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The staphylococcal superantigen-like proteins (SSLs) are a family of polymorphic paralogs encoded in the
Staphylococcus aureus genome whose function is unknown. The crystal structure of SSL7 was determined and
compared to that of SSL5 and that of a classical superantigen, streptococcal pyrogenic exotoxin. Although the
overall architecture of the superantigen family is retained in both SSL7 and SSL5, there are significant
differences in the structures which suggest that the characteristic major histocompatibility complex binding
site of superantigens has been lost. To complement these data, the abilities of SSL7 and a closely related
paralog, SSL9, to interact with cells of the immune system were investigated. In populations of human white
blood cells, both SSLs interacted selectively with monocytes via specific saturable but separate binding sites,
which led to rapid uptake of the SSLs. In addition, SSLs were rapidly taken up by dendritic cells, but not by
macrophages, into the same endosomal compartment as dextran. The ability of these secreted proteins to target
antigen-presenting cells may enhance a misplaced antibody response against the proteins, which may facilitate
bacterial colonization rather than contribute to host protection. Like classical superantigens, therefore, SSLs
may distract the host’s immune system, but they may do so via entirely different molecular mechanisms.

Staphylococcus aureus is a major causative agent of commu-
nity- and hospital-acquired infections worldwide (35). This or-
ganism is an important pathogen due to a combination of
invasiveness, toxin production, and antibiotic resistance. S. au-
reus causes a wide variety of clinical syndromes, ranging from
uncomplicated infections of the skin to life-threatening toxic
shock syndrome (11, 32). This bacterium causes disease by
producing large numbers of exoproteins or virulence factors.
Among the many known virulence factors are two families of
staphylococcal pyrogenic superantigens, staphylococcal ente-
rotoxins and toxic shock syndrome toxin 1 (5, 16). Superanti-
gens bind to major histocompatibility complex (MHC) class II
on antigen-presenting cells (B cells, monocytes, and dendritic
cells) outside the classical antigen-binding groove, and they
activate T cells by binding with the variable region of the �
chain of T-cell receptors (16, 29). This cross-linking triggers
the nonspecific activation and proliferation of T cells, induces
the production of high levels of a variety of cytokines (5, 20,
22), and causes toxic shock syndrome characterized by fever,
rash, hypotension, and multiple-organ failure. Staphylococcal
enterotoxins are responsible for many cases of food poisoning
(intoxication) associated with ingestion of toxin-contaminated
food (11, 35). To date, more than 13 staphylococcal enterotox-
ins have been described, and it is likely that additional toxins
will continue to be discovered (34).

In addition to these classical superantigens, S. aureus also
produces a family of proteins that have sequence homology to

the superantigens, the staphylococcal exotoxin-like proteins
(SETs). These proteins were first identified by identifying a
genetic locus that encodes at least five SETs (SET1 to SET5),
and they were reported to be able to stimulate the secretion of
some proinflammatory cytokines by human peripheral blood
mononuclear cells (PBMCs) (44). More recently, data result-
ing from sequencing of the genomes of several different S.
aureus strains have revealed a large number of related (levels
of homolgy, 36 to 67%) set genes clustered on a genomic island
(3, 24). This putative pathogenicity island, which is present in
all strains of S. aureus examined to date, contains between 7
and 11 set genes, which have various degrees of sequence
homology. In addition, there appears to be extensive inter-
strain allelic polymorphism for each of the set genes (3, 14, 24;
unpublished data). The International Nomenclature Commit-
tee for Staphylococcal Superantigen Nomenclature has re-
cently recommended (27a) that the SETs should be renamed
staphylococcal superantigen-like proteins (SSLs) and that the
genes should be designated ssl1 to ssl11 in clockwise order
from the replication origin of the chromosome based on ho-
mology to the full complement of genes found in strain MW2.
This nomenclature is essentially that described by Fitzgerald et
al. (14), except that the numbering of the genes is in the
opposite direction. To differentiate between allelic variants,
the ssl gene designation is preceded by the strain designation.
This nomenclature is used throughout this paper. Arcus and
colleagues (2) have determined the three-dimensional struc-
ture of one member of the family, SSL5 (previously SET3).
The crystal structure of this protein shows that it has many of
the characteristic structures of the superantigen superfamily,
but there are also significant differences. In contrast to classical
superantigens, SSLs do not have the main properties of supe-
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rantigens, such as polyclonal T-cell activation, pyrogenicity, or
enhancement of endotoxin shock (2, 14). The functions of
SSLs, therefore, remain unclear, but their high degree of di-
versification and polymorphism suggest that they are subject to
strong selective pressures and imply that they may play an
important role in host-pathogen interactions.

In this study we determined the structure of SSL7 (previ-
ously SET1) (44) in order to gain better insight into the rela-
tionships among the different members of the SSL family. We
also investigated the tropism of SSL7 and its close homologue
SSL9 (previously SET5) (44) for different cells of the immune
system. Our results demonstrate that both SSL7 and SSL9
interact with human antigen-presenting cells (monocytes and
dendritic cells), although the two proteins interact with inde-
pendent sites on the cell surface. Facilitated uptake of SSLs by
antigen-presenting cells may play a role in the modulation of
host immunity to S. aureus.

MATERIALS AND METHODS

Recombinant protein expression and purification. Recombinant N-terminal
histidine-tagged SSL7 and SSL9 from S. aureus strain NCTC6571 were produced
in Escherichia coli by using the expression vector pQE30 containing the
NCTC6571 ssl7 and NCTC6571 ssl9 genes, respectively, as previously described
(44). Embp32 from Staphylococcus epidermidis was also expressed as a recombi-
nant N-terminal histidine-tagged fusion protein in E. coli and was purified as
previously described (43).

In order to produce recombinant SSL7 without the histidine tag, a cleavable
affinity tag was introduced. The NCTC6571 ssl7 gene from pQE30 was subcloned
into the glutathione S-transferase (GST) expression vector pGEX-4T-1 on a
BamHI-SalI fragment and was transformed into E. coli JM109. For gene expres-
sion, an overnight culture was diluted 1:25 in fresh Luria-Bertani broth contain-
ing 100 �g of ampicillin per ml and incubated for 2 h at 37°C. Gene expression
was induced with 1 mM isopropyl-�-D-thiogalactopyranoside (IPTG) for 4 h at
37°C. Cells were harvested by centrifugation at 6,000 � g for 30 min, resus-
pended, and lysed for 20 min in B-PER protein extraction reagent (Pierce &
Warriner Ltd.) containing protease inhibitors (Sigma). Lysates were clarified by
centrifugation at 23,000 � g for 10 min. The lysate containing the GST-SSL7
fusion protein was passed through a GST-Sepharose column (Amersham-Phar-
macia Biotech), and recombinant SSL7 without the GST tag was released from
the column by digestion with thrombin essentially as described by the supplier of
the column (Amersham-Pharmacia Biotech).

Crystallization. Crystals of SSL7 were obtained by the hanging-drop vapor
diffusion technique at room temperature. Crystals were obtained under two
different conditions. For the first condition (form I), the well buffer contained 25
to 30% (wt/vol) polyethylene glycol monomethyl 2000, 0.2 M ammonium sulfate,
and 0.1 M morpholineethansulfonic acid (MES) (pH 6.5). The drops consisted of
1 �l of recombinant SSL7 (10 mg/ml) and 1 �l of well buffer. The crystals had a
flat plate morphology with dimensions up to 0.3 by 0.2 by 0.01 mm. For the
second condition (form II) we used the same protein concentration and drop
size, but the well buffer consisted of 28% (wt/vol) polyethylene glycol 2000 and
0.1 M Li2SO4 buffered with 0.1 M Tricine at pH 8.5. In this case the crystals were
rod shaped, and the dimensions were approximately 0.3 by 0.05 by 0.05 mm.

X-ray data collection. Data were collected from cryocooled crystals following
immersion in mother liquor containing 30% (vol/vol) glycerol (as described by
Garman and Schneider [15]).

(i) Form I. The data were collected at a resolution of 2.75 Å on line BM14 at
the European Synchrotron Radiation Facility (Grenoble, France) by using a Mar
Research charge-coupled device detector. The data were indexed and integrated
with Mosflm (27) and were scaled and merged by using Scala (13) from the CCP4
suite (8). The subsequent analysis was carried out by using programs from the
CCP4 suite, unless indicated otherwise. Data collection statistics are shown in
Table 1. Autoindexing indicated that the crystals belonged to point group P422
with cell dimensions a � b � 81.66 Å and c � 148.04 Å and a Matthews
coefficient of 3.1 (corresponding to a solvent content of 60% [vol/vol]) for two
molecules in the asymmetric unit. There was a significant peak in the native
Patterson map at fractional coordinates (0.000, 0.372, and 0.500), and there were
no peaks attributable to noncrystallographic symmetry in the self-rotation func-
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tion, indicating that there were two molecules related by a twofold rotation
parallel to the a axis in the asymmetric unit.

(ii) Form II. The data were collected at a resolution of 2.7 Å on line ID14-1
at the European Synchrotron Radiation Facility by using an ADSC Quantum 4R
charge-coupled device detector. Data indexing, integration, scaling, and analysis
were carried out as described above for form I. Autoindexing and analysis of
systematic absences indicated space group P212121 with a � 51.65 Å, b � 71.59
Å, c � 103.47 Å, and a Matthews coefficient of 2.00, corresponding to a solvent
content of 40%. There was a peak in the self-rotation function at 	 � 180°,
confirming the presence of two molecules in the asymmetric unit. Data collection
statistics are shown in Table 1.

Molecular replacement. The coordinates for one monomer of SSL5 (pdb-id:
1M4V) (2) were used for molecular replacement, which was carried out with
Molrep (42).

(i) Form I. There was a single clear peak in the rotation function (I/�I � 5.3;
next peak I/�I � 3.58). The translation function was carried out for all nine
possible space groups, and the best solution was for P43212, with a correlation
coefficient of 32.6%. Side chains that were different in the SSL5 and SSL7
proteins were replaced by alanines in the correctly positioned model, and rigid-
body refinement was carried out by using CNS, version 1.1 (6). At this point, the
R factor was 52.2% and the Rfree factor was 54.6%. A round of simulated
annealing reduced the R and Rfree factors to 44.6 and 48.9%, respectively.

(ii) Form II. Molecular replacement for form II was performed as described
above for form I. The best solution had a correlation coefficient of 37.4% for two
molecules in the asymmetric unit. Following rigid-body and simulated annealing
refinement in CNS, the R and Rfree factors were 34.16 and 42.06%, respectively.

Density modification. For both crystal forms, cross-crystal averaging, noncrys-
tallographic averaging, and phase improvement were carried out by using Dm-
multi (9) in CCP4 (8) prior to calculation of maps for manual rebuilding of the
model.

Model building and refinement. In both cases, manual rebuilding was per-
formed by using O (19), and in later refinement rounds XtalView (30) was used.
Refinement was carried out with CNS. Alanine residues in the initial model were
exchanged for the correct side chains where positive Fourier difference density
could be seen. At a number of positions the sequence alignment was incorrect,
and additional rebuilding of the chain was required. For the refinement, an
overall anisotropic B-factor correction and bulk solvent scaling with k � 0.36 and
B � 26.9 Å2 for form I and k � 0.59 and B � 101 Å2 for form II were applied.
Noncrystallographic symmetry restraints were applied throughout refinement
except in the later stages where there was clear evidence of a difference between
the chains. After all protein residues had been included in refinement, a number
of tightly bound waters were added, where there was a 3-root mean square (rms)
peak in the difference Fourier and a 1-rms peak in the 2Fo-Fc map and there
were appropriate protein-water hydrogen bonds. At the end of refinement, the R
factor was 23.5% and the Rfree factor was 27.5% for form I and the R factor was
23.4% and the Rfree factor was 29.9% for form II. The final coordinates and
structure factors have been submitted to the pdb database with identification
codes 1V1O for form I and 1V1P for form II.

A homology model of SSL9 was created by using the program MODELLER
(26) and both SSL7 and SSL5 as template structures.

FITC labeling of SSLs. SSL7 and SSL9 were dialyzed against labeling buffer
(0.2 M NaHCO3, pH 9.0) overnight at room temperature. Fifty microliters of a
1-mg/ml fluorescein isothiocyanate (FITC) (Sigma) solution in dimethyl sulfox-
ide was added to 1 ml of a 2-mg/ml protein solution. After 4 h of incubation at
room temperature in the dark, unbound FITC was removed by size exclusion
chromatography by using a PD-10 (Sephadex) column. The concentration of
labeled protein and the FITC/protein ratio were determined by spectrophotom-
etry. All preparations had FITC/protein ratios between 1:1 and 2:1.

Antibodies. The following monoclonal antibodies (MAbs) were used: CD2
(mouse MAb MAS 593; immunoglobulin G2b [IgG2b]; Harlan), CD3 (superna-
tant mouse MAb UCHT1; IgG1; gift from P. C. L. Beverley, Edward Jenner
Institute for Vaccine Research, Compton, United Kingdom), CD14 (supernatant
mouse MAb HB246; IgG2b; gift from P. C. L. Beverley), CD19 (supernatant
mouse MAb BU12; IgG1; gift from D. Hardie, Birmingham University, Birming-
ham, United Kingdom), and HLA-DR (supernatant mouse MAb L243; IgG2a;
gift from P. C. L. Beverley).

Cell culture. Human PBMC-derived dendritic cells were generated from fresh
whole blood samples obtained from healthy volunteers (1, 33). Mononuclear
cells separated with Lymphoprep (Nycomed Pharma) by centrifugation at 400 �
g for 30 min were incubated in six-well tissue culture plates for 2 h at 37°C in the
presence of 5% CO2 in complete medium (CM) (RPMI 1640 medium [Gibco]
supplemented with 10% fetal calf serum [PAA Laboratories], 100 U of penicillin
per ml, 100 �g of streptomycin per ml, and 2 mM L-glutamine [Clare Hall

Laboratories, Cancer Research UK]). The adherent cells were cultured in fresh
CM supplemented with 100 ng of human recombinant granulocyte-macrophage
colony-stimulating factor (GM-CSF) per ml and 50 ng of interleukin-4 (IL-4)
(Schering-Plough Research Institute) per ml. On day 4 of incubation, loosely
adherent cells were collected, and contaminating T and B lymphocytes were
removed by incubation with MAbs CD3, CD2, and CD19, followed by anti-
mouse IgG-coated immunomagnetic Dynabeads (Dynal). The supernatant, con-
taining highly purified dendritic cells, was cultured for another 3 days in fresh
CM with GM-CSF and IL-4. Human PBMC-derived macrophages were obtained
by using the same procedure for dendritic cell culture, except that 10% human
serum was used and no cytokines were added (41).

Binding and uptake of FITC-labeled SSLs by human cells. Binding assays
were performed by incubating 106 cells/ml in CM with various concentrations of
SSL-FITC (0.05 to 1.25 �M) for 1 h at 4 or 37°C. In some experiments, 8 �M
unlabeled SSL was added to the cells together with the labeled protein. After
incubation, cells were washed three times by centrifugation and examined by flow
cytometry. In some experiments, cells were also stained for various surface
markers after SSL uptake. Cells were incubated with the relevant MAb for 30
min at 4°C, washed, and then incubated in 1:25-diluted phycoerythrin-conjugated
goat anti-mouse immunoglobulin (Jackson ImmunoResearch) for 30 min at 4°C.
Cells were washed, fixed in 2% formaldehyde, and examined by using a FACScan
flow cytometer (Becton Dickinson).

Confocal microscopy. A total of 105 cells were seeded on 32-mm coverslips
coated (for dendritic cells only) overnight at 4°C with 10 �g of fibronectin
(Sigma) per ml in Hanks balanced salt solution (Gibco). After incubation for 2 h
at 37°C in CM, cells were incubated with SSL-FITC (1.25 �M) and/or Texas
Red-dextran (1 mg/ml; Molecular Probes) for 1 h at 37°C in CM. The coverslips
were then washed three times in cold Hanks balanced salt solution and fixed in
2% paraformaldehyde. The slides were examined with a Bio-Rad confocal mi-
croscope. Images were acquired from 0.5-�m optical sections of individual cells.

RESULTS

Determination of SSL structure. Recombinant SSL7, con-
sisting of residues 36 to 231 of the sequence whose GenBank
accession number is AF094826, was crystallized under two
different conditions, each of which gave rise to a different
crystal form.

(i) Form I. The final, 2.75-Å-resolution model built into the
electron density map contained two SSL7 molecules, which
represented residues 18 to 213 of the recombinant SSL7. In
addition, 18 water molecules were included at stereochemically
sensible locations. Although the His tag and N-terminal tail
were disordered and omitted from the density map, the ma-
jority of the residues had well-defined electron density. The
final R and Rfree factors were 23.5 and 27.5%, respectively, and
refinement statistics are shown in Table 1. The final model had
good stereochemistry, with 98.6% of the residues in the most
favored and additionally allowed regions of the Ramachandran
plot and no residues in disallowed regions. The geometry was
better than expected for the average 2.75-Å structure accord-
ing to PROCHECK analyses (26).

(ii) Form II. The form II model also contained two SSL7
molecules, and in this case residues 21 to 213 and residues 23
to 213 of the construct were in chains A and B, respectively.
Twenty-four water molecules were added in this form. Once
again, with the exception of the His tag and N-terminal tail, the
majority of the molecule had well-defined electron density.
The final R and Rfree factors were 23.4 and 29.9%, respec-
tively. The final model had good stereochemistry, with 96.5%
of the residues in the two most favored regions of the Ram-
achandran plot. The geometry was better than expected for the
average 2.7-Å structure according to PROCHECK. Refine-
ment statistics for both crystal forms are shown in Table 1.
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(iii) SSL7 structure. The structure of the SSL7 monomer is
shown in Fig. 1a. As predicted from sequence comparisons, the
fold is similar to that of the bacterial superantigens and con-
sists of two domains. The N-terminal domain (residues 18 to
110) is an OB fold, a variety of a �-barrel associated with
oligosaccharide and DNA binding, while the C-terminal do-
main (residues 111 to 213) forms a �-grasp domain (a series of
�-strands wrapped around a helix).

Altogether, we obtained four copies of the SSL7 monomer
(two from each crystal form), and they were all very similar, as
shown by the C
 atom root mean square deviations (rmsds)
(Table 2). The only differences between the structures arise
from differences in the conformations of flexible loops and in
the linker between the N- and C-terminal domains (residues
106 to 112). The relative orientations of the two domains with
respect to one another and the orientations of the individual
secondary structural elements were the same in the different
copies of the monomer. For this reason, unless explicitly stated
otherwise, we used one example monomer, chain A from form
I, for the comparisons and discussions below.

(iv) SSL7 and other proteins. When the SSL7 monomer was
superposed on the structure of SSL5 (SET3) (2), the other
member of the family whose three-dimensional structure is
available, the two were found to have the same fold (Fig. 1b),
as might be expected for proteins exhibiting 40% sequence

identity. However, when the structures were optimally super-
posed, the rmsd, which was 1.33 Å over 157 spatially equivalent
C
 atoms, was surprisingly high for two such highly related
proteins (a value of about 1.1 Å over the whole structure would
be anticipated based on the sequence identity [7]). This rmsd
could be largely accounted for by changes in two regions of the
structure. First, there was a change in the twist of the �-sheet
in the C-terminal �-grasp domain (Fig. 1b, right structure).
The change in the twist resulted in shifts in individual residue
positions as large as 6.65 Å (for the C
 atom of G125 in the
C-terminal domain). Second, there were changes in the con-
formations of the loops on the external face of the N-terminal

FIG. 1. (a) Structure of SSL7, with shading from the N terminus (gray) to the C terminus (lilac). This image and all other structural illustrations
were drawn by using Bobscript (12), a modification of molscript (23), and were rendered with Raster3D (4, 31). (b) On the left the structure of
SSL7 (lilac) is optimally superposed on the structure of SSL5 (gray). The arrows indicate the locations of the OB-fold loops that are equivalent
to those associated with MHC class II binding in superantigens. On the right the image is rotated 90° to highlight the change in the C-terminal
�-grasp domain orientation. The largest shift in loop position is indicated by an arrow. (c) On the left the structure of SSL7 (lilac) is optimally
superposed on the structure of SPEC (green). The arrows indicate the locations of the OB-fold loops that are associated with superantigen-MHC
class II interactions and are markedly different in SSL7. On the right the image is rotated 90° to highlight the change in �-grasp domain orientation.
An arrow indicates the location of the largest shifts between SSL7 and SPEC. (d) SSL7 dimer found in both the form I and form II asymmetric
units. The images is orientated to highlight the interaction of the two �-grasp domains to form a �-sandwich. One monomer is shaded from white
to gray, the other monomer is shaded from dark blue to light blue, and an arrow indicates the loop whose position is most different in optimally
superposed SSL5 and SSL7; this change in position prevents steric clashes in the SSL7 dimer.

TABLE 2. rmsds between the different copies of
the SSL7 monomer

Form Copy

rmsd (Å)

Form I Form II

Copy A Copy B Copy A Copy B

I A 0.228 0.701 0.703
B 0.669 0.642

II A 0.450
B

4264 AL-SHANGITI ET AL. INFECT. IMMUN.



OB fold (Fig. 1b); these loops were associated with a generic
low affinity MHC class II binding site in superantigens (17, 21),
and changes in them could suggest differences in the functions
of the two proteins. These large movements accounted for the
low contrast and large R factor for the initial molecular re-
placement solution prior to the simulated annealing which
successfully realigned the sheet strands and some of the loop
residues.

The SSL7 structure was also compared to a homology model
of SSL9 based on both SSL7 and SSL5 as template structures
(data not shown). The sequence of SSL9 had a much greater
level of homology to SSL7 (sequence identity, 49%) than to
SSL5 (sequence identity, 35%). This was reflected in the model
of SSL9; when the structures were optimally superposed, SSL9
had a C
 atom rmsd of 0.6 Å over 188 spatially equivalent
atoms from SSL7 and a C
 atom rmsd of 1.4 Å over 177
spatially equivalent atoms from SSL5.

When SSL7 and the superantigen with a known structure
with which it exhibited the highest level of sequence identity
(streptococcal pyrogenic exotoxin [SPEC]; level of sequence
identity, 29%) (37) were optimally superposed (Fig. 1c), we
found that once again the overall fold was conserved. SPEC
had some extended loops, but the structures were otherwise
very similar. Interestingly, despite the fact that the SPEC and
SSL7 sequences were far more divergent than the SSL7 and
SSL5 sequences, the two structures superposed nearly as well.
The C
 atom rmsd for optimally superposed SSL7 and SPEC
was 1.48 Å over 134 structurally equivalent atoms. The differ-
ence between the structures resulted from both a slight change
in the orientation of the �-grasp domain and large differences
in the orientations of the strands of the OB fold; the very large
changes in conformation in this domain were not unexpected
since the SSLs do not bind MHC class II proteins and this is
the region primarily involved in this interaction in the super-
antigens.

(v) Dimerization. In both crystal form I and crystal form II
there were two molecules in the crystallographic asymmetric
unit; these two molecules were related by a proper 2 fold,
which resulted in the formation of an intimate dimer (Fig. 1d).
The dimer was virtually identical in the two crystal forms, as
shown by a comparison of the residues buried in the dimer
interface (Fig. 2) and by the fact that the form I and form II
dimers could be superposed with an all-C
 atom rmsd of 0.881
or 0.902 Å depending on the orientation. The remainder of the
crystal packing was entirely different for the two forms, and

since the crystals grew under different conditions and at mark-
edly different pH values, it is unlikely that the dimers formed
solely as a result of crystal packing forces. As Fig. 1d shows, the
dimer interface was the result of the two �-grasp domains
interacting to create an intermolecular �-sandwich. In the pro-
cess, 1,122 Å2 of the monomer surface in form I and 1,146 Å2

of the monomer surface in form II were buried; these values
are in the range observed in biologically relevant dimers (18).
Dimer formation resulted in burial of a number of hydropho-
bic residues (including F119, L128, and I132), and a number of
neutral polar residues contributed to a hydrogen bonding net-
work between the two monomers; however, no charge-charge
interactions were created. It has been shown that protein-
protein interaction surfaces differ little from the normal exte-
rior surfaces of proteins but that they tend to contain addi-
tional neutral polar residues and fewer charged residues (28);
the SSL7 dimer interface is entirely consistent with this.

Cellular tropism of SSL7 and SSL9. PBMCs were incubated
with various concentrations of SSL7-FITC or SSL9-FITC for
1 h, and cell-associated fluorescence was measured by flow
cytometry. Both SSL7 (Fig. 3a) and SSL9 (data not shown)
stained a small proportion of PBMCs at 37°C but not at 4°C.
The level of staining was dose dependent up to a maximum at
a protein concentration of 1.25 �M and did not increase at
higher concentrations. The mean percentages of cells stained
with SSL7 (9.8% � 1.8%; range, 7.1 to 12.2%; n � 7) and SSL9
(10.9% � 1.1%; range, 9.4 to 12.6%; n � 5) were very similar.
The mean fluorescence also increased with time between 5 and
120 min (data not shown), suggesting that there was progres-
sive uptake of the SSLs by the cells.

In order to determine whether the interaction between SSLs
and PBMCs was specific, competitive inhibition of SSL-FITC
cell labeling by unlabeled SSL was investigated (Fig. 3b). Ex-
cess unlabeled SSL7 was able to block uptake of SSL7-FITC by
up to 80% (Fig. 3b, graphs on the right). In contrast, neither
SSL9 nor an unrelated bacterial protein also carrying a poly-
histidine tag (Embp32) had any effect on the SSL7-FITC sig-
nal. Conversely, unlabeled SSL9, but not SSL7 or Embp32,
blocked uptake of SSL9-FITC (Fig. 3b, lower graphs).

The PBMC subpopulations which were the targets for SSL7
and SSL9 were further characterized by immunophenotyping
by using MAbs to the major surface markers CD2, CD3, CD14,
and CD19 (Fig. 4). Both SSL7 and SSL9 were taken up by the
majority of CD14-positive cells and by a population of CD2
low cells, a phenotype consistent with that of peripheral blood
monocytes (10). Neither SSL7 nor SSL9 showed any interac-
tion with CD3-positive T cells. Interestingly, SSL7-FITC, but
not SSL9-FITC, stained a subpopulation of CD19 B cells in
some individuals, providing further evidence that the receptor
for these two SSLs is distinct. The interaction between SSL7
and B cells was not investigated further in this study.

In order to confirm that the binding of SSLs to PBMCs was
not affected by the presence of the histidine tag, SSL7 was
subcloned into pGEX-4T-1, expressed, and purified, and the
GST tag was then removed by cleavage with thrombin (see
Materials and Methods). FITC-labeled SSL7 lacking a tag
showed binding characteristics very similar to those of the
histidine-tagged version (Fig. 4b). In particular, both versions
of SSL7 bound to only a subpopulation of HLA-DR-expressing

FIG. 2. Residues in the SSL7 dimer interface: plot of residue num-
bers versus the buried surface area (in square angstroms). Dotted line,
form I; solid line, form II.
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cells (Fig. 4b), suggesting that the proteins did not bind directly
to this receptor.

Uptake of SSLs by dendritic cells. Peripheral blood mono-
cytes were cultured in vitro in the presence of GM-CSF and
IL-4 in order to drive differentiation into myeloid dendritic
cells (39). After depletion of residual lymphocytes, the popu-
lation obtained after 7 days of incubation consisted of �90%
CD1a� HLA-DRhigh CD14low dendritic cells (data not
shown). These cells were incubated for 60 min at 37°C with
either SSL7-FITC or SSL9-FITC and examined by flow cytom-
etry and confocal microscopy (Fig. 5). Dendritic cells stained
uniformly strongly positive for both SSL7 and SSL9. SSL7
lacking the histidine tag also bound strongly to dendritic cells
(data not shown). Confocal microscopy confirmed that fluo-
rescence was predominantly due to intracellular uptake of SSL
rather than to surface staining. Both SSL7 and SSL9 were
concentrated in small vesicular structures, which were local-
ized particularly in the perinuclear region of the cell.

In order to examine the nature of these vesicles further,
dendritic cells were cultured in the presence of SSL7 or SSL9-
FITC and Texas Red dextran (Fig. 6a), which is avidly taken up
by dendritic cells via mannose receptors (38). Texas Red dex-
tran strongly labeled a large number of intracellular vesicles
throughout the dendritic cell cytoplasm. The SSL distribution
and the dextran distribution partially overlapped, and some
intracellular vesicles clearly contained both markers. However,
SSL-positive dextran-negative vesicles were also observed. In a
small proportion of cells, vesicles containing SSL9 appeared to

aggregate and to generate very large vesicles, which contained
high concentrations of both SSL and dextran (Fig. 6a).

In order to determine whether uptake of SSLs was a gener-
alized feature of endocytic cells, peripheral blood monocytes
were differentiated into macrophages by culture in human se-
rum without added cytokines. Under these culture conditions,
the cells develop a completely different phenotype (CD1a�,
HLA-DR�,CD14high) and morphology (lack of dendrite for-
mation) (41). Macrophages, like dendritic cells, efficiently en-
docytosed Texas Red dextran but showed no uptake of either
SSL7 (Fig. 6b) or SSL9 (data not shown).

DISCUSSION

One of the most exciting results of the structural studies of
SSL7 was the identification of the same SSL7 homodimer in
the asymmetric units of two otherwise very different crystal
forms grown under very different solution conditions. This
dimer has a number of characteristics that are seen in func-
tionally relevant dimers, and we therefore suggest that it is not
purely an artifact of crystallization. Interestingly, analysis of
the structure of SSL5 did not reveal any such dimer formation
(2), and the residues making up the interface are not conserved
in the different SSLs. The change in the orientation of the
�-grasp domain in SSL7 relative to the orientation in SSL5 is
necessary to allow the dimer to form; if a similar dimer is
created from SSL5 monomers, clashes occur between residues
110 to 114 in one monomer and residues 197 to 200 in the

FIG. 3. (a) Dose and temperature dependence of SSL7 uptake by PBMCs. PBMCs were incubated for 60 min with various concentrations of
SSL7-FITC at 37 or 4°C. The results are representative of the results of 10 separate experiments carried out with PBMCs from healthy donors.
(b) Inhibition of binding of SSL-FITC to PBMCs by unlabeled SSL. Different concentrations of SSL7-FITC (upper graphs) or SSL9-FITC (lower
graphs) were incubated with PBMCs with or without 8 �M unlabeled SSL7, SSL9, or Embp32 protein. The data are from one representative
experiment of three experiments that were performed. The graphs on the right show the levels of inhibition observed at different ratios of unlabeled
SSL7 to labeled SSL7 (top graph) and at different ratios of unlabeled SSL9 to labeled SSL9 (bottom graph).
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other monomer and more seriously between residues 118 to
125 and residues 161 to 165. These clashes are alleviated by the
change in the orientation of the �-grasp domain �-strands in
SSL7, further suggesting that SSL5 does not form a dimer in
the same way.

Since the crystal structure of SSL9 is not available yet, a
preliminary comparison with SSL7 was carried out by using a
homology model. Like the SSL5 residues, the residues involved
in the dimer interface in SSL7 are not conserved in SSL7 and
SSL9. However, the sequence changes do not create steric or
electrostatic clashes between the two monomers; rather, the

changes are such that hydrogen bonding between the two mol-
ecules is maintained, and in some cases new hydrogen bonds
are formed. It is therefore possible that SSL9 may form a
dimer in the same manner as SSL7.

We have also commented on the differences between SSL7
and SSL5 in the region of the N-terminal domain that are
implicated in a general low-affinity MHC class II binding site in
superantigens. The homology model revealed that the residues
in these loops are in general highly conserved in the SSL7 and
SSL9 sequences. However, there are some important differ-
ences, including the change of P93 in SSL7 to a threonine

FIG. 4. Immunophenotype of PBMCs that interact with SSLs. PBMCs were stained for various cell surface markers after incubation with 1.25
�M SSL7-FITC or SSL9-FITC for 60 min at 37°C. The results are representative of the results of five separate experiments. (a) SSLs with histidine
tag. Ab, antibody. (b) Comparison of staining observed with SSL7-FITC with the histidine tag (SSL7H) (graphs on the right) and without the
histidine tag (graphs on the left).
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residue in SSL9. This proline is part of a well-ordered �-turn in
SSL7, while in SSL5 there is no ordered secondary structural
element present at this position; in fact, the loop in SSL5 is
rather disordered. The pattern of sequence conservation in the

N-terminal loops suggests that the structures and functions of
SSL7 and SSL9 are more related to one another than to the
structures and functions of SSL5. However, the small number
of nonconservative sequence differences between SSL7 and
SSL9 are also entirely consistent with differences in the puta-
tive receptor binding, as discussed further below.

Studies of the superantigens have shown that their interac-
tions with MHC class II and T-cell receptor molecules are very
diverse, involving a number of different interaction surfaces
and stoichiometries. This includes the formation of function-
ally important superantigen dimers for some superantigens
(for example, the Zn2�-dependent dimers formed by staphy-
lococcal exotoxin D [40]), which form via the C-terminal
�-grasp domain, in a manner reminiscent of the homodimers
which we have observed for SSL7. It also includes the forma-
tion of heterodimers with the same surface of the N-terminal
OB fold but different surfaces of MHC molecules (as in the
complexes of HLA-DR1 with staphylococcal enterotoxin B
[17] and toxic shock syndrome toxin 1 [21]). In a similar man-
ner, the functional and structural studies described in this
paper showed that SSL7 and SSL5, which are among the most
distantly related SSLs identified so far, may be functionally
active in different quaternary states.

The significant differences among the structures of SSL7,
SSL5, and other superantigens suggest that these molecules
may interact with different binding partners, and this sugges-
tion is supported by the cellular tropism data reported in this
paper. The characteristic features of the interaction between
SSL7 and SSL9 molecules and PBMCs are specificity, temper-
ature dependence, and cell selectivity. Specificity, which indi-
cates that the interaction is mediated by a cell surface receptor,

FIG. 5. SSL binding to PBMC-derived dendritic cells. Dendritic
cells derived from CD14� cells were incubated with 1.25 �M SSL
conjugated with FITC. Binding was analyzed by flow cytometry (graphs
on the left) and confocal microscopy (images on the right). Nuclei were
stained with 4
,6
-diamidino-2-phenylindole (DAPI) and are blue. The
results are representative of the results of a set of three separate
experiments carried out with dendritic cells from healthy donors.

FIG. 6. (a) Intracellular localization of SSLs in human PBMC-derived dendritic cells. Dendritic cells were cultured in the presence of 1.25 �M
SSL7- or SSL9-FITC with 1 mg of Texas Red dextran per ml for 60 min at 37°C. Cells were analyzed by confocal microscopy. The results are
representative of the results of six separate experiments. (b) Intracellular uptake of SSLs by PBMC-derived dendritic cells and PBMC-derived
macrophages. Cells were incubated with 1.25 �M SSL7-FITC and 1 mg of Texas Red dextran per ml for 60 min at 37°C. The results are
representative of the results of three separate experiments.
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was demonstrated by the fact that unlabeled SSL blocked up-
take of SSL-FITC. This competition was observed for both
SSL7 and SSL9. The lack of reciprocal inhibition between
SSL7 and SSL9 suggests that these two molecules have differ-
ent binding partners on the cell surface, although we cannot
rule out the possibility that they bind to different sites on the
same molecule. Since it was impossible to measure binding in
the absence of uptake, true measurements of affinity could not
be obtained. The concentrations required to obtain measur-
able uptake, however, were on the order of 0.1 �M, suggesting
that the affinity of interaction with any putative receptor is
relatively low. This is a characteristic of many classical super-
antigens (25).

The temperature dependence and time dependence of the
SSL interaction suggest that there is receptor-mediated uptake
rather than simple binding to the cell surface, and this was
confirmed by the confocal microscopy studies discussed below.
However, a small amount of surface binding was detected at
37°C but not at 4°C by using indirect labeling of intact cells
with an antibody against the histidine tag (data not shown).
The interaction of SSL with the receptor, as well as the sub-
sequent uptake, was therefore temperature dependent. The
colocalization of SSLs and FITC-dextran suggests that the
proteins are taken up into the same compartment that is tar-
geted by the mannose receptor, although the data do not
suggest that SSLs themselves are taken up via this receptor.
The very large vesicles observed upon SSL9 uptake (which
were never seen in the presence of dextran alone) presumably
resulted from fusion of many SSL-containing vesicles, and for-
mation of these vesicles may have been driven by intramolec-
ular interactions between SSL molecules (as observed during
dimerization in crystal structures). Similar vesicle distortion
was observed in the presence of excess invariant chain, again
driven by multiple interactions between invariant chain mole-
cules (36).

The third characteristic of SSLs observed in these cellular
studies with PBMCs was the highly selective nature of the
target population with which an interaction could be detected.
In ex vivo PBMCs, the major target population is the monocyte
population, which is characterized by high expression of CD14.
Essentially all monocytes were found to interact with both
SSL7 and SSL9. In contrast, neither SSL7 nor SSL9 interacted
with T cells, as identified by expression of CD3 and high levels
of CD2. Interestingly, SSL7, but not SSL9, also bound to a
portion of the B cells (on the order of 30%, although the
percentages for different individuals were significantly differ-
ent), providing further evidence that the receptors for these
two molecules are distinct. Experiments are in progress to
further characterize the B-cell subpopulation which interacts
with SSL7. Since a very significant proportion of T cells and all
human B cells also express class II MHC proteins (e.g., HLA-
DR), this result rules out direct binding of SSL7 or SSL9 to
these molecules, thus clearly distinguishing them from classical
superantigens.

Monocytes express both class I and class II MHC molecules
and can act as antigen-presenting cells for the activation of
CD4 or CD8 T cells. However, the prototype antigen-present-
ing cell, and the only cell type which can activate naı̈ve T cells,
is the dendritic cell. It was therefore interesting that both SSL7
and SSL9 were taken up efficiently by monocyte-derived den-

dritic cells. This cell type, which can be obtained by culturing
peripheral blood monocytes in the presence of appropriate
cytokines, provides a widely used model for myeloid dendritic
cells. In contrast, neither SSL7 nor SSL9 showed any tropism
for macrophages, a cell type which is also produced by in vitro
culture of monocytes but which does not present antigen ex-
cept when it is stimulated by appropriate cytokines, such as
gamma interferon.

The functional consequence of SSL interaction with antigen-
presenting cells remains to be determined. One possible model
is that SSL7 and SSL9 induce alterations in the functional
properties of these cells, preventing their normal function and
thus moderating the response of the host to the bacterium.
Studies in progress, however, suggest that SSLs are not toxic to
antigen-presenting cells, and antigen-presenting cell activity is
not adversely affected by the presence of SSLs. An alternative
model, however, is that self-targeting to antigen-presenting
cells may enhance the immunogenicity of these proteins. The
uptake of SSL7 and SSL9 into an endosomal compartment
which intersects with the dextran uptake pathway is certainly
compatible with such a role, since uptake via the mannose
receptor efficiently targets antigens to the class II MHC anti-
gen-processing pathway (38). Although enhancing immunoge-
nicity at first sight appears to be paradoxical, the generation of
an antibody response to a secreted protein does not necessarily
confer any advantage in bacterial clearance by the host. On the
contrary, the interaction between secreted toxin and specific
antibody in the microenvironment of the bacteria may activate
complement and hence contribute to the breakdown of the
physical barriers which restrict the invasiveness of the bacteria.
Like classical superantigens, therefore, SSLs may provide S.
aureus with an alternative molecular strategy with which to
distract the protective adaptive immune response of the host
and thus may contribute to bacterial pathogenicity.
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