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Staphylococcal superantigen-like proteins (SSLs) constitute a family of exoproteins exhibiting structural
similarities to superantigens and enterotoxins but no superantigenic activity. In this article, we present
evidence that SSL5 specifically binds to matrix metalloproteinase 9 (MMP-9) and inhibits its enzymatic
activity. When human neutrophil cell lysate was applied to recombinant His-tagged SSL5 conjugated to
Sepharose, the bound fraction gave a major band of approximately 100 kDa in SDS-polyacrylamide gel
electrophoresis. This protein was identified as the proform of MMP-9 (proMMP-9) by peptide mass finger-
printing analysis. The recombinant SSL5-Sepharose also bound to proMMP-9 secreted by interleukin 8
(IL-8)-stimulated neutrophils and HT1080 fibrosarcoma cells. Surface plasmon resonance analysis revealed
that recombinant SSLS5 bound to proMMP-9 with rather high affinity (dissociation constant [K;;] = 1.9 nM).
Recombinant SSL5 was found to effectively inhibit MMP-9-catalyzed hydrolysis of gelatin and a synthetic
fluorogenic peptide in a noncompetitive manner (K; = 0.097 nM), as assessed by zymography and the
fluorescence quenching method. Finally, the transmigration of neutrophils across Matrigel basement mem-
branes in response to N-formyl-methionyl-leucyl-phenylalanine (FMLP) was suppressed by the presence of
recombinant SSLS5. We discuss possible roles that SSL5 may play in immune evasion of staphylococci by

inhibiting MMP and interfering with leukocyte trafficking.

Staphylococcus aureus secretes various virulence factors and
disturbs host defense systems. Exotoxins, such as alpha-toxin,
hemolysins, and leukocidin, are thought to suppress host im-
munity via their cytotoxicity against leukocytes (9). On the
other hand, superantigens, including toxic shock syndrome
toxin 1 (TSST-1) and enterotoxins, induce unregulated activa-
tion of T cells by cross-linking major histocompatibility com-
plex (MHC) class II molecules and T-cell antigen receptors,
resulting in immunological perturbation (9). It was recently
reported that exoproteins produced by staphylococci affect the
functions of various molecules responsible for humoral and
cell-mediated immunity (11), e.g., staphylococcus complement
inhibitor (27), chemotaxis inhibitory protein of staphylococci
(CHIPS) (26), and extracellular adherence protein (Eap) (7).

A family of exoproteins designated staphylococcal superan-
tigen-like proteins (SSLs) has also been described, and these
proteins possess structural similarity to staphylococcal TSST-1
and enterotoxins but exhibit no superantigenic activity. Eleven
members of the SSL family of proteins have been identified to
date, and the number of SSL members expressed in the cell
varies from 7 to 11, depending on the strain of S. aureus (10).
The amino acid sequence homology among these individual
SSL proteins was found to be 36 to 67%, and their genes are
located in so-called staphylococcal pathogenicity island 2
(SaPI2) in an order that is conserved among most strains. SSL
proteins are characterized by the presence of an N-terminal
B-barrel globular domain (known as the oligonucleotide/oligo-
saccharide-binding fold [OB fold]) linked to the C-terminal
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B-grasp domain, which is a structural feature common to
TSST-1 and enterotoxins (33).

The secretion of several SSL proteins was upregulated when
the bacteria were phagocytosed by lung epithelial cells (12),
suggesting the relevance of SSLs to the protective mechanism
of the bacteria against the host defense system. However, lim-
ited information on the functional aspects of SSLs has been
available. Recently it was reported that the family member
SSL7 bound to IgA and complement component C5, causing
inhibition of IgA binding to its receptor on phagocytes and
complement-dependent bactericidal activity (19). More re-
cently, Bestebroer et al. reported that SSLS bound to P-selec-
tin glycoprotein ligand 1 (PSGL-1) expressed on leukocytes
and inhibited the binding of PSGL-1 to P-selectin, an adhesion
molecule expressed on activated endothelial cells and platelets
(4). The P-selectin/PSGL-1 interaction plays a crucial role in
recruitment of leukocytes to inflammatory and hemorrhagic
sites (15, 22). The observation that SSLS5 inhibited rolling of
neutrophils on immobilized P-selectin suggested impairment
of the initial step of neutrophil extravasation toward bacterial
infection sites (4). Baker et al. analyzed the crystal structure of
SSL5 complexed with a sialyl Lewis X tetrasaccharide (sLeX,
sialic acid-a2-3-galactose-B1-4(fucose-a1-3)-N-acetylglucosamine), a
key determinant of PSGL-1 binding to P-selectin, and demonstrated
that sLeX bound to a specific site of the C-terminal domain of SSLS
(3). Because the sialyl-lactosamine unit (sialic acid-o2-3-galactose-
B1-4-N-acetylglucosamine) is the critical motif for the SSLS5/PSGL-1
interaction, SSLS may recognize other glycoproteins carrying similar
carbohydrate chains. In fact, human IgA receptor FcaRI (CD89) has
been shown to be bound by SSLS (3).

During a preliminary attempt to isolate PSGL-1 from hu-
man neutrophil cell lysate using immobilized recombinant
SSLS5 as an affinity ligand, we found that the proform of matrix
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metalloproteinase 9 (MMP-9) (gelatinase B, EC 3.4.24.35) was
copurified with PSGL-1. MMP-9 is a member of the zinc-
dependent endopeptidase family and degrades molecular com-
ponents of basement membranes, including type IV collagen.
This protease is stored in granules of neutrophils, extracellu-
larly released as a latent proform upon stimulation, and then
activated by other proteases, such as elastase (8, 25). It has
been postulated that MMP-9 plays a major role in neutrophil
transmigration to infection sites and inflammatory tissues
through extracellular matrices (8, 17). Because MMP-9 from
neutrophils is a glycoprotein consisting of 15% carbohydrates,
it may interact with SSLS through carbohydrate moieties. In
this study, we characterized the interaction between SSLS and
MMP-9 and the effect of SSL5 on the enzymatic activity of
MMP-9. The results indicated that recombinant SSL5 effec-
tively inhibited MMP-9 activity and the formyl peptide-in-
duced transmigration of neutrophils across Matrigel basement
membranes, providing insight into the mechanism of escape of
staphylococci from the host immune system.

MATERIALS AND METHODS

Reagents. Dextran 200,000, bovine gelatin, dithiothreitol (DTT), iodoacet-
amide, and isopropyl-p-p-thiogalactopyranoside (IPTG) were purchased from
Wako Pure Chemical Industries (Osaka, Japan). Restriction endonucleases and
modifying enzymes were products of Gibco/BRL (Rockville, MD), TaKaRa
(Osaka, Japan), and Toyobo (Osaka, Japan). Oligonucleotides were supplied by
Hokkaido System Science Co., Ltd. (Sapporo, Japan). Trypsin, aprotinin, phen-
ylmethylsulfonyl fluoride (PMSF), recombinant human IL-8, p-aminophenylmer-
curic acetate (APMA), N-formyl-methionyl-leucyl-phenylalanine (FMLP), 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), Brij 35,
Nonidet P-40, and Triton X-100 were products of Sigma (St. Louis, MO). Ficoll-
Paque, Ni Sepharose 6 Fast Flow, N-hydroxysuccinimide (NHS)-activated
Sepharose 4FF, HiTrap desalting, and gelatin Sepharose 4B were purchased
from GE Healthcare (Piscataway, NJ). Coomassie brilliant blue (CBB) R250 was
purchased from Merck (Darmstadt, Germany). MMP-9 inhibitor I (a derivative
of anthranilic acid) (20) and MMP-2/MMP-9 inhibitor I {(2R)-[(4-biphenylylsul-
fonyl)amino]-3-phenylpropionic acid (BiPS)} (29) were purchased from Calbio-
chem (San Diego, CA). Neuraminidase from Arthrobacter ureafaciens was a
product of Nacalai (Kyoto, Japan).

Preparation of recombinant SSLs. Genes for SSL5, SSL7, and SSL9 were
amplified by PCR using genomic DNA of S. aureus (ATCC 27733) as a template
and cloned into the pGEM-Teasy plasmid (Promega, Madison, WI). The primers
used for PCR were 5'-GGG GAT CCA GAG CGA ACA TGA ATC AAA ATA
TG-3' (BamHI site underlined) and 5'-GGG GGT CGA CTT ATC TAA TAT
TGG CTT CTA TTT TCT C-3' (Sall site underlined) for SSLS, 5'-GGG ATC
CAA AAA GAA AAG CAA GAG AGA G-3' (BamHI site underlined) and
5'-GAA GCT TAA ATT TGT TTC AAA GTC AC-3' (HindIII site underlined)
for SSL7, and 5'-GGG _GAT CCA GAA AGT AAA GTT GGA TGA AAC
AC-3' (BamHI site underlined) and 5'-GGG CTG CAG TTA ATT CAA ATT
CAC TTC AAT ATT TTT A-3" (Pstl site underlined) for SSL9 (2). The se-
quences of the amplified and cloned DNA of SSLs were confirmed by a DNA
sequencer (model 377A; Applied Biosystems, Foster City, CA). The insert DNA
was then recovered and ligated with the expression vector pQE-32 (Qiagen,
Chatsworth, CA) using the BamHI/Sall recognition sites for SSLS5, the BamHI/
HindIII recognition sites for SSL7, and the BamHI/PstI recognition sites for
SSLY9, respectively. The Escherichia coli strains JM109 (SSL5 and SSL7) and
BL21 (SSL9) were transformed with the resultant constructs (pQE-32/SSLS5,
pQE-32/SSL7, and pQE32/SSLY), and the expression of recombinant SSLs was
induced by culturing at 37°C for 4 h in the presence of 1 mM IPTG. The
recombinant SSL proteins have an additional MHHHHHHGIQ sequence at
their N termini, and the His-tagged SSLs (Hise-SSLS5, Hiss-SSL7, and His,-SSL9)
were purified under denaturing conditions on a Ni Sepharose 6 Fast Flow
column (GE Healthcare) according to the manufacturer’s protocol. The proteins
bound by the column were renatured by gradual replacement of the denaturing
buffer (20 mM Tris-HCI, 0.5 M NaCl, 8 M urea, pH 7.5) with a native buffer (20
mM Tris-HCI, 0.5 M NaCl, pH 7.5) and eluted with 0.5 M imidazole. The
His-tagged SSL proteins eluted from the column were desalted using HiTrap
desalting (GE Healthcare). In some experiments, the SSL5 DNA was cloned into
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pGEX-5X-1 (GE Healthcare) to express glutathione S-transferase (GST)-tagged
SSL5. The GST tag was cleaved off by digestion with Factor Xa protease (Qia-
gen) to obtain tag-free SSL5. The protein concentration was determined with a
bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL). Purified SSLs
were stored in phosphate-buffered saline (PBS) containing 0.5% CHAPS at 4°C.

Coupling of SSLs to Sepharose. Purified His-tagged SSLs were conjugated to
NHS-activated Sepharose 4FF (GE Healthcare) according to the manufacturer’s
protocol. Briefly, recombinant SSL protein (1 mg/ml in 0.2 M NaHCO;) was
applied to a column of NHS-activated Sepharose 4FF (1 ml of wet gel) that was
pretreated with ice-cold 1 mM HCI, and the column was allowed to react for 1 h
at room temperature. The column was then washed successively with 6 ml of
high-pH buffer (0.5 M ethanolamine, 0.5 M NaCl, pH 8.3), 6 ml of low-pH buffer
(0.1 M sodium acetate, 0.5 M NaCl, pH 4.0), and 6 ml of high-pH buffer again.
The amount of protein coupled to Sepharose was approximately 1 mg protein/ml
gel for each SSL, as estimated by the measurement of protein remaining in the
supernatant after the coupling reaction. The SSL-conjugated Sepharose was
stored in PBS containing 0.02% NaNj; until use.

Preparation of neutrophils. Neutrophils were isolated from human peripheral
blood by a combination of dextran sedimentation and Ficoll-Paque density gra-
dient centrifugation as described previously (14). The purity of neutrophils was
greater than 95% as assessed by Griinwald-Giemsa staining.

Isolation of SSL5-binding proteins. Neutrophils (2 X 107 cells) were lysed with
1 ml of Lysis buffer (20 mM Tris-HCI, 0.5 M NaCl, 1% Nonidet P-40, pH 7.5)
containing 1 mM PMSF and 1 wg/ml aprotinin. After the mixture was incubated
at 4°C for 5 min, a clear cell lysate was obtained by centrifugation at 16,000 X g
for 5 min. The cell lysate was mixed with Hiss-SSL5-Sepharose (25 pl of a 50%
suspension) and incubated at 4°C for 1 h, and the Sepharose beads were washed
five times with lysis buffer. Proteins bound to Hiss-SSL5-Sepharose were recov-
ered by treatment with 40 pl of 1.5X Laemmli’s sample buffer (75 mM Tris-HCI,
pH 6.8, 1.5% SDS, 15% glycerol, 0.015% bromophenol blue) (18) for 10 min at
room temperature and separated by electrophoresis on an SDS-polyacrylamide
gel (7.5%), followed by staining with CBB.

By a similar procedure, proteins bound by Hiss-SSLS, Hisg-SSL7, and Hise-
SSL9Y conjugated to Sepharose were isolated from the culture supernatants of
IL-8-stimulated neutrophils and HT1080 human fibrosarcoma cells. Human neu-
trophils (2 X 107 cells) suspended in PBS were stimulated with IL-8 (50 ng/ml)
at 37°C for 30 min, and the culture supernatant was collected by centrifugation
at 2,500 X g for 5 min. HT1080 cells (1 X 107 cells) were cultured in RPMI
medium at 37°C for 48 h, and the conditioned medium obtained was concen-
trated approximately 75-fold with a Microcon YM-30 centrifugal filter unit (Mil-
lipore Corp., Billerica, MA).

Peptide mass fingerprinting analysis. Pieces of CBB-stained gel were washed
three times with 25 mM NH,HCO3-50% (vol/vol) acetonitrile for 10 min each,
dehydrated by the addition of acetonitrile, and dried in vacuo. The dried gel was
treated with 25 mM NH,HCO;-10 mM dithiothreitol for 1 h at 56°C, washed
with 25 mM NH/HCO;, and incubated with 25 mM NH,HCO;-10 mg/ml
iodoacetamide for 45 min at room temperature in the dark. After the gel was
successively washed once with 25 mM NH,HCOj; and twice with 25 mM
NH,HCO3-50% (vol/vol) acetonitrile for 10 min and dried again, the reduced/
alkylated proteins were digested by treatment of the gel with 10 pwg/ml trypsin in
50 mM NH,HCOj at 37°C for 16 h. The digested peptides were extracted with
5% (vol/vol) trifluoroacetic acid-50% (vol/vol) acetonitrile and subjected to
peptide mass fingerprinting using a matrix-assisted laser desorption/ionization
(MALDI) time-of-flight mass spectrometer (TOF MS) (AXIMA-CFRPYS; Shi-
madzu/Kratos, Kyoto, Japan) equipped with a nitrogen laser (337 nm, 3-ns pulse
width) using 2,5-dihydroxybenzoic acid (DHBA) as a matrix. MALDI-TOF MS
analysis was conducted in the reflectron mode under the following conditions:
accelerating voltage, 20 kV; measurement range, 500 to 4,000 m/z. Bradykinin
fragments 1 to 7 ((M+H]* = 757.3997) and synthetic peptide P;,R ((M+H]" =
1533.8582)) were used for external calibration. Peptide mass fingerprints were
searched with the MASCOT search engines (Matrix Science, Boston, MA).

Purification of MMP-9 from human neutrophils. MMP-9 was purified from
FMLP-stimulated human neutrophil culture supernatants by the method of
Masure et al. (21) with slight modification. Human neutrophils suspended in PBS
(5 % 107 cells/ml, 1 ml) were stimulated with 1 pM FMLP at 37°C for 1 h. After
centrifugation at 2,500 X g for 5 min, the supernatant was mixed with gelatin-
Sepharose 4B (GE Healthcare; 0.2 ml of a 50% suspension). The mixture was
incubated at 4°C for 1 h with gentle agitation, and gelatin-Sepharose 4B was
washed three times with 1% Nonidet P-40 and once with PBS. MMP-9 was then
eluted with 5% dimethyl sulfoxide (DMSO) and freed from DMSO by ultrafil-
tration with a Microcon YM-30 centrifugal filter unit (Millipore Corp.). The
purity of MMP-9 was estimated to be >90%, as analyzed by SDS-polyacrylamide
gel electrophoresis followed by silver staining. The concentration of MMP-9 was
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determined by enzyme-linked immunosorbent assay (ELISA) with a Biotrak
MMP-9 activity assay system (GE Healthcare). Purified MMP-9 was stocked at
—20°C in the presence of 10% glycerol.

SPR analysis. The kinetic analysis of the SSL5-MMP-9 interaction was carried
out by surface plasmon resonance (SPR) with a Biacore 2000 protein analyzer
(GE Healthcare). His,-SSL5 was immobilized on a sensor chip CMS (GE
Healthcare) to a level of ~5,000 resonance units (RU) using an amine coupling
kit (GE Healthcare) according to the manufacturer’s instructions. Serial dilu-
tions of the purified proform of MMP-9 (proMMP-9) (6.8 to 109 nM) were
injected over the chip surface at a flow rate of 20 wl/min. The association and
dissociation kinetics were analyzed by using BIAevaluation software (version 3.0;
GE Healthcare).

Gelatin zymography and reverse zymography. MMP activity was detected by
gelatin zymography essentially as described previously (30). Specimens were
electrophoresed on a polyacrylamide gel (6.5%) containing gelatin (1.5 mg/ml)
under nonreducing conditions. The gel was washed three times with washing
buffer (50 mM Tris-HCI, 150 mM NaCl, 10 mM CaCl,, 0.02% of NaNj;, pH 7.5)
containing 2.5% Triton X-100 for 30 min for each step and incubated in washing
buffer without Triton X-100 for 16 h. The gel was then stained with CBB and
destained with 7.5% acetic acid-5% methanol.

Reverse zymography was performed according to the method described by
Oliver et al. (24). Serial dilutions of Hiss-SSLs were separated on polyacrylamide
gels (12.5%) containing gelatin (1.5 mg/ml) and proMMP-9 purified from human
neutrophils (10.9 ng/ml). After electrophoresis, the gel was processed for staining
and destaining as described above.

Assay for MMP activity. MMP activity was assayed by two methods, using
gelatin and a fluorogenic peptide as substrates, respectively. (i) ProMMP-9 (3.7
ng) was incubated with 15 pg of gelatin in the presence or absence of various
amounts of Hise-SSL5 (5.6 to 50 ng) in 30 pl of reaction buffer 1 (50 mM
Tris-HCI, 0.33 mM APMA, 150 mM NacCl, 10 mM CaCl,, pH 7.5) at 37°C for
16 h. The reaction mixture was analyzed by SDS-polyacrylamide gel (10%)
electrophoresis and CBB staining. (ii) ProMMP-9 (0.3 nM) was activated by
treatment with 1 mM APMA at 37°C for 16 h and incubated with or without
various concentrations of Hisg-SSL5 at room temperature for 2 h. The mixture was
then incubated with a fluorescence-quenching substrate for matrix metalloproteinase,
(7-methoxycoumarin-4-yl)acetyl-L-prolyl-leucylglycyl-L-leucyl-[N°-(2,4-dinitrophenyl)-L-
2,3-diaminopropionyl]-L-alanyl-L-arginine amide [MOCAc-PLGly-LA,pr(Dnp)-AR-
NHS,] (Peptide Institute, Inc., Osaka, Japan) (16), at a concentration of 0.625, 1.25, 2.5,
5.0, or 10.0 uM in 0.2 ml of reaction buffer 2 (50 mM Tris-HCl, 100 mM NaCl, 10 mM
CaCl,, 0.1% Brij 35, pH 7.5) at 25°C, and the increase in fluorescence was monitored
(excitation = 328 nm; emission = 393 nm) using a fluorescence spectrophotometer
(F-4010; Hitachi, Tokyo, Japan). Fluorescence was measured every 30 s with a 6-s
integration time. The reaction was allowed to proceed for 10 min, and the initial velocity
of each reaction was determined using the data collected over 1 to 9 min.

Transmigration of neutrophils through reconstituted membranes. The in vitro
transmigration assay was performed according to the method described by Del-
claux et al. (8) using a Boyden chamber system (cell culture inserts with 8-pm
pores; BD Biosciences, San Jose, CA). The membranes between the upper and
lower chambers were coated with Matrigel (BD Biosciences). Human neutrophil
suspension in serum-free RPMI 1640 medium (1 X 10° cells/0.2 ml) with or
without Hisg-SSL5 (10 pg/ml) was added to the upper chamber, and serum-free
RPMI1640 medium containing 1 wM FMLP was added to the lower chamber.
The chambers were incubated at 37°C for 2 h under a 5%-CO, atmosphere.
After the neutrophils remaining on the upper surface of the membrane were
wiped off with cotton wool, the cells that had migrated to the bottom surface of
the membrane were stained with crystal violet (5 mg/ml)-20% methanol and
counted under a microscope.

RESULTS

Binding of proMMP-9 to recombinant His-tagged SSLS.
The recombinant His-tagged SSL proteins (Hiss-SSLS, Hise-
SSL7, and His,-SSL9) were expressed in E. coli and purified on
a Ni-Sepharose column. The purified proteins were examined
by SDS-polyacrylamide gel electrophoresis, and each prepara-
tion gave an apparently single band after staining with Coo-
massie brilliant blue (CBB) (Fig. 1A). We then attempted to
isolate PSGL-1 from human neutrophil lysate by using Hisg-
SSL5-Sepharose as an affinity ligand. When the bound mate-
rials were analyzed by SDS-polyacrylamide gel electrophoresis
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FIG. 1. Isolation of SSL5-binding proteins from human neutro-
phils. (A) Electrophoretic analysis of recombinant His-tagged SSLS5,
SSL7, and SSL9. These recombinant proteins were separated by SDS-
polyacrylamide gel (12.5%) electrophoresis and stained with CBB.
(B) The proteins bound to His,-SSL5-Sepharose were separated by
electrophoresis on an SDS-polyacrylamide gel (10%) and stained with
CBB. The major band (indicated by an arrowhead in lane 2) was
subjected to peptide mass fingerprinting analysis. The whole neutro-
phil cell lysate (lane 1) and the fraction bound to control Sepharose
(lane 3) were also applied to the gel.

under a reducing condition followed by CBB staining, a major
protein band of ~100 kDa was observed, as well as faint bands
of ~170 kDa and ~250 kDa (Fig. 1B). Immunoblotting anal-
ysis indicated that PSGL-1 was also present in the bound frac-
tion (data not shown), but there was little staining of PSGL-1
by CBB, probably due to the high carbohydrate content of
PSGL-1. The peptide mass fingerprinting analysis of the tryptic
fragments of the ~100-kDa protein with MALDI-TOF MS
and the MASCOT search engines resulted in proMMP-9 (pro-
form of gelatinase B) as the best hit, exceeding the significance
threshold for the database search. Major mass peaks detected
by the MS analysis and the corresponding amino acid se-
quences of human proMMP-9 were as follows: m/z 671.07 for
S7SEYWR®! m/z 873.26 for ?CGVPDLGR', m/z 1,001.37 for
SKLFFFSGR™®, m/z 1,532.7 for ***QVWVYTGASVLGPR>”,
mfz 1,680.78 for "**AFALWSAVTPLTFTR"¥, and m/z 1,084.35 for
"WFQTFEGDLK'" (GenBank accession number AAM97934:
amino acid sequence for human MMP-9). The Mowse score
and the sequence coverage of this analysis were 266 and
53%, respectively. Based on these data, the ~100-kDa pro-
tein bound to His,-SSL5-Sepharose was identified as human
proMMP-9.

The interaction between His,-SSLS and proMMP-9 was fur-
ther examined by pull-down assay in combination with gelatin
zymography. The neutrophil cell lysate and culture superna-
tant of IL-8-treated neutrophils were separately incubated with
His,-SSL5-Sepharose, and the materials bound to His,-SSL5-
Sepharose were analyzed by gelatin zymography. As shown in
Fig. 2A, both the bound fraction derived from the cell lysate
and that derived from the culture supernatant gave three
bands, which were assumed to be three forms of neutrophil
proMMP-9—i.e., proMMP-9 monomer (~92 kDa), a complex
of proMMP-9 and neutrophil gelatinase-associated lipocalin
(NGAL) (~120 kDa), and proMMP-9 dimer (~250 kDa) (25).
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FIG. 2. Zymographic analysis of SSL5-binding proteins from human neutrophils. (A) Proteins recovered from the neutrophil cell lysate
(lanes 1 to 3) and the culture supernatant of IL-8-treated neutrophils (lanes 4 to 6) by Hiss-SSL5-Sepharose were subjected to gelatin
zymography. Lanes 1 and 4, unfractionated proteins; lanes 2 and 5, fractions bound to His,-SSL5-Sepharose; lanes 3 and 6, fractions bound
to control Sepharose. (B) Culture supernatants of IL-8-stimulated neutrophils were incubated with Hiss-SSLS-Sepharose (lanes 2 and 3),
His,-SSL7-Sepharose (lanes 4 and 5), or His-SSL9-Sepharose (lanes 6 and 7) at 4°C for 1 h, and the bound (lanes 2, 4, and 6) and unbound
(lanes 3, 5, and 7) fractions were subjected to gelatin zymography. The unfractionated culture supernatant was also subjected to the gel (lane
1). (C) The fractions bound (lane 2) and unbound (lane 3) to tag-free SSL5-Sepharose (prepared from the GST-SSLS5 fusion protein) were
analyzed by gelatin zymography. The unfractionated culture supernatant was also subjected to the gel (lane 1). (D) Serum-free conditioned
media of HT1080 human fibrosarcoma cells were concentrated by ultrafiltration and fractionated with gelatin-Sepharose or His,-SSL5-
Sepharose. Lane 1, unfractionated conditioned medium; lane 2, fraction bound to gelatin-Sepharose; lane 3, fraction bound to His,-SSLS5-
Sepharose. (E) ProMMP-9 purified from human neutrophils was treated with (lanes 4 to 6) or without (lanes 1 to 3) neuraminidasae (5
mU/ml) at 37°C for 1 h and incubated with His,-SSL5-Sepharose at 4°C for 1 h. Lanes 1 and 4, unfractionated sample; lanes 2 and 5, bound
fractions; lanes 3 and 6, unbound fractions.
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The interaction between His,-SSLS and proMMP-9 appears to
be specific, because proMMP-9 from the culture supernatant
of IL-8-treated neutrophils was not bound by Hiss-SSL7- or
Hise-SSL9-Sepharose (Fig. 2B). When we used tag-free SSL5-
Sepharose prepared from the GST-SSL fusion protein, the
bound fraction gave a similar electrophoretic profile (Fig. 2C).
To examine whether Hiss-SSLS binds to proMMP-9 from
sources other than human neutrophils, we incubated condi-
tioned medium of HT1080 human fibrosarcoma cells with
His,-SSL5-Sepharose and analyzed the bound fraction by gel-
atin zymography. The band corresponding to proMMP-9 was
detected with an intensity comparable to that obtained from
the fraction bound to gelatin-Sepharose, which was used as a
positive control (Fig. 2D, lanes 2 and 3). In contrast, the re-
covery of the band corresponding to proMMP-2 (gelatinase A)
in the His,-SSLS5-Sepharose-bound fraction was significantly
lower than that in the gelatin-Sepharose-bound fraction.

Since SSLS has been reported to recognize sialic acid-con-
taining oligosaccharide chains (3), we examined the binding of
SSL5 to proMMP-9 purified from human neutrophils after
neuraminidase treatment. As shown in Fig. 2E, desialylated
proMMP-9 was recovered almost exclusively in the unbound
fraction. Thus, removal of sialic acid residues from proMMP-9
reduced its binding affinity to His,-SSLS, suggesting that sialic
acid-containing oligosaccharides are involved in the SSL5-
MMP-9 interaction.

We next conducted a kinetic study of the interaction be-
tween Hisg-SSLS and proMMP-9 by surface plasmon reso-
nance (SPR) analysis with a Biacore system (Fig. 3A).
ProMMP-9 (6.8 to 109 nM) purified from neutrophils was
analyzed on a His,-SSL5-immobilized sensor chip. Based on
the sensorgrams, kinetic parameters were calculated using
BIAevaluation software (GE Healthcare); the association rate
constant (k,), dissociation rate constant (k4), and dissociation
equilibrium constant (Ky), values were estimated to be as
follows: k, = 1.5 X 10° (1/Ms), ky = 2.8 X 10~*(1/s), and K, =
1.9 nM, respectively. These data indicate that His,-SSL5 binds
to proMMP-9 with rather high affinity. We subsequently ana-
lyzed the kinetics of the Hiss-SSLS binding to an active form of
MMP-9. After proMMP-9 was chemically activated by treat-
ment with a sulfhydryl reagent, APMA (1 mM), at 37°C for
16 h, the activated MMP-9 thus obtained was subjected to SPR
analysis in a manner similar to that described above. As shown
in Fig. 3B, the K, value for activated MMP-9 was 2.9 nM,
which was roughly comparable to the value for proMMP-9.

Inhibition of enzymatic activity of MMP-9 by His,-SSLS.
We examined the effects of His,-SSLS on the enzymatic activ-
ity of MMP-9 using gelatin as a substrate. Neutrophil MMP-9
pretreated with APMA was incubated with gelatin (0.5 mg/ml)
for 16 h, and the reaction mixture was analyzed by SDS-poly-
acrylamide gel electrophoresis. As shown in Fig. 4A, APMA-
activated MMP-9 completely degraded gelatin (lane 2), and
the gelatinolysis catalyzed by MMP-9 was inhibited by the
addition of His,-SSLS (lanes 3 to 5) in a dose-dependent man-
ner. However, neither His,-SSL7 (lanes 6 to 8) nor Hisg-SSL9
(lanes 9 to 11) inhibited the gelatinolytic activity of MMP-9
under these conditions. The inhibitory activity of Hisg-SSLS5
was confirmed by reverse zymography using a polyacrylamide
gel containing gelatin and purified MMP-9. When a series of
His,-SSLS dilutions was subjected to reverse zymography, the
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FIG. 3. Sensorgram of binding of proMMP-9 to immobilized SSLS5.
ProMMP-9 from human neutrophils at various concentrations (6.8 to
109 nM) was allowed to bind to Hise-SSL5 that had been immobilized
on a CMS5 sensor chip for 3 min at a flow rate of 0.02 ml/min and
examined by surface plasmon resonance with a Biacore 2000 system
(GE Healthcare) as described in Materials and Methods. (A) Unacti-
vated proMMP-9; (B) APMA-activated MMP-9.

areas corresponding to Hisy,-SSLS remained more-intensely
stained bands after CBB staining and destaining compared to
bands for His,-SSLS5 in regular SDS gel electrophoresis in the
absence of gelatin and MMP-9 (Fig. 4B). His,-SSL7 and His,-
SSL9, however, did not inhibit gelatinolysis catalyzed by
MMP-9 (Fig. 4C).

We next conducted kinetic analysis of the inhibition of
MMP-9 activity by Hiss-SSLS using a fluorescence-quenching
substrate, MOCACc-PLGly-LA,pr(Dnp)-AR-NH,. The Lin-
eweaver-Burk plot revealed that the slope and the y intercept
of the plots obtained in the presence of distinct concentrations
of His¢-SSLS varied significantly (Fig. SA) but that the x inter-
cept was unchanged, indicating that His,-SSLS is a noncom-
petitive inhibitor. The K; value was also determined by Dixon
plot analysis to be 0.097 nM (Fig. 5B).

Inhibition of neutrophil migration through reconstituted
membranes by His-SSL5. MMP-9 has been suggested to play
a crucial role in the recruitment of neutrophils to inflammatory
tissues (8, 17). We therefore assessed how Hiss-SSLS affects
the migration of neutrophils through extracellular matrix using
the Boyden chamber system. The membrane between the up-
per and the lower chambers was coated with Matrigel or gel-
atin, and the formyl peptide FMLP (1 pM) was added to the
lower chamber as a chemoattractant. Human neutrophils were
then placed in the upper chamber, and the chambers were
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FIG. 4. Inhibition of the gelatinolytic activity of MMP-9 by SSLs.
(A) Gelatin (0.5 mg/ml; 0.03 ml) was incubated with MMP-9 purified
from human neutrophils (3.7 ng; final concentration, 1.3 nM) in the
presence of various concentrations (5.6 to 50 ng/0.03 ml [7.3 to 65 nM],
3-fold serial dilutions) of His,-SSLS (lanes 3 to 5), His,-SSL7 (lanes 6
to 8), or Hiss-SSLY (lanes 9 to 11) at 37°C for 16 h as described in
Materials and Methods. The reaction mixtures were analyzed by SDS-
polyacrylamide gel (10%) electrophoresis followed by staining with
CBB. Gelatin was also incubated with (lane 2) or without (lane 1)
MMP-9 in the absence of SSLs as controls. (B) The inhibitory activity
of His,-SSLS5 was examined by reverse zymography. His,-SSLS (0.023
to 150 pg/lane, 3-fold serial dilution) was loaded on a polyacrylamide
gel (12.5%) containing gelatin (1.5 mg/ml) and MMP-9 (10.9 ng/ml).
After electrophoresis, the gel was processed as described in Materials
and Methods. (C) Hise-SSLS, Hise-SSL7, and Hisg-SSLY (1.9 to 50
ng/lane, 3-fold serial dilution) were subjected to reverse zymography
using a polyacrylamide gel (12.5%) containing gelatin and MMP-9 as
described above.

incubated at 37°C for 2 h to allow the cells to migrate through
the membranes. Neutrophil transmigration induced by FMLP
was effectively suppressed in the presence of MMP-9 inhibitor
I or MMP-2/MMP-9 inhibitor I for either Matrigel- or gelatin-
coated membranes (data not shown), confirming the previous
observation that MMP-9 plays a crucial role in neutrophil
invasion into the Matrigel basement membrane (8). Next, we
examined the effect of His,-SSLS5 on neutrophil transmigration
across Matrigel-coated membranes. The addition of Hiss-SSLS
(10 pg/ml) to the upper chamber resulted in significant inhi-
bition of the migration of neutrophils into the lower chamber
through Matrigel-coated membranes (Fig. 6A), whereas al-
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FIG. 5. Kinetic analysis of the inhibition of MMP-9 by His,-SSLS5.
(A) The Lineweaver-Burk plots of the hydrolysis of a fluorogenic
peptide substrate (0.625, 1.25, 2.5, 5.0, and 10.0 pM) by APMA-
activated MMP-9 in the absence (closed circles) or presence of Hisg-
SSL5 at 0.03 nM (open squares) or 0.09 nM (open circles). (B) Dixon
plots with a fluorogenic peptide substrate at 2.5 WM (closed circles) or
10 uM (open circles) in the presence of His,-SSLS (0 to 0.09 nM).

most no inhibition was observed in the presence of His,-SSL7
or Hiss-SSL9. The transmigration across gelatin-coated mem-
branes was similarly decreased by the addition of His,-SSL5 to
approximately 30% of the control level (Fig. 6B).
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FIG. 6. Suppression by Hiss-SSL5 of FMLP-induced neutrophil
transmigration across Boyden chamber membranes. A human neutrophil
suspension in serum-free RPMI 1640 medium (1 X 10° cells/0.2 ml) was
placed in the upper chamber, and RPMI 1640 medium containing 1 nM
FMLP was added to the lower chamber. The chambers were then incu-
bated at 37°C for 2 h, and cells that had migrated to the bottom surface
of the membrane were counted under a microscope after being stained
with crystal violet. The membranes between the upper and lower cham-
bers had been coated with Matrigel (A) or gelatin (B). The assay was
conducted in the presence or absence of Hisy-SSLS, Hisg-SSL7, or His,-
SSLY (10 pg/ml). The data are shown as the means with standard devia-
tions of results for 9 fields selected at random. *%, P < 0.01.
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DISCUSSION

In this study, we provide lines of evidence that SSLS5 specif-
ically binds to human neutrophil MMP-9 and inhibits its enzy-
matic activity. MMP-9 has been thought to play crucial roles in
leukocyte functions because inhibition of gelatinase activity has
been shown to impair neutrophil infiltration of inflammatory
tissues (5, 8, 23). The present study also showed that the
transmigration of neutrophils across Matrigel basement mem-
branes or gelatin-coated membranes was suppressed in the
presence of recombinant SSL5, probably due to its inhibitory
effect on MMP-9. Because neutrophils produce MMP-9 as a
sole gelatinase but almost no MMP-2 (25), it is likely that
neutrophil migration through collagenous connective tissues is
seriously influenced by SSLS. Neutrophils function as the first
line of host defense against bacterial infection, and thus, im-
pairment of neutrophil recruitment surely results in an in-
creased severity of infection. Calander et al. (6) evaluated the
pathophysiological roles of MMP-9 in bacterially induced sep-
tic arthritis by using MMP-9-deficient mice and found that the
deficient mice displayed a significantly high frequency and se-
verity of arthritis and increased persistence of S. aureus com-
pared to the wild-type mice. The aggravation of pathology in
the deficient mice was thought to be caused by interference
with extravasation and recruitment of leukocytes, which led to
decreased bacterial clearance, indicating that MMP-9 plays an
essential role in the defense against S. aureus infection.

SSL5 was previously reported to bind to leukocyte PSGL-1
and inhibit the interaction of PSGL-1 with P-selectin, an ad-
hesion molecule expressed on activated endothelial cells (4).
Because the P-selectin/PSGL-1 interaction plays a key role in
leukocyte adhesion to activated endothelium, it is likely that
SSLS5 impairs tethering and rolling of leukocytes on activated
endothelium and subsequent leukocyte extravasation. Taken
together, these results suggest that S. aureus utilizes SSLS to
escape from host immunity through synergic inhibition of ma-
trix-degrading enzymes, including MMP-9, and of leukocyte-
endothelium adhesion. We also observed the interaction be-
tween SSLS5 and PSGL-1 in the present study. PSGL-1 was
recovered in the Hisg-SSL5-Sepharose-bound fraction when
human neutrophil lysate was incubated with immobilized His-
SSLS. The K, value for the interaction between PSGL-1 and
MMP-9 was reported to be 820 nM (4), whereas the K, value
for proMMP-9/His,-SSLS5 binding was estimated to be 1.9 nM
(Fig. 3), indicating that SSL5 has a higher affinity for MMP-9
than for PSGL-1. The crystallographic analysis demonstrated
that the binding of SSL5 to PSGL-1 was mediated mainly by
carbohydrate chains of PSGL-1, especially those containing a
sialyl lactosamine motif (3). Human neutrophil MMP-9 is a
glycoprotein with a carbohydrate content of approximately
15% (wt/wt), and most carbohydrate chains are of the O-linked
type (28). Thus, neutrophil MMP-9 shares a common type of
carbohydrate unit with PSGL-1. When MMP-9 that was desia-
lylated after neuraminidase treatment was examined for its
ability to bind His,-SSLS by SPR analysis, the K, value was
increased about 5-fold, indicating that the removal of sialic
acid residues from MMP-9 reduces the affinity to His,-SSL5 (S.
Itoh, E. Hamada, and T. Tsuji, unpublished observation). This
result suggested that sialic acid-containing carbohydrate chains
of MMP-9 are involved in the SSL5/MMP-9 interaction. Van
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den Steen et al. similarly observed that the sensitivity of
MMP-9 to its endogenous inhibitor TIMP-1 was attenuated
after desialylation of MMP-9 (31). The carbohydrate moiety of
MMP-9 may play a significant role in the regulation of its
enzymatic activity through interaction with inhibitors.

The expression of SSLs has frequently been observed in
virulent strains of methicillin-resistant S. aureus (MRSA) iso-
lated from individuals with community-acquired infections and
is increased upon phagocytosis by neutrophils (13, 32). Al-
Shangiti et al. suggested that SSL7 and SSL9 affected the
functions of antigen-presenting cells after their incorporation
into monocytes and dendritic cells (1). A recent report also
showed that SSL7 bound to IgA and complement component
C5, causing inhibition of IgA binding to its receptor on phago-
cytes and complement-dependent bactericidal activity (19).
These observations have suggested that SSLs are implicated in
the pathogenicity of bacterial infections, presumably through
their immunosuppressive activities.

The results provided in the present and preceding studies
support the notion that the production of SSL5 by S. aureus
facilitates the ability of bacteria to evade the host immune
system via suppression of leukocyte trafficking caused by syn-
ergic inhibition of the P-selectin/PSGL-1 interaction and
MMP-9 activity. To our knowledge, this is the first reported
example of a bacterial exoprotein inhibiting host MMP activity.
However, many other members of the SSL protein family re-
main functionally uncharacterized, and future studies should
focus on elucidation of the functional roles of exoproteins,
including SSLs, and their relevance to the pathogenesis of S.
aureus infection.
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