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Staphylococcus aureus is a prevalent and significant human pathogen. Among the repertoire of virulence factors produced by
this bacterium are the 14 staphylococcal superantigen-like (SSL) proteins. SSL protein 4 (SSL4) is one member of this family and
contains a highly conserved carbohydrate binding site also found in SSL2, SSL3, SSL5, SSL6, and SSL11. Recombinant SSL4t,
comprising amino acids 109 to 309 of Newman strain SSL4 (SSL4-Newman), has been shown to bind and be internalized by hu-
man granulocytes and macrophages in a sialic-acid (Sia)-dependent manner. SSL4t can compete with itself for cell binding, indi-
cating that binding is target specific. A 2.5-Å-resolution crystal structure of SSL4t complexed with sialyl Lewis X (sLex) [sLex-
Neu5Ac�2-3Gal�1-4(Fuc�1-3)GlcNAc] revealed a similar binding site to SSL5 and SSL11. These data, along with data on SSL4t

binding to a glycan array and biosensor analysis of sLex and sialyllactosamine (sLacNac) binding are compared with those for
SSL11. Although these proteins show great similarity in their carbohydrate binding sites, with a root mean square (RMS) differ-
ence between main chain atom positions of only 0.34 Å, these proteins differ in detail in their affinity for sLex and sLacNac, as
well as their glycan preference. Together with cell binding data, this shows how S. aureus produces multiple related proteins that
target myeloid cells through specific sialyllactosamine-containing glycoproteins.

Staphylococcus aureus is the most common cause of hospital-
acquired infection (18, 19, 29) and also causes serious acute

community-acquired infections in otherwise healthy individuals.
S. aureus infects almost any tissue in the body and produces an
array of cell surface and secreted virulence factors that contribute
to its capacity to cause disease (9, 17, 20, 22, 30, 37, 41). Among its
repertoire of immune-suppressive virulence proteins are the
staphylococcal superantigen (Sag)-like (SSL) proteins, which
share structural similarity with the classical superantigens (2, 25).

A total of 11 unique ssl genes reside within an almost con-
tiguous region of the staphylococcal genome in a genomic is-
land known as vSa� (24, 28). vSa� is present in all S. aureus
genomes sequenced thus far and has been hypothesized to play
an essential role in the evolution of this microbe as a major
human pathogen (3). Despite their structural similarity to su-
perantigens, SSLs do not bind to T-cell receptors or major
histocompatibility complex class II molecules and do not stim-
ulate T cells (2). Rather they target components of innate im-
munity, such as complement, Fc receptors, and myeloid cells.
SSL protein 7 (SSL7) is the best characterized of the SSLs and
binds complement factor C5 and IgA with high affinity and
inhibits the end stage of complement activation and IgA bind-
ing to Fc�R (27, 36). SSL10 binds to the Fc region of human
IgG1 and blocks Fc�R-mediated phagocytosis (35).

Unlike SSL7 and SSL10, SSL5 and SSL11 target myeloid cells by
binding to cell surface glycoproteins containing the minimal trisac-
charide siallylactosamine (sLacNac) (sLacNac-NeuAc�2-3-Gal�1-4-
NAGluc). The crystal structures of SSL5 and SSL11 complexed with
the blood group antigen sialyl Lewis X (sLex) [sLex-Neu5Ac�2-
3Gal�1-4(Fuc�1-3)GlcNAc] have revealed a conserved binding site
located in the C-terminal �-grasp domain (4, 11). sLex is essential to
the inflammatory response and is constitutively expressed on granu-
locytes, regulating selectin-mediated tethering to endothelial cells
and extravasation of neutrophils into the tissue to fight infection (32).
Both SSL5 and SSL11 bind to neutrophils and inhibit P-selectin-me-
diated neutrophil rolling at a nanomolar concentration (7, 11). Inter-

estingly SSL5 and SSL11 are rapidly internalized by neutrophils in an
energy-dependent fashion, but it remains to be determined which
intracellular molecules are targeted once inside the cell (4, 11). Struc-
tural modeling of all of the SSLs suggests that carbohydrate binding is
shared by a subgroup that includes SSL2, SSL3, SSL4, SSL5, SSL6, and
SSL11 (4). Recently it was shown SSL3 binds and inhibits Toll-like
receptor 2 (TLR2) activation at the surface of human and murine
neutrophils and monocytes in a partially glycan-dependent manner
(5).

Here we show that SSL4 also binds to myeloid cells in a glycan-
dependent fashion, similar to SSL11, and is rapidly internalized by
neutrophils and macrophages and, to a lesser extent, monocytes.
The crystal structure of SSL4 complexed with sLex reveals the car-
bohydrate binding site in atomic detail and enables us to explain
small but significant differences in binding affinity and specificity
compared with SSL11.

MATERIALS AND METHODS
Sequence comparisons were made using ClustalW (10), protein structure
figures were prepared using PyMOL (http://www.pymol.org), flow cy-
tometry figures were prepared using FlowJo, and confocal microscopy
figures were prepared using FV10-ASW (Olympus).

Production of rSSL4 and mutant SSL4. The gene encoding SSL4 from
the published Newman strain (NCBI GeneID no. 5332478) of S. aureus
(3) was amplified by PCR using the primers SSL4-NWM-Fwd (GCGGA
TCCACAAAACAAGTACCAACAG) and SSL4-NWM-Rev (CCGGAAG
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CTTTTATTTTATATTCACTTCAATGTTATC). The resulting products
were cut using the restriction enzymes BamHI (underlined in the forward
primer) and HindIII (underlined in the reverse primer) and cloned into
the pET32a.3C vector. This construct comprises amino acids 109 to 309 of
SSL4-Newman and is designated SSL4t. The gene encoding SSL11 from
the naturally occurring US6610 strain of S. aureus had been previously
cloned into the pET32a.3c vector by Chung et al. (11). Recombinant SSL4t

and SSL11 (rSSL4t and rSSL11, respectively) were expressed in Escherichia
coli AD494 as thioredoxin fusion proteins, as described previously (2, 26).
Thioredoxin was cleaved off with 3C protease; rSSL4t and rSSL11 were
further purified using ion-exchange chromatography (MonoS and
MonoQ columns; GE Healthcare). Site-directed mutagenesis of SSL4t by
overlap PCR (4, 11) using the primers R182A-Fwd (CAAGAAAATGCC
ATGGCAGATGTCATAGATG) and R182A-Rev (CTGCCATGGCATTT
TCTTGTAATTTTTTGTGC) was performed to introduce the Arg-
182¡Ala mutation. The Asn-181¡His mutation was introduced using
the primers N181H-Fwd (TTACAAGAACATCGCATGGCAGATGTCA
TAG) and N181H-Rev (CCATGCGATGTTCTTGTAATTTTTTGTGC
AA). The amplified products were cloned into pET32a.3C vector, and the
mutations were confirmed by sequencing. The rSSL4t-R182A and rSSL4t-
N181H mutant proteins were expressed and purified as for SSL4t. SSL
proteins were labeled with one of the amine-reactive dyes Alexa Fluor 488,
Alexa Fluor 647 (Invitrogen), or fluorescein isothiocyanate (FITC) (Mo-
lecular Probes) as per the manufacturer’s instructions.

Crystallization of SSL4 and its complex with sLex. SSL4t crystalliza-
tion trials were carried out with sitting drops (100 nl protein plus 100 nl
precipitant) dispensed by a Cartesian Honeybee nanoliter-dispensing ro-
bot (Genomic solutions) using a 480-condition crystallization screen (31)
at 18°C. Following optimization, the highest-quality SSL4t crystals grew in
sitting drops of 1 �l SSL4t (14.5 mg/ml in 20 mM Tris [pH 7.4], 100 mM
NaCl) and 1 �l precipitant solution (0.2 M bis-tris-propane [pH 6.5],
21% methyl polyethylene glycol 5000 [MPEG 5000]). Crystallization trials
were carried out for SSL4t complexed with sLex (Dextra Laboratories,
United Kingdom) as for SSL4t. Following optimization, the highest-qual-
ity crystals grew in sitting drops of 1 �l protein solution (13.5 mg/ml
rSSL4t, 10 mM sLex in 10 mM Tris [pH 7.4], 150 mM NaCl) and 2 �l
precipitant solution {0.18 M PIPES [piperazine-N,N=-bis(2-ethanesul-
fonic acid)] (pH 6.7), 28% MPEG 5000}. The crystals were mounted in
cryoloops, transferred to a cryoprotectant solution that consisted of the
precipitant solution plus 20% glycerol for the SSL4t crystal or 17% glyc-
erol for the SSL4t sLex complex crystal and flash-cooled by being plunged
into liquid nitrogen.

Data collection and processing. X-ray diffraction data for both crys-
tals were collected at 100 K using CuK� radiation (� � 1.5418 Å) from a
Rigaku Micromax-007 HF rotating anode generator equipped with Osmic
mirrors, an Oxford cryostream, and a Mar345 imaging plate system. SSL4t

crystal data were processed with MOSFLM and scaled with SCALA from
the CCP4 suite (12). The data set was more than 99% complete to a 1.7-Å
resolution with a space group of C2. SSL4t and sLex complex data were
integrated using XDS (23) and scaled with SCALA. The data set was more
than 99% complete to a 2.5-Å resolution with a space group of I222.

Structure determination and refinement. The SSL4t structure was
solved by molecular replacement using PHASER (39) with the structures
of SSL5 (Protein Data Bank [PDB; http://www.rcsb.org] ID no. 2Z8L) (2)
and SSL11 (PDB ID no. 2RDG) (11) as the search models. The molecular
replacement phases were then used with PHENIX (1) to build a contigu-
ous model. This structure was refined through cycles of manual model
building using COOT (15) and refinement using REFMAC5 (33). Water
molecules were included in the model if they had good spherical density,
reasonable B-factors, and favorable hydrogen bonding contacts. Other
solvent species were identified from their densities and environment. The
structure was validated using MOLPROBITY (14), and the refinement
statistics are shown in Table 1. The structure of SSL4t in complex with sLex

was solved by molecular replacement using PHASER (39) with the SSL4t

structure as a search model. This structure was refined as for the native

SSL4t structure. Well-defined density was immediately apparent for the
complete sLex molecule; however, this was not modeled until the protein
structure was nearing completion. A restraint library for sLex was devel-
oped through the program SKETCHER of the CCP4 suite (12). Water
molecules and other solvent species were added as described above, and
the refinement statistics are shown in Table 1.

SSL4 affinity for sLex by surface plasmon resonance (SPR). For sur-
face plasmon resonance (SPR), SLex-bovine serum albumin (BSA) and
sLacNac-BSA (Dextra Laboratories, United Kingdom) were coupled by
carbodiimide chemistry to a CM5 biosensor chip surface using a Biacore
T200 (GE Healthcare Biacore, Australia) as per the manufacturer’s in-
structions. Coupling was typically 100 to 200 response units (RU). rSSL4t,
rSSL11, rSSL4t-N181H, and rSSL4t-R182A were freshly purified by gel
filtration chromatography (Superdex; GE Healthcare); the trailing edges
of the peaks were used as the analytes (8 �M to 6.125 nM) in HBS-EP�
(0.01 M HEPES [pH 7.4], 0.15 M NaCl, 3 mM EDTA, 0.05% surfactant
P20; GE Healthcare) and were passed over the immobilized ligand at 30
�l/min. The response at equilibrium (Req) was measured as the binding
response plateau at 6 min. Equilibrium binding data were fitted to a sin-
gle-binding-site model using the Biacore T200 evaluation software: Req/
Bmax � ([rSSL4t])/(KD � [rSSL4t]), where Req is the plateau binding
response, Bmax is the maximal bound analyte at calculated saturation,
Req/Bmax is the fraction of immobilized ligand bound, and KD is the affin-
ity constant at equilibrium.

SSL4 glycan binding specificity by glycomics array. Purified FITC-
rSSL4t was submitted to the Centre for Functional Glycomics (http:

TABLE 1 Data collection and refinement statistics parameters

Parameter

Value(s) fora:

SSL4 sLex complex

Crystal data
Space group C2 I222

Cell
Axial lengths (Å) 96.1, 81.2, 57.3 61.9, 78.9, 97.7
Angles (o) 90.00, 105.45, 90.00 90.00, 90.00, 90.00

Data collection
Resolution range (Å) 27.62–1.70 (1.79–1.70) 24.42–2.50 (2.64–2.5)
Data collection temp
(K)

113 113

No. of unique
reflections

46,435 8,563

Completeness (%) 99.7 (99.3) 99.9 (100.00)
Mosaicity (o) 1.02 0.214
Rmerge (%) 0.058 (0.698) 16.9 (74.7)
I/�a 17.4 (2.4) 12.0 (3.1)

Refinement
Resolution range (Å) 27.62–1.70 24.42–2.50
R/Rfree 0.2086/0.2614 0.1847/0.2543
Mean B-value (Å2) 29.7 25.6

RMSD from standard
values
Bond lengths (Å) 0.025 0.017
Bond angles (o) 2.1 1.8

Ramachandran plot
% of residues in favored
regions

97.1 95.3

Outliers None None
a Throughout, values in parentheses are for the outermost resolution shell.
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//www.functionalglycomics.org; Scripps Research Institute, San Diego,
CA). Binding was analyzed at 100 �g/ml to 320 glycans arrayed on a glass
slide. Relative binding was measured as relative fluorescent units (RFU).
The data from the glycomics array are available in the supplemental ma-
terial.

SSL4 binding cell populations by flow cytometry. Human leukocytes
were purified from blood collected in sodium heparin-containing Vacu-
ette tubes (Griener Bio One). Five milliliters of concentrated erythrocyte
lysis buffer (100 mM KHCO3, 9% [wt/vol] NH4Cl, 1 mM EDTA) was
added to 40 ml H2O and warmed to 20°C. Five milliliters of fresh human
blood was added, and the mixture was incubated with constant rotation
until the erythrocytes were lysed, before centrifugation. The cells were
washed and resuspended in phosphate-buffered saline (PBS)– 0.5% bo-
vine serum albumin (BSA) at 1 	 106 cells/ml. A 0.5 �M concentration of
FITC-labeled rSSL4t and 5 �l/ml CD14-phycoerythrin (PE) conjugate
(M5E2-PE; BD Pharmingen), CD3-PE, CD10-PE, or CD19-PE (SN5c-
PE, MEM-57-PE, and LT19-PE, respectively; Serotec) were added to the
cells for 30 min before they were washed, resuspended in PBS– 0.5%
BSA, and analyzed on a BD LSR II flow cytometer. Neutrophils were
purified from blood collected in potassium EDTA-containing Vacu-
tainer tubes (BD Biosciences). Five milliliters of blood was layered
over 2.5 ml of Histopaque 1077 (Sigma), which was layered over 2.5 ml
of Histopaque 1119 (Sigma) and then centrifuged. The interface was
collected, contaminating erythrocytes were lysed by hypotonic saline
lysis, and the neutrophils were resuspended in PBS– 0.5% BSA at 1 	
106 cells/ml. A 0.5 �M concentration of FITC-labeled rSSL4t or
rSSL4t-R182A was added to the neutrophils for 30 min before they
were washed, resuspended in PBS– 0.5% BSA, and analyzed on a BD
LSR II flow cytometer. For neuraminidase treatment, neutrophils were
washed and resuspended at 1 	 107 cells/ml in 150 mM NaCl–5 mM
CaCl2 (pH 6.0) and then incubated with 25 U/ml neuraminidase (New
England BioLabs) for 1 h at 37°C in 5% CO2. For complementary
binding studies, 0.01 �M Alexa Fluor 488-labeled rSSL4t and rSSL11
were added to neutrophils with 0.1 �M rSSL4t, rSSL11, or rSSL4t-
N181H for 30 min before being washed, resuspended in PBS– 0.5%
BSA, and analyzed on a BD LSR II flow cytometer.

Cell staining of SSL4 by confocal microscopy. Freshly isolated neu-
trophils were suspended at 1 	 106 cells/ml and allowed to adhere to a
poly-D-lysine-coated 2.3-cm glass plate (World Precision Instruments) in
Dulbecco’s PBS without Ca2� and Mg2� (Sigma) for 30 min. Monocyte-
derived macrophages were prepared as described previously (13). In
short, human peripheral blood mononuclear cells (PBMCs) were col-
lected by Histopaque density centrifugation as for neutrophils. Blood for
human serum was collected in a serum nongel with a silica Vacutainer
tube (BD Biosciences), kept at 20°C for 30 min to clot, and centrifuged.
PBMCs at 1 	 106 cells/ml were plated onto a poly-D-lysine-coated
2.3-cm glass plate in RPMI 1640 medium with L-glutamine and sodium
bicarbonate (Gibco) containing 10% human serum and incubated at
37°C and 5% CO2. After 24 h, nonadherent cells were removed and ad-
herent cells were cultured in RPMI with 10% heat-treated fetal bovine
serum (FBS) (Invitrogen) at 37°C and 5% CO2 for 14 days. To prepare
primary monocytes, PBMCs at 2 	 106 cells/ml were plated onto a plastic
2.3-cm plate in RPMI 1640 medium with L-glutamine and sodium bicar-
bonate (Gibco) containing 10% heat-treated FBS (Invitrogen) and incu-
bated at 37°C and 5% CO2 for 1 h. Selection was by plastic adhesion, and
nonadherent cells were removed through PBS washing. Cell-coated plates
were washed and incubated with 0.2 �M Alexa Fluor 647 (Invitrogen)-
labeled rSSL4t and 0.2 �M Alexa Fluor 488 (Invitrogen)-labeled rSSL11 in
Dulbecco’s PBS with Ca2� and Mg2� (Sigma) for 30 min at 37°C or 4°C.
The cells were washed with Dulbecco’s PBS without Ca2� and Mg2� and
visualized using an Olympus FV1000 confocal laser scanning microscope.

Protein structure accession numbers. The atomic coordinates and
structure factors for both SSL4t and SSL4t complexed with sLex have been
deposited in the PDB under code no. 4dXF and 4DXG, respectively.

RESULTS

SSL4 was cloned and expressed as a construct that extended from
the beginning of the conserved oligosaccharide/oligonucleotide
binding (OB)-fold domain and �-grasp domain shared with all
SSLs. This removed a variable N-terminal region predicted to have
low complexity. When expressed as a full-length peptide, it was
observed that this protein degraded to a stable form of identical
molecular weight to SSL4t. Additionally a crystal structure of this
full-length protein showed there was no electron density for the
additional amino acids at the N terminus, which were therefore
assumed to be disordered (data not shown). This study has fo-
cused on the carbohydrate specificity of the SSLs, which is associ-
ated with the conserved glycan binding site in the �-grasp domain
of the protein. Therefore, it was decided to clone and express SSL4
without this N-terminal sequence. This does not exclude this re-
gion from being of functional significance, where it may augment
the cellular effect of this protein.

Comparison of 12 published SSL4t sequences identified 4 alleles.
A sequence alignment of the Newman (identical to MW2, USA300
TCH1516, USA300 FPR3757, NCT88325, and MSSA476), N315
(identical to Mu3, JH1, and JH9), COL, and MRSA252 SSL4t alleles
revealed sequence variation of up to 25% (Fig. 1a). This is primarily
attributable to the MRSA252 allele, which displays 23 to 25% se-
quence variation with the other identified alleles. Sequence variation
between the remaining alleles is no more than 8%. Previous amino
acid sequence alignments of SSL2, SSL3, SSL4, SSL5, SSL6, and SSL11
from the MW2 S. aureus strain revealed remarkable conservation in
the sLex binding region (4), with 12 of the 17 residues between posi-
tions 169 and 185 (SSL4 numbering) being identical in all six SSLs.
This is in contrast to the modest similarity seen in the rest of the
sequences. An alignment of SSL4t, SSL5, and SSL11 highlights this
(Fig. 1b), with only 34% overall sequence identity shared between
SSL4t and SSL5 and 36% identity shared between SSL4t and SSL11.

The crystal structure of SSL4t was solved by molecular replace-
ment using the structures of SSL5 and SSL11 as search models.
The structure was refined to a resolution of 1.7 Å, with excellent
geometry and an R value of 20.86% (Rfree, 26.14%) (Table 1). The
final structure contains two SSL4t chains, residues 7 to 200 in
molecule A, residues 11 to 200 in molecule B, 316 water molecules,
1 glycerol molecule, and 4 chloride ions. SSL4t shows the same
characteristic two-domain fold as other superantigens (Sags) and
SSLs. The N-terminal domain (residues 1 to 100) forms an OB-
fold domain, a five-stranded �-barrel structure comprising
�-strands �1 to �5. The C-terminal domain (residues 101 to 200)
forms a �-grasp fold in which a central helix (�4) rests against a
mixed �-sheet formed from �-strands: �7-�6-�12-�9-�10.

The crystal structure of SSL4t in complex with sLex was then
solved by molecular replacement using the high-resolution SSL4t

structure as a model. The structure was refined to a resolution of
2.5 Å, with excellent geometry and an R value of 18.47% (Rfree,
25.43%) (Table 1). The final structure contained one chain of
SSL4 from residues 7 to 200, 1 sLex molecule, 1 PIPES molecule, 2
chloride ions, and 62 water molecules (Fig. 2a).

Dimers of SSL4t were formed in both crystal structures as a
result of crystal packing. The �7 strands from adjacent symmetry-
related molecules aligned in antiparallel fashion, creating a 10-
stranded �-sheet between the C-terminal domains of both mole-
cules. The same interaction is seen in all crystal forms of SSL5 and
SSL11, indicating that this form of association is of possible func-
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tional significance—for example, at the target cell surface where
the proteins could be concentrated. Isothermal titration calorim-
etry was used to test dimer formation of SSL4t in solution. SSL4t

was shown not to form dimers at high concentrations in solution
(data not shown).

In its complex with SSL4t, sLex occupies the same V-shaped
loop between strand �10 and a distorted 310 helix, as seen in both
SSL5 and SSL11 (Fig. 2b). Comparisons of the RMSDs between
main chain atom positions in the 17-residue binding sites and the
entire protein chains when aligned reveal the remarkable conser-
vation of the binding loop between these proteins. These are 0.34
Å and 6.31 Å, respectively, between SSL4t and SSL11 and 0.35 Å
and 6.10 Å, respectively, between SSL4t and SSL5. Key residues of
SSL4t that interact with the sLex molecule are Lys-169, Thr-171,
and Glu-173 from the �10 strand, Lys-176 from the top of the
V-shaped loop, and Gln-179, Asn-181, Arg-182, and Asp-185
from the descending �-helix. SSL4t makes 14 direct hydrogen
bonds with the sLex molecule; the majority of these interactions
occur with the Sia and galactose (Gal) units of the tetrasaccharide
and are identical to those made by SSL5 and SSL11. Differences
between the binding sites of SSL4t, SSL5, and SSL11 are seen in the
N-acetylglucosamine (NAG) and fucose (Fuc) interactions (Fig.
2c). Asn-181 of SSL4t makes a direct hydrogen bond with O5 of
NAG, which allows the conserved Glu-173, Lys-176, and Gln-179
residues of SSL4t to make four additional hydrogen bonds with the
Fuc residue. Asn-181 is replaced in SSL11 by His-178 which, due
the longer side chain, forms a direct hydrogen bond with the O6 of
NAG and also causes the NAG and Fuc residues to be held 2 to 3 Å

further out of the binding pocket in SSL11. This prevents any
hydrogen bonding between Lys-173 and Gln-176 of SSL11 and the
Fuc of sLex. The two available crystal structures of SSL5 and sLex

show that His-185, equivalent to Asn-181 in SSL4t and His-178 in
SSL11, can have two positions. In position 1, it forms a hydrogen
bond with the O6 of NAG and pushes the NAG and Fuc residues
out of the binding pocket as for SSL11. In position 2, however, the
His flips away, allowing the NAG and Fuc residues to move in
closer, just as in SSL4t (Fig. 2c).

SPR was used to calculate and compare the affinities of SSL4
and SSL11 for the blood group antigen sLex and the carbohydrate
sLacNac, a subcomponent of sLex lacking the terminal fucose. The
sLex and sLacNac carbohydrates were immobilized onto a chip
surface, and highly purified recombinant SSL4t and SSL11 were
then used as soluble analyte. An initial SSL4t concentration series
revealed more than one binding species affecting the binding and
dissociation kinetics (data not shown), suggesting the presence of
protein aggregates as seen by Chung et al. for SSL11 (11). SSL4t

and SSL11 were further purified by size exclusion chromatogra-
phy on a Sephadex 10/200 GL fast protein liquid chromatography
(FPLC) (GE) column, and fractions from the trailing edge of the
protein peaks, presumed to be dominantly monomeric protein in
solution, were then analyzed immediately and separately for sLex

and sLacNac binding. Equilibrium binding curves were obtained
from the trailing edge of both SSL4t and SSL11 binding sLex and
sLacNac (Fig. 3a, b, e, and f). The equilibrium dissociation con-
stants (KD) of SSL4t binding sLex and sLacNac were calculated to
be 87.0 
 4.5 nM and 471.7 
 18.7 nM, respectively, compared

FIG 1 Sequence alignments of SSL4t alleles and SSL4t, SSL5, and SSL11. (a) Amino acid alignment of known SSL4t allele variants. Identity (*), strong similarity
(:), and weak similarity (.) are indicated. (b) Amino acid alignment of SSL4t from S. aureus strain Newman, SSL5 from strain GL10, and SSL11 from strain
US6610. The 17-amino-acid binding site is underlined, and sequence similarity is labeled as described above.
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with the values 2.32 
 0.20 �M and 2.43 
 0.02 �M, respectively,
for the same carbohydrates bound by SSL11.

It was hypothesized from the crystal structures of these pro-
teins complexed with sLex that the Asn-181 residue of SSL4t may
be responsible for this higher affinity for sLex over SSL11. This was
tested by mutagenesis; the Asn-181 residue of SSL4t was mutated
to His, the equivalent residue in SSL11. The affinity of the SSL4t-

N181H mutant for sLex was, however, similar to that of SSL4t,
with a calculated KD of 90.8 
 6.4 nM. Unlike SSL4t, but identical
to SSL11, the dissociation constant of this mutant for sLacNac was
very similar to that of sLex, with a calculated KD of 119.1 
 10.3
nM. The SSL4t structure also showed that Arg-182 formed the
floor of the carbohydrate binding pocket, analogous to Arg-186 in
SSL5 and Arg-179 in SSL11. This was confirmed by mutagenesis,
with SSL4t-R182A displaying no detectable binding to sLex (see
the supplemental material). Modeling indicated that the Asn-
181¡His and Arg-182¡Ala mutations should have no effect on
the folding or stability of the SSL4t molecule. Recombinant SSL4t-
N181H and SSL4t-R182A were expressed and purified at similar
levels in E. coli to the parental protein.

SSL4 was tested for binding against 320 different glycans, using
a microarray format provided by the Consortium for Functional
Glycomics. Glycans were attached through spacer groups SP0 and
SP8 to SP21. SSL4t was tested at 100 �g/ml, and the results for the
10 strongest glycans are presented in Table 2. The core ligand for
SSL4t, present in almost all of the top-scoring glycans, was 3=-
sLacNac, which was itself represented at position 9 on Table 2. As
mentioned earlier, sLacNac is a subcomponent of sLex, which is
represented in row 3 in Table 2. Like SSL11 (11), SSL4t does not
bind sLacNac, with a �1-3 linkage between the Gal and NAG
residues highlighting its preference for this ligand. However,
whereas SSL11 does not bind to very similar glycans such as
sGal (Neu5Ac�2-3Gal�) and sialyllactose (Neu5Ac�2-3Gal�1-
4Glc�), SSL4t displayed moderate binding (Table 2).

FITC-labeled SSL4t bound strongly to human monocytes
(CD14) and neutrophils (CD10) and weakly to T lymphocytes. No
binding was observed to B lymphocytes (Fig. 4a). This binding
specificity was consistent with multiple individual blood samples
tested and was similar in profile to the cell specificity of SSL11
(11). SSL4t binding was substantially reduced on granulocytes
pretreated with 25 U/ml neuraminidase (Fig. 4b), and the SSL4t-
R182A mutant displayed no detectable binding to human granu-
locytes (Fig. 4c). Together, these data indicate that this interaction
is carbohydrate dependent. To determine whether SSL4 and
SSL11 compete for the same glycosylated targets, complementary
binding studies were performed with a low concentration of either
fluorescent SSL4t or SSL11 (0.01 �M) mixed with a 10-fold excess
(0.1 �M) of the unlabeled protein. SSL4t competed effectively and
was saturable with itself, suggesting that the majority of binding
was to specific surface receptor(s) (Fig. 4d). Excess unlabeled
SSL11 had no effect on SSL4t-488 binding (Fig. 4d), indicating
that despite a shared affinity for sialylated glycoproteins, the target
molecules bound by SSL4 and SSL11 are likely not to be identical.
This is consistent with the binding preference differences ob-
served in the glycomics array data. The unlabeled SSL4t-N181H
mutant competed effectively with SSL4t-488 to a similar degree as
unlabeled SSL4t. Competition using unlabeled SSL11, SSL4t, and
SSL4t-N181H with SSL11-488 showed no change in SSL11-488
binding (Fig. 4e), indicating a wider binding specificity from
this SSL.

SSL11 is rapidly internalized by human granulocytes in an en-
ergy-dependent manner (11). To determine the fate of SSL4, SSL4t

was labeled with Alexa Fluor 647, incubated with human granu-
locytes at 37°C or 4°C, and monitored by live-cell confocal mi-
croscopy. SSL4t was rapidly internalized by human neutrophils
into sharply distinct vesicles at 37°C, whereas at 4°C, it remained
surface bound (Fig. 5). We observed that at 4°C, neutrophils ap-

FIG 2 Structure of the SSL4t-sLex complex. (a) Ribbon diagram showing the
SSL4t-sLex complex with secondary structure elements labeled according to
standard Sag nomenclature. The N-terminal OB-fold domain is on the right,
with the C-terminal �-grasp domain on the left. The bound sLex is shown as
sticks and sits in a surface depression made by a V-shaped loop between strand
�10 and a deformed 310 helix (blue). (b) Stereo view of the sLex binding site of
SSL4t. sLex atoms are colored gold and SSL4t atoms silver, with element col-
oring. Hydrogen bonds between sLex and protein atoms are shown by dashed
lines. sLex residues are labeled S (Sia), G (Gal), N (NAG), and F (Fuc), and
SSL4t residues that form direct hydrogen bonds to sLex are labeled. (c) Overlay
of the interaction between NAG (N) and Fuc (F) of sLex and Glu-173, Lys-176,
Gln-179, and Asn-181 of SSL4t (yellow), Glu-170, Lys-173, Gln-176, and His-
178 of SSL11 (red), and Glu-177, Lys-180, Gln-183, and His-185 of SSL5
(blue).
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pear spherical, while at 37°C, they appear to flatten and become
amorphous in shape. This is independent of SSL4 binding as we
observed these differences in neutrophil morphology in the ab-
sence of SSL4 (data not shown). SSL4t also binds human mono-

cytes, and staining of these cells revealed moderate internalization
into vesicles at 37°C but not at 4°C (Fig. 5). Unlike neutrophils, a
significant amount of cell-bound SSL4t appeared to remain at the
cell surface; internalization is not as complete in these cells. SSL4t

FIG 3 Quantitative measure of SSL4t, SSL4t-N181H, and SSL11 binding to sLex and sLacNac. Binding responses (Resp.) at equilibrium (Req) are shown against the
concentration and fitted to a steady-state affinity binding model to calculate an equilibrium affinity constant (KD). (a) sLex sensor chip binding and equilibrium binding
analysis of 6.125 to 500 nM SSL4t in duplicate. The KD was calculated to be 87.0 
 4.5 nM. (b) sLacNac sensor chip binding and equilibrium binding analysis of 25 to 850
nM SSL4t in duplicate. The KD was calculated to be 471.7 
 18.7 nM. (c) sLex sensor chip binding and equilibrium binding analysis of 6.125 to 500 nM SSL4t-N181H in
duplicate. The KD was calculated to be 90.8 
 6.4 nM. (d) sLacNac sensor chip binding and equilibrium binding analysis of 25 to 500 nM SSL4t-N181H in duplicate. The
KD was calculated to be 119.1 
 10.3 nM. (e) sLex sensor chip binding and equilibrium binding analysis of 0.5 to 8 �M SSL11 in duplicate. The KD was calculated to be
2.32 
 0.20 �M. (f) sLacNac sensor chip binding and equilibrium binding analysis of 0.125 to 8 �M SSL11 in duplicate. The KD was calculated to be 2.43 
 0.02 �M.
The plots shown are representative of two independent experiments, Rmax and �2 values can be found in Table S1 in the supplemental material.

TABLE 2 SSL4 glycomics array resultsa

Glycan name
Avg no. of
RFU SD

Neu5Ac�2-3Gal�1-4(Fuc�1-3)GlcNAc�1-3Gal�1-4GlcNAc�-Sp8 10,246 1,636
Neu5Ac�2-3Gal�1-4(Fuc�1-3)GlcNAc�1-3Gal�1-4(Fuc�1-3)GlcNAc�1-3Gal�1-4(Fuc�1-3)GlcNAc�–Sp0 7,555 449
Neu5Ac�2-3Gal�1-4(Fuc�1-3)GlcNAc�–Sp8 (sLex) 6,916 2,675
Neu5Ac�2-3Gal�1-4GlcNAc�1-3Gal�1-4GlcNAc�1-3Gal�1-4GlcNAc�–Sp0 4,871 967
Neu5Ac�2-3Gal�1-4[6OSO3]GlcNAc�-Sp8 4,717 305
Neu5Ac�2-3Gal�1-4(Fuc�1-3)GlcNAc�1-3Gal�-Sp8 4,496 405
Neu5Gca2-3Gal�1-4(Fuc�1-3)GlcNAc�-Sp0 4,444 900
Neu5Ac�2-3Gal�1-4GlcNAc�1-2Man�1-3(Neu5Ac�2-3Gal�1-4GlcNAc�1-2Man�1-6)Man�1-4GlcNAc�1-4GlcNAc�-Sp12 4,253 297
Neu5Ac�2-3Gal�1-4GlcNAc�–Sp8 (sLacNac) 3,774 215
Gal�1-3(Neu5Ac�2-3Gal�1-4(Fuc�1-3)GlcNAc�1-6)GalNAc–Sp14 3,525 495

Neu5Ac�2-3Gal�1-3GlcNAc�–Sp8 307 87
Neu5Ac�2-3Gal�-Sp8 (sGal) 2,327 172
Neu5Ac�2-3Gal�1-4Glc�–Sp0 (sLac) 517 97
Neu5Ac�2-3Gal�1-4Glc�–Sp8 (sLac) 1,627 167
a The 10 strongest glycans are presented in descending order of fluorescence in the top portion of the table.
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was also rapidly internalized into activated human macrophages
at 37°C but not at 4°C (Fig. 5). These data reveal SSL4t binding and
complete internalization into neutrophils and macrophages, but
only binding and moderate internalization by monocytes. The
fluorescent staining pattern of neutrophils and monocytes

showed strong intracellular punctate staining, suggesting concen-
tration into vesicles. Macrophages displayed a more diffuse intra-
cellular staining pattern similar to cytoskeletal staining. To con-
firm that SSL4 and SSL11 were internalized to the same
intracellular compartment, neutrophils, monocytes, and macro-

FIG 4 Sialic-acid-dependent binding of SSL4t to human myeloid cells. (a) Human leukocytes double stained with rSSL4t-FITC (x axis) and PE-conjugated
antibodies specific to monocytes (CD14), neutrophils (CD10), B lymphocytes (CD19), and T lymphocytes (CD3). (b) Binding of 0.1 �M SSL4t-FITC to human
granulocytes untreated (peak 1) or pretreated (peak 2) with neuraminidase. (c) Human granulocytes stained with 0.1 �M SSL4t-FITC (peak 1) or 0.4 �M
SSL4t-R182A-FITC (peak 2). (d) Human granulocytes stained with 0.01 �M SSL4t-488 (peak 1) plus 10-fold (0.1 �M) excess of either unlabeled SSL11 (peak 2),
unlabeled SSL4t (peak 3), or unlabeled SSL4t-N181H (peak 4). (e) Human granulocytes stained with 0.01 �M SSL11-488 (peak 1) plus 10-fold (0.1 �M) excess
of unlabeled SSL11 (peak 2), unlabeled SSL4t (peak 3), or unlabeled SSL4t-N181H (peak 4).

FIG 5 Binding and internalization of SSL4t-647 into neutrophils, monocytes, and macrophages. Cells were incubated with 0.2 �M SSL4t-647 and examined at
either 4°C or after cells had been warmed to 37°C. In the lower panel, human neutrophils, monocytes, and macrophages were incubated with 0.2 �M both
SSL11-488 and SSL4t-647, and the cells were warmed to 37°C for 30 min. Two color channels were overlaid to identify coincident fluorescence (yellow).
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phages were stained with both SSL4t-647 (red) and SSL11-488
(green) at 37°C. Two-color overlay (yellow) confirmed that they
both trafficked to the same intracellular location (Fig. 5).

DISCUSSION

The staphylococcal superantigens (Sags) form a family of struc-
turally and functionally related proteins, of which 23 serologically
distinct molecules have been described (25, 42). Despite their
common structure, Sags utilize a remarkable range of binding
properties to carry out their role in stimulating T cells through
cross-linking major histocompatibility complex II with the T-cell
receptor (34). The SSLs have emerged as a family of structurally
related molecules that carry out an entirely different function;
these molecules target multiple components of the innate im-
mune response through a variety of structural mechanisms (4, 11,
27). This highlights how S. aureus has come to use the simple
two-domain fold of the Sags as an adaptable framework in which
to generate a plethora of virulence factors that target both the
adaptive and innate immune responses.

Both SSL5 and SSL11 have been shown to bind sialated glycans
through a conserved binding site in the C-terminal �-grasp do-
main that is present in several SSLs (4, 11). Here we show that
SSL4, a member of this subfamily, binds to sLex in an almost
identical fashion. The key amino acid residues that interact di-
rectly with sLex are almost entirely conserved between SSL5,
SSL11, and SSL4. Despite this, SSL4t displays a much higher affin-
ity than SSL11 for sLex (KD � 87.0 nM compared with 2.32 �M),
in quantitative binding studies. This is largely due to the substitu-
tion for Asn-181 in SSL4t by His-178 in SSL11, which holds the
NAG and Fuc residues 2 to 3 Å further out of the binding pocket
compared to SSL4, resulting in three fewer direct hydrogen bonds
made between the protein and ligand. Mutation of the equivalent
residue of SSL4t, Asn-181, to histidine had little effect on the af-
finity for sLex (KD � 90.8 nM). We hypothesize that this is because
His-181 of SSL4t-N181H can flip out, as seen in SSL5, allowing
NAG and Fuc to bind closer to the binding site; although one
hydrogen bond to NAG is lost by this, the three additional hydro-
gen bonds made to Fuc remain. In SSL11, the His-178 cannot flip
away as it is held in place by a water-mediated hydrogen bond with
the preceding Thr-177. This hydrogen bond could not occur in
SSL4 and SSL5, in which the residues equivalent to Thr-177 are
glutamic acid and proline, respectively. We further predict SSLs
with an asparagine or aspartic acid at the equivalent site of Asn-
181 of SSL4t, such as SSL5 and SSL2 of strain MW2, bind sLex in a
position to form multiple hydrogen bonds to Fuc and have in-
creased affinity for sLex. Those with histidine at this position and
threonine at the preceding position bind sLex, as for SSL11, with
reduced recognition of Fuc and a lower affinity.

SSL11 shows a similar affinity for the carbohydrate sLacNac
(KD � 2.43 �M), a truncated form of sLex lacking the terminal
fucose, as for sLex (KD � 2.32 �M). This is unlike SSL4t, which
shows a reduced affinity for sLacNac (KD � 471.7 nM) compared
with sLex (KD � 87.0 nM). Like SSL11, the SSL4t-N181H mutant
shows similar affinities for sLacNac (KD � 119.1 nM) and sLex

(KD � 90.8 nM). This indicates that a histidine at this position of
the carbohydrate binding site forms a stronger bond to the O6 of
NAG, independent of the presence of a Fuc residue, whereas an
asparagine at this position forms a weaker bond to the O5 of NAG
and the overall carbohydrate specificity is more dependent on Fuc.

Together, this indicates a preference of SSL4 for glycans terminat-
ing in sLex, which includes Fuc.

Glycomics array data reflect variations in the fine specificity of
SSL4 for other glycans. As for SSL11 (11), sLacNac is the core
ligand for SSL4t, but the affinity is increased in the presence of an
attached Fuc residue, as in sLex. Whereas SSL11 displayed weak or
no binding to similar glycans, such as sGal or sLac, trace binding
was observed for SSL4t. These observations support structural and
quantitative affinity data highlighting differences between the
binding sites and affinity to core glycans between these proteins.
Reflected in this differential glycan preference is the finding that
SSL4t and SSL11 do not compete for binding to cells. SSL4t is able
to compete with itself, indicating that the majority of binding is
target specific. It is apparent that the target molecules of these
proteins are likely not identical. It has been suggested that variant
carbohydrate sequences related to the sLex sequence, among oth-
ers, are preferentially bound by one or the other of the selectins,
resulting in subtle differences in their binding specificities (16). It
appears that the same could be true for the carbohydrate-binding
SSLs and might explain why S. aureus produces an array of homol-
ogous proteins to target sialyated glycoproteins with variations in
their ligand preferences.

SSL4t has a similar leukocyte binding specificity to SSL11,
binding preferentially to myeloid cells while not interacting to any
significant degree with lymphocytes. Sialic acids are found on the
terminating residues of many human-secreted and cell surface
glycoproteins (40). While many glycoproteins express sLacNac,
the core ligand for SSL4t, it is known that sLex is expressed consti-
tutively on granulocytes, monocytes, and a small percentage of T
cells (32). This matches the leukocyte binding profile of SSL4t and
supports quantitative affinity data, which indicate the target re-
ceptor(s) of SSL4 is more specific than just the core sLacNac ligand
and likely includes sLex. In additional support of this, the SSL4t-
N181H mutant, which has an affinity for sLex similar to that of
SSL4t but enhanced affinity for sLacNac, competes for cell binding
with SSL4t to a level identical to that of SSL4t.

We believe that SSL4 is targeting sialated glycoproteins at the
surface of myeloid cells to gain entry and affect cellular function
through an as yet unknown mechanism. TLR2 has been shown to
be the target of SSL3, which also contains the conserved carbohy-
drate binding site. This binding inhibited the activation of TLR2 at
the surface of human and murine neutrophils and monocytes in a
partially glycan-dependent manner (5). The activation of TLR2
was also shown to be inhibited by SSL4, a function shared with no
other SSL studied (5). This activity, however, was several-hun-
dred-fold less potent than that observed for SSL3 and likely re-
flects the fact that SSL4 is the most homologous SSL to SSL3.
MRSA252 SSL4 displayed enhanced TLR2 inhibition activity, al-
though this allele shares greater homology with SSL3 from the
same strain than it does any SSL4 allele identified in this study. At
the time it was sequenced, MRSA252 was the most genetically
diverse S. aureus strain identified (21). This suggests the SSL4 and
SSL3 of MRSA252 have undergone less divergence following the
duplication event from where these proteins arose than in other
strains. This piece of data supports our observations that the target
molecules of the glycan-binding SSLs are likely not to be identical.
We believe SSL4 is targeting additional receptors on the surface of
these cells.

SSL4t is actively internalized into neutrophils, macrophages,
and, to a lesser extent, monocytes, in a totally glycan-dependent
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manner. SSL4t-R182A, which does not bind sLex in quantitative
binding analysis, also shows a complete loss of cell binding. Iden-
tification of the target receptor(s) for SSL4 at the surface of these
cells would lead to further insights into the function of this viru-
lence factor. Interestingly, SSL4t displays different staining pat-
terns for these cell types. While being actively internalized into
discrete intracellular vesicles by neutrophils and monocytes, SSL4t

staining of macrophages shows a distinct cytoskeleton-like diffuse
staining. If SSL4 is targeting the cytoskeleton of macrophages, it
will be interesting to determine the effects this would have on
cellular mobility and intracellular functions.

Sialic acids are a convenient target for microbes, which utilize
them as a scaffold for host recognition, attachment, and invasion
(8). A wide variety of microbial and viral adhesins, pili, fimbriae,
and hemagglutinins all target sialated glycoproteins. S. aureus ex-
tends this by utilizing the adaptable Sag structure to produce six
homologous proteins that contain a highly conserved sialated gly-
can binding site. Recent studies have shown the ssl genes to be
negatively regulated by the quorum-sensing accessory gene regu-
lator (Agr) and to be expressed in large quantities following dys-
function in this gene regulator (6). Natural agr-defective strains of
S. aureus frequently occur during infection, and these strains have
been shown to have residual virulence due to overproduction of
these immunomodulatory proteins (6, 38). It is interesting to
speculate as to what potent effect these SSL proteins may have
when expressed together to promote staphylococcal survival and
persistence during colonization and infection.
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