL10 to those of SSL7 (SSL7x10F, 
SSL7x10G, SSL7x10K, SSL7x10Q) lost binding ability to 
hIgG (Fig. 2B, 2C, 2E and 2G). Comparable results were 
obtained in far western blot analysis (Fig. 3A). Together with, 

Fig. 2.   Binding of SSL7, SSL10 and their chimeras to immobilized hIgG
Chimeras between SSL7 and SSL10 to immobilized hIgG was determined using solid phase binding assay as described in materials and methods. (A) The binding of SSL7x10 

and SSL10x7 to immobilized hIgG, (B) SSL7x10A and SSL7x10B, (C) 7x10E and SSL7x10F, (D) 7x10E and SSL7x10R, (E) SSL7x10G and SSL7x10K, (F) SSL7x10L and 
SSL7x10M, and (G) SSL7x10P and SSL7x10Q. The binding of SSL10 and SSL7 to hIgG were shown as positive and negative control experiments in all experiments. Schematic 
representations of domain swap mutants were shown above each graph. Gray box; Region derived from SSL10. White box; Region from SSL7. The numbers indicate the amino 
positions of SSL10 where swapped. The date shown are representative of three independent experiments, and the values are expressed as mean ± SD of quadruplicate wells. 
ND=not detected. *P< 0.05, **P<0.01 and n.s.=not significant comparing with the binding of SSL7 to immobilized hIgG.
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the regions of SSL10 responsible for binding to hIgG are 
β1-β3 (K31-K65) and β10-β12 (G172-K205), respectively.

Interestingly the regions of SSL10 for IgG-binding revealed 
in this study are identical to those for prothrombin binding we 
identified previously.8) It is consistent with that prothrombin 
bound to SSL10 with higher affinity than hIgG and the co-pre-
cipitation of IgG with SSL10-conjugate Sepharose was dimin-
ished in the presence of prothrombin.7) Several SSLs are iden-
tified their responsible regions by resolving crystal structure 
and analyzing target binding ability of mutants. Excepting 
with the report that SSL5 interacts with prokaryotically pro-
duced MMP-9 via β1-β3 and α4-β99) and SSL7 recognizes C5 
via β7 and loop between β6 and β7,11) the responsible regions 
of SSLs have been revealed are those of β1-3 and β10-12 or 
adjacent regions; SSL3 binds to TLR2 via β1-β2 and β3-β4 of 
it;12) SSL7 binds to IgA via β1-β2;13) SSLs that binds to sia-
lyllactosamine (SSL2, 3, 4, 5, 6 and 11) are recognize the oli-
gosaccharide via β10-β11.14,15) These regions would be an 
important part of SSL family for recognizing their host target 
molecules.

S. aureus produces the other two IgG binding proteins, SpA 
and Sbi. They share similar IgG binding domain,16) whereas 
SSL10 shows no homology with them. SSL10 were secreted 
as soluble exotoxin but SpA and Sbi possess regions for asso-
ciating to the surface of the cocci.16) SSL10 specifically rec-
ognizes primate IgG but not non-primate IgG.2,3) On the other 
hand SpA and Sbi bind to more broad species of IgG.17) In oth-
er words, S. aureus produces three different type of IgG inhib-
itors those show different localizations and inhibitory mecha-
nism.

The identification of two responsible regions of SSL10 for 
binding to IgG would be contribute to understanding of molec-
ular basis of the interaction between SSL10 and IgG, and also 
the development of new drug and vaccines.
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