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Background: Adhesion of Gram-positive bacteria to host cells is facilitated by human thrombospondin 1 and vitronectin.
Results: Repeating structures R1,,-R2,, of staphylococcal Atl interact with human thrombospondin 1 and vitronectin.
Conclusion: The staphylococcal Atl repeats possess adhesive properties for human thrombospondin 1 and vitronectin.
Significance: Repeats of Atl display multiple adhesive functions contributing to Staphylococcus-host interactions.

Human thrombospondin 1 (hTSP-1) is a matricellular glyco-
protein facilitating bacterial adherence to and invasion into
eukaryotic cells. However, the bacterial adhesin(s) remain elu-
sive. In this study, we show a dose-dependent binding of soluble
hTSP-1 to Gram-positive but not Gram-negative bacteria. Dimin-
ished binding of soluble hTSP-1 to proteolytically pretreated
staphylococci suggested a proteinaceous nature of potential bacte-
rial adhesin(s) for hRTSP-1. A combination of separation of staphy-
lococcal surface proteins by two-dimensional gel electrophoresis
with a ligand overlay assay with hTSP-1 and identification of the
target protein by mass spectrometry revealed the major staphylo-
coccal autolysin Atl as a bacterial binding protein for hTSP-1.
Binding experiments with heterologously expressed repeats of the
AtIE amidase from Staphylococcus epidermidis suggest that the
repeating sequences (R1,,-R2,,) of the N-acetyl-muramoyl-1-ala-
nine amidase of Atl are essential for binding of hTSP-1. Atl has also
been identified previously as a staphylococcal vitronectin (Vn)-
binding protein. Similar to the interaction with hTSP-1, the R1,;-
R2,, repeats of Atl are shown here to be crucial for the interaction
of Atl with the complement inhibition and matrix protein Vn.
Competition assays with h'TSP-1 and Vn revealed the R1,,-R2,,
repeats of AtlE as the common binding domain for both host pro-
teins. Furthermore, Vn competes with hTSP-1 for binding to Atl
repeats and vice versa. In conclusion, this study identifies the Atl
repeats as bacterial adhesive structures interacting with the human
glycoproteins hTSP-1 and Vn. Finally, this study provides insight
into the molecular interplay between hTSP-1 and Vn, respectively,
and a bacterial autolysin.
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Different niches of the human body are colonized by various
commensals as well as by opportunistic pathogenic species.
Staphylococcus aureus, Staphylococcus epidermidis, and Strep-
tococcus pneumoniae are major human pathogens that are part
of the human body flora. The moist squamous epithelium of
the anterior nares is the primary habitat of S. aureus, whereas
S. epidermidis can be found ubiquitously on the skin and in the
nares. S. pneumoniae, however, colonizes the epithelia of the
upper respiratory tract without causing any clinical symptoms
(1-4). Under certain conditions, colonization with these bacteria
can result in an infection accompanied with a wide variety of dis-
ease patterns, from mild wound infections, otitis media, or pneu-
monia to severe life-threatening infections like sepsis or meningitis
(5-7). Pathogenic bacteria are endowed with numerous surface
proteins interacting with structures of the human host cells and
the extracellular matrix. Covalently linked microbial surface com-
ponents recognizing adhesive matrix molecules (MSCRAMMs)
and non-covalently linked secretable expanded repertoire adhe-
sive molecules (SERAMs) of different bacterial species bind to host
extracellular matrix proteins like fibrinogen, fibronectin, or vit-
ronectin (Vn)® of host cells, mediating adherence and invasion
(8-17). Additionally, in S. pneumoniae, members of the choline-
binding protein family, non-covalently linked to the choline moi-
ety of teichoic acids, are also known as adhesins interacting with
host matrix proteins (18 —20). Furthermore, it has been shown that
non-proteinaceous surface structures like the wall teichoic acids
are also important for the primary adhesion of bacteria to human
host cells (21).

Human vitronectin is a multifunctional glycoprotein that can
be found in a monomeric form circulating in serum as well as
part of the extracellular matrix in a multimeric form (22, 23).
Various bacterial species have been shown to interact with host
cell-bound multimeric Vn, facilitating adherence to epithelial

3 The abbreviations used are: Vn, vitronectin; hTSP, human thrombospon-
din-1; SPR, surface plasmon resonance; RU, response unit(s); GMFI, geo-
metrical mean fluorescence intensity.
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cells and artificial surfaces (24, 25). Multiple adhesins/
MSCRAMMs for vitronectin exposed on the surface of staph-
ylococci, pneumococci, and various other bacterial species,
including the autolysins Atl and Aae from S. epidermidis, have
been identified (26 —-28).

Human thrombospondin 1 (hTSP-1) is a homotrimeric, 420-
kDa, multidomain glycoprotein belonging to the group of
matricellular proteins. Matricellular proteins are defined as a
group of modular, extracellular proteins whose functions are
achieved by binding to matrix proteins as well as to cell surface
receptors or to other host molecules, such as cytokines and
proteases, that, in turn, interact with the cell surface (29).
Human TSP-1 is the major protein of a granules in thrombo-
cytes and is released in high amounts after platelet activation
(30). Moreover, it is synthesized and secreted by endothelial
cells and several other human cell types (31-33). Human TSP-1
is also further involved in a wide range of cellular functions and
processes, such as proliferation, angiogenesis, signaling, and
cell adhesion, because of its ability to bind to different cell sur-
face receptors (34-37). Gram-positive bacteria such as
S. aureus, S. epidermidis and S. pneumoniae are able to interact,
via surface-exposed structures, with hTSP-1, facilitating the
binding of the bacteria to various artificial surfaces (38, 39).
Furthermore, adhesion to epithelial and endothelial cells is
increased in the presence of host cell-bound hTSP-1, acting in
this scenario as a molecular bridge between the bacterium and
the host cell (40). In addition, it has been shown that hTSP-1
supports the adhesion of S. aureus and S. pneumoniae to acti-
vated platelets, which could facilitate hematogenous dissemi-
nation within the host (41, 42) and, therefore, play an important
role in the development of sepsis. The activation of thrombo-
cytes probably plays an important role in infective endocarditis
and disseminated intravascular coagulation (43). The process
of bacterial adherence to human epithelial and endothelial cells
is a multifactorial process essential for colonization and infec-
tion of host tissues by pathogenic bacteria.

The mechanism of hTSP-1-mediated adherence of Gram-
positive bacteria to different host cells is not yet fully under-
stood. It is still a matter of debate which structures on the
bacterial surface mediate binding to hTSP-1. On one hand,
non-proteinaceous structures of Gram-positive cells have been
proposed to be direct interaction partners (38, 40). On the other
hand, surface proteins were favored as binding structures, as
shown by the S. aureus extracellular adherence protein (Eap)
(39, 44).

In this study, we were able to identify the major staphylococ-
cal autolysin/adhesin Atl, a surface-associated protein, as a
direct binding partner of h'TSP-1. The Atl proteins of S. epider-
midis (AtlE) and S. aureus (AtlA) share high similarities in
sequence and domain organization. The 148-kDa (AtIE) and
137.5-kDa (AtlA) full-length proteins are processed proteolyti-
cally in vivo into an N-acetyl-L-alanine amidase domain with
two repeating regions, termed R1,, and R2_,, at the C-terminal
part of the enzyme and a glucosaminidase with a third repeat at
the N-terminal region (28, 45). The repeats R1,, and R2_, are
further subdivided into the a-type and b-type subunits, as
shown recently by structural analysis (46). Each repeat consists
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of ~170 amino acids folded into two SH3b domains, each con-
taining a glycine-tryptophan (GW) dipeptide motif.

Amidase and glucosaminidase are important enzymes
involved in the process of cell wall turnover of growing bacteria,
in which the repeating structures interact with teichoic acids
and the peptidoglycan to direct the enzymes to the site of cell
separation (46). Besides this, AtIE has been shown to mediate
the adherence of S. epidermidis to polystyrene surfaces, plasma
proteins, the extracellular matrix protein vitronectin, and
recombinant heat shock cognate protein Hsc70 (28, 47). Here
we were able to narrow down the binding site of hTSP-1 and Vn
to the repeats R1,,-R2_, of the Atl amidase.

EXPERIMENTAL PROCEDURES

Strains and Culture Conditions—S. pneumoniae D39Acps
(40) was cultured to mid-log phase (A,, = 0.35-0.45) in Todd-
Hewitt broth (Oxoid) supplemented with 0.5% yeast extract
(Roth) or grown on Columbia blood agar plates (Oxoid) at 37 °C
and 5% CO,. S. aureus (SA113, SA113Aspa (48), H4862, H9053,
and USA 300 (49, 50)), and S. epidermidis RP62A (ATCC
35984, 1585 (51), and 1457-M10 (52, 53)) were cultured to mid-
log phase (A4on = 0.7-0.8) in basic medium (BM, 10 g of Tryp-
tone, 5 g of yeast extract, 5 g of NaCl, 1 g of glucose, 1 g of
K,HPO, dissolved in 1 liter of water) on an environmental
shaker or on BM agar plates at 37 °C. Pneumococcal and staph-
ylococcal mutants were cultured in the presence of the appro-
priate antibiotic (kanamycin (150 wg/ml) or erythromycin (2.5
png/ml)). Escherichia coli 536 (54) and Pseudomonas aeruginosa
strain 6 (provided by Friedrich Schauer, Microbiology Greif-
swald, Germany) were cultured to mid-log-phase in Luria broth
(LB) medium (A 4y, = 0.5) on an environmental shaker or on LB
agar plates at 37 °C.

Isolation of Human TSP-1—Platelets were purified from
human buffy coats (provided by the Institute for Inmunology
and Transfusion Medicine, Greifswald, Germany) not older
than 24 h and stored at room temperature. After pH adjust-
ment, platelets were activated with thrombin (Sigma-Aldrich)
and incubated for 5 min at 37 °C. Thrombin activation was
stopped by the addition of hirudin (LOXO) to prevent throm-
bin-mediated protein cleavage. After centrifugation at 4 °C and
2500 X g for 30 min, the supernatant was immediately deep-
frozen at —80 °C for 2 h, thawed at 4 °C, and then centrifuged
again to eliminate fibrin clots. The supernatant was loaded onto
a HiTrap™ Heparin HP column (GE Healthcare), and the pro-
tein was eluted with increasing NaCl concentrations in Hepes
buffer (10 mm Hepes, 2mMCaCl, and 1 mm MgCI, with 150
mwm NaCl, 300 mm NaCl, 450 mm NaCl, or 600 mm NaCl,
respectively (pH 7.4)) using the AKTA® purifier system (GE
Healthcare). Human TSP-1 was dialyzed (molecular mass cut-
off 12-14 kDa) overnight at 4 °C against Tris-buffered saline
(pH 7.4) containing 2 mm CaCl, and stored at —80 °C. Purity
was verified by SDS-gel electrophoresis followed by Coomassie
Brilliant Blue staining. Contaminations with fibronectin or vit-
ronectin were excluded by immunoblot analysis of purified
hTSP-1with primary antibodies against vitronectin (rabbit
anti-human vitronectin, CompTech) and fibronectin (rabbit
anti-human fibronectin, Dako) and a secondary goat anti-rab-
bit IgG coupled to alkaline phosphatase (1:7500, Promega).
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Nitro blue tetrazolium chloride and 5-bromo-4-chloro-3-indo-
lyl phosphate p-toluidine salt (Sigma-Aldrich) was used as a
substrate (supplemental Fig. S1).

Antibody Production—Polyclonal antibodies against human
TSP-1 and repeats R1,,-R2,, of AtlE from S. epidermidis were
raised in mice using routine immunization protocols. Briefly,
20 ug of purified protein and Freund incomplete adjuvant
(50:50 v/v) (Sigma-Aldrich) were injected intraperitoneally.
Mice were boosted twice (at days 14 and 28) with 20 ug of
protein and Freund incomplete adjuvant (50:50 v/v) (Sigma-
Aldrich). After bleeding, the polyclonal IgGs from serum were
purified using protein A-Sepharose (Sigma-Aldrich).

Fluorescein Isothiocyanate Labeling of Human TSP-1—Hu-
man TSP-1 was labeled with FITC (Sigma-Aldrich) using
standard protocols. Briefly, hTSP-1 was incubated with FITC
(dissolved in carbonate buffer (pH 9.2)) in a molar ratio of 1:30
for 1 hat 37 °C. Unbound FITC was removed by dialysis (12—14
kDa molecular mass cut-off) against PBS (pH 7.4) overnight at
4°C.

Digestion of Surface Proteins and Oxidation of Surface Car-
bohydrate Structures—S. aureus SA113 was grown to exponen-
tial phase, harvested, and washed twice with PBS (pH 7.4). Ali-
quots of 100 ul containing 2 X 10® bacteria/well in 96-well
microtiter plates were incubated with either Pronase E (1
mg/ml, Sigma-Aldrich) to digest surface-exposed proteins or
with sodium periodate (NalO,, 0.05 mg/ml, Sigma-Aldrich) to
oxidize surface-exposed carbohydrate structures. Plates were
incubated for 15 min at 37 °C. After washing with PBS, treated and
untreated bacteria were employed in binding assays with FITC-
hTSP-1. The binding of FITC-hTSP-1 to bacteria was measured
by flow cytometry (FACSCalibur™" (BD Biosciences).

Heterologous Expression of AtIE Fragments from S. epidermidis—
DNA fragments of atlE encoding the N-acetylmuramoyl-L-
alanine amidase with repeats R1,,-R2,, (Ami-R1,-R2,,),
N-acetylmuramoyl-L-alanine amidase (Ami), AtlE repeats
R1,,-R2,,, and AtIE repeat R1,, residues, respectively, were
PCR-amplified from S. epidermidis O-47 genomic DNA and
cloned into the pGEX 4T-3 expression plasmid (GE Health-
care). Expression of protein fragments fused to a thrombin-
cleavable GST tag was induced in E. coli BL21 (DE3) as
described earlier (46, 55). For R1,,-R2,,, protein expression
was induced with 1 mm isopropyl 1-thio-f3-p-galactopyrano-
side. Bacteria were cultured for a further 12 h at 22 °C. The
soluble GST-tagged fusion protein was purified using a gluta-
thione-Sepharose column (Novagen), followed by an on-col-
umn cleavage with thrombin (Sigma-Aldrich). The eluted frac-
tions were loaded onto a HiTrap™ Benzamidine FF column
(GE Healthcare) to get rid of thrombin. Proteins were purified
by size exclusion chromatography using a Superdex 75 column
(GE Healthcare) (46). Finally, Vivaspin® columns (10-kDa molec-
ular mass cut-off, Sartorius) were used for buffer exchange and
concentration of the purified protein.

Enrichment of Soluble Surface Proteins from S. aureus and
S. epidermidis—S. aureus SA113 and S. epidermidis RP62A
were grown to exponential phase (A4, 0.5—0.7), centrifuged,
and washed twice with 20 mm Tris-HCI (pH 8). Cell wall-asso-
ciated proteins were solubilized by bacterial treatment with
various concentrations of the cell wall lytic enzyme lysostaphin
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(Genmedics, Tubingen, Germany) in the presence of 20%
sucrose. Resulting protoplasts were separated by centrifugation
at 2500 X g for 30 min. The supernatant containing the cell
wall-associated proteins was supplemented with proteinase
inhibitors (Complete®, Roche) and immediately deep-frozen
and stored at - 80 °C.

Immobilization of hTSP-1 for Surface Plasmon Resonance
(SPR) Spectroscopy—To analyze direct protein-protein interac-
tions, human TSP-1 was immobilized on a CM5 biosensor (Bia-
core, GE Healthcare) using amine coupling as described earlier
(57). Briefly, the dextran surface was activated with 1-ethyl-3-
(3-dimethylpropyl)-carbodiimide (0.2 m) and N-hydroxysuc-
cinimide (0.05 m). Human TSP-1, diluted at 10 ug/ml in 10 mm
acetate buffer (pH 4.0), was injected for surface immobilization
(flow rate, 10 ul/min), followed by deactivation of residual acti-
vated groups with 1 M ethanolamine. The values of the bound
protein (RU) were between 2500 —7500 RU (see figure legends).
The control flow cell was prepared in the same way but without
protein injection. Samples were measured in PBS (pH 7.4) con-
taining 0.05% Tween 20 at 25 °C with a flow rate of 10 ul/min.
Regeneration of the affinity surface was carried out with 12.5
mMm NaOH. The given RU in the sensorgrams represent the RU
values after subtraction of the values measured in the blank
chamber.

Ligand Overlay Assay with Human TSP-1—Surface proteins
of S. aureus SA113 and purified AtlE proteins were separated by
SDS-gel electrophoresis and transferred on a nitrocellulose
membrane by semi-dry-blotting (15 V, 1.5 h). The membrane
was blocked with 5% skim milk (blotting grade, Roth) and, after
washing, incubated with 50 pg/ml hTSP-1 for 2—-3 h at 37 °C.
After washing, the membrane was incubated with our primary
polyclonal mouse anti-hTSP-1 antibody (1:500). Binding was
visualized using a secondary goat anti-mouse IgG coupled to
alkaline phosphatase (1:7500, Promega) and nitro blue tetrazo-
lium chloride and 5-bromo-4-chloro-3-indolyl phosphate p-to-
luidine salt (Sigma-Aldrich) as a substrate.

Two-dimensional Gel Electrophoresis and Mass Spectrometry—
Two samples of cell wall-associated proteins of S. aureus SA113
were prepared for two-dimensional gel electrophoresis. 40 ug
of bacterial protein was incubated for 30 min at 20 °C in a total
volume of 400 ul of two-dimensional sample buffer containing
12.5 ul 10X rehydration solution (80 mg of CHAPS, 17.5 mg of
DTT, 52.5 pl of Pharmalytes (pH 3-10) (GE Healthcare), and
400 ul of 8 M urea/2 M thiourea). After centrifugation, superna-
tants were loaded on 7-cm internal pH gradient strips (pH 4—7)
(GE Healthcare) for rehydration for 18 —24 h. After equilibra-
tion of the samples, isoelectric focusing was performed in a
three-step procedure using the Multiphor II system (GE
Healthcare). For the second dimension, internal pH gradient
strips were placed on a SDS-polyacrylamide gel (5% stacking
gel, 12% resolving gel) and separated for 1.5 h with 20 mA. One
gel was used for a ligand overlay blot with hTSP-1 and the other
for corresponding silver nitrate staining (58). Protein spots
showing hTSP-1 binding were excised for LC/MS analysis.

Briefly, gel spots from the silver-stained gel were destained
with 30 mm K5 [Fe(CN)¢] and 100 mm Na,S,05 and rinsed with
water and 200 mM NH,HCO, in 50% acetonitrile. After dehy-
dration with acetonitrile, proteins were digested using trypsin
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FIGURE 1. Binding of soluble hTSP-1 by bacteria. A, dose-dependent binding
of hTSP-1 to Gram-positive S. pneumoniae D39Acps, S. aureus SA113Aspa, S. epi-
dermidis RP62A, and Gram-negative E. coli 536 and P. aeruginosa strain 6, respec-
tively, was analyzed by flow cytometry. Bacterial suspensions of 5 X 10° bacteria
in 100 wl of PBS were incubated with increasing concentrations of hTSP-1 (0-50
ng/ml) and analyzed for surface-bound hTSP-1 using a specific mouse anti-TSP-1
antibody and secondary Alexa Fluor 488 conjugated anti-mouse IgG. The values
are represented as the geometrical mean fluorescence intensity multiplied with
the percent of gated events (GMFI X % gated events). B, dose-dependent binding
of hTSP-1 to clinical isolates S. epidermidis 1457-M10 (pia-negative mutant of a
1457 catheter infection isolate) and S. epidermidis 1585 (liquor shunt infection
isolate). The values are represented as the geometrical mean fluorescence inten-
sity multiplied with percent gated events. C, dose-dependent binding of FITC-
labeled hTSP-1 to different clinical isolates of S. aureus (H4862 and H9053, furun-
cle isolates, and caMRSA USA300). Bacterial suspensions of 5 X 108 bacteria in
100 wl of PBS were incubated with increasing concentrations of FITC-labeled
hTSP-1 (0-50 ng/ml) and analyzed for surface-bound hTSP-1 using flow cytom-
etry. The values are represented as the geometrical mean fluorescence intensity
multiplied with percent gated events.

H4862 H9053 SA113Aspa

askviEe

FEBRUARY 14, 2014 «VOLUME 289-NUMBER 7

Atl Repeats Interact with hTSP-1 and Vn

50 pg/mi 100 pg/ml
»n 15000
=
g ns
o
S 100004 —NS ik
“E ok
o
2
X 5000
i
=
(&)
0 e & o <
4‘\0 Q O 0\0 é\o Q o é’b\o

FIGURE 2. Proteolytic treatment diminishes TSP-1 binding activity of
S. aureus. Binding of different concentrations of FITC-labeled hTSP-1 (50 and
100 pg/ml) to 2 X 108 S. aureus SA113. Bacteria were pretreated with either
Pronase E (ProE, 1 mg/ml) to digest potential proteinaceous binding partners
on the bacterial surface or with sodium periodate (NalO,, 0.05 mg/ml) to
oxidize potential carbohydrate binding partners. Binding of FITC-labeled
human TSP-1 was analyzed (n = 3) by flow cytometry in comparison with
untreated bacteria (w/0). The values are represented as the geometrical mean
fluorescence intensity multiplied with percent gated events (GMFI x % gated
events). **, p < 0.01; ***, p < 0.001; ns, not significant.

at 37 °C overnight. Peptides were extracted from the gel matrix
by sonication at 30 °C for 30 min in a 0.5% formic acid, 50%
acetonitrile solution.

After nanoLC separation, the samples were measured on an
LTQ-Velos Orbitrap (Thermo Fisher Scientific) as described
previously (59). The database search was performed using the
Sorcerer system and an in-house database of S. aureus (Uni-
prot-SwissProt 11/2010). Up to two missed cleavages, a mass
tolerance of 10 ppm, the variable modification of cysteine by
carbamidomethylation or the addition of propionamide, and
the oxidation of methionines were considered. Search
results were filtered and visualized using Scaffold (Proteome
Software).

Flow Cytometry Analysis of h'TSP-1 Binding—Bacteria were
grown to mid-exponential phase, harvested, and washed twice
with PBS (pH 7.4). Bacteria (5 X 10%) were incubated in 100 ul
of PBS for 30 min at 37 °C with increasing concentrations (0 —50
pg/ml) of hTSP-1. After three washing steps, bacteria were
incubated with protein A-Sepharose-purified mouse anti-
hTSP-1 IgG (1:500). Alexa Fluor 488 goat anti-mouse IgG
(Invitrogen) was used as secondary fluorescence-labeled anti-
body (1:500). Flow cytometric analysis was performed to mea-
sure binding of hTSP-1 after fixation of the bacteria with 1%
paraformaldehyde using a FACSCalibur™ (BD Biosciences).
Bacteria were detected using log-forward and log-side scatter
dot plots. Gating was set to exclude debris and aggregates of
bacteria. 50,000 events were counted and analyzed for fluores-
cence using log-scale amplification. As a measure for binding
activity, the geometric mean fluorescence activity (GMFI) mul-
tiplied by the percentage of labeled bacteria was recorded. Data
acquisition was conducted using CellQuest Pro software v. 6.0
(BD Biosciences), and data analysis was performed using Win-
MDI 2.9 software (written by J. Trotter).

Binding of hTSP after Incubation with R1,,,-R2,,,—S. aureus
Sall3Aspa was grown to mid-exponential phase (A4, = 0.7—
0.8), harvested, and washed twice with PBS (pH 7.4). Bacteria
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FIGURE 3. Binding of S. aureus surface proteins to hTSP-1 as analyzed by surface plasmon resonance. A and B, surface plasmon resonance sensorgrams
demonstrating a dose-dependent binding of surface proteins enriched from S. epidermidis RP62A (A) and S. aureus SA113 (B) to hTSP-1 immobilized on a CM5
biosensor. C, binding of surface proteins of S. aureus SA113 (100 wg/ml) to immobilized hTSP-1 before (ctrl) and after incubation with Pronase E (ProE). The CM5
biosensor was coated with hTSP-1 (~7500 RU), and enriched surface proteins were used as analytes at a flow rate of 10 ul/min. The affinity surface was
regenerated between subsequent sample injections with 12.5 mm sodium hydroxide. The values of the control flow cell were subtracted from each

sensorgram.

(5 X 10%/well) were incubated with 3 pg of heterologously
expressed R1,,-R2,, for 30 min at 37 °C. After washing, bacteria
were incubated with various concentrations of hTSP-1 and
measured by flow cytometry as described.

Enzyme-linked Immunosorbent Assays—To assess binding of
R1,,-R2,, or R1,, to immobilized h'TSP-1, 0.5 ug of hTSP/well
was immobilized on 96-well Nunc MaxiSorp® plates (Thermo
Scientific) at 4 °C overnight. After washing with PBS supple-
mented with 0.05% Tween 20 (Roth) and blocking with 1% BSA
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(Roth), wells were washed again with PBS-Tween (0.05%) and
incubated with increasing molecular ratios of AtlE repeats.
After washing, wells were incubated with polyclonal mouse
anti-AtlE repeat IgG (1:500), washed, and incubated with a
secondary goat anti-mouse IgG coupled to horseradish per-
oxidase (1:2500, Jackson ImmunoResearch Laboratories,
Inc.). 2,2’-Azino-di-3-ethylbenzthiazoline sulfonate (6)
(Roche) or O-Phenylenediamine dihydrochloride (Dako)
was used as substrate, and absorbance at 405 and 492 nm was
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detected using a FLUOstar Omega Fluoreader (BMG Labtech).
Binding of hTSP-1 and Vn to immobilized R1,,-R2, was
tested in a similar way using a polyclonal mouse anti-hTSP-1
or polyclonal rabbit anti-Vn IgG (Complement Technology).
Detection of hTSP-1 and Vn binding was measured using a
secondary goat anti-mouse or anti-rabbit IgG coupled with
horseradish peroxidase (Dianova) and O-phenylenediamine
dihydrochloride as a substrate.

In competitive ELISAs, binding of hTSP-1 to immobilized
R1,,-R2,, (0.5 ug) in the presence of Vn (and the other way
around) was analyzed using a constant concentration of one
binding partner and increasing molecular ratios of the other
binding partner.

RESULTS

Gram-positive Bacteria Bind Soluble hTSP-1—Binding of
soluble hTSP-1 was analyzed in different Gram-positive and
Gram-negative bacterial species, which included laboratory
strains and clinical isolates. Bacteria were incubated with
increasing concentrations of purified hTSP-1 (0-50 ug/ml),
and binding of soluble hTSP-1 was analyzed by flow cytometry
using a primary hTSP1-specific polyclonal mouse antibody and
a secondary Alexa Fluor 488-conjugated antibody. Binding of
hTSP-1 to clinical isolates of S. aureus (H4862, H9053, and
USA300) was analyzed using FITC-labeled TSP-1 because of
the presence of protein A (Fig. 1 C).

The Gram-positive bacteria S. pneumoniae, S. aureus, and
S. epidermidis showed a dose-dependent binding of hTSP-1,
whereas only a moderate but dose-independent binding of
hTSP-1 to Gram-negative bacteria such as E. coli or P. aerugi-
nosa was measured (Fig. 14). These data suggest that the bac-
terial adhesin for hTSP-1 is either specific for Gram-positive
bacteria or only accessible in the Gram-positive cell wall.

TSP-1 Recruitment Depends on Protein(s)—To assess the
chemical nature of the bacterial adhesin(s) for hTSP-1 on the
bacterial surface, S. aureus SA113 was pretreated either with
Pronase E to degrade potential surface-associated hTSP-1
binding proteins or with sodium periodate to oxidize potential
carbohydrate structures interacting with hTSP-1. Pronase E-
and sodium periodate-pretreated bacteria were incubated with
two different concentrations of FITC-labeled hTSP-1 to com-
pare their ability to bind hTSP-1 to their surfaces with
untreated bacteria. The proteolytic treatment of staphylococci
significantly decreased binding of human TSP-1, whereas pre-
treatment of the bacteria with sodium periodate had no effect
on their h'TSP-1 binding capacity (Fig. 2). These results suggest
that surface-exposed proteins of Gram-positive bacteria repre-
sent hTSP-1 adhesin(s) and recruit soluble hTSP-1 to the bac-
terial surface.

To assess the role of surface-exposed proteins in hTSP-1
binding, SPR studies were employed to demonstrate that
enriched bacterial surface protein fractions contain adhesin(s)
for h'TSP-1. Human TSP-1 was immobilized on a CM5 biosen-
sor, whereas the extracted cell wall-associated proteins were
used as analytes in SPR studies. Indeed, the sensorgrams
revealed a dose-dependent binding of cell wall-associated
staphylococcal proteins to immobilized h'TSP-1 (Fig. 3, A and
B). To confirm the proteinaceous nature of the bacterial
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FIGURE 4. Identification of the major staphylococcal autolysin as TSP-1
binding protein. A, representative silver-stained protein gel (12%) after two-
dimensional separation of purified cell wall-associated and secreted proteins
(40 g) from S. aureus SA113. Proteins were subjected to isoelectric focusing
with 7-cm IPG strips (pH 4-7), followed by SDS-PAGE. Single spots were
excised after matching (circles) with a corresponding overlay blot with hTSP-1
(B). After digestion with trypsin, peptides of the spots were analyzed using
mass spectrometry.

hTSP-1 adhesin, the enriched surface components were pro-
teolytically treated prior to their use as analyte and, after heat
inactivation of the protease (20 min, 80 °C), employed again in
binding studies (Fig. 3C). Proteolytic pretreatment of protein
samples diminished binding to hTSP-1, confirming that
hTSP-1 interacts with surface protein(s).

Identification of Atl by Two-dimensional SDS-Gel Electro-
phoresis and Mass Spectrometry—To identify staphylococcal
surface protein(s) interacting specifically with h'TSP-1, a pro-
teomic approach was used. Cell surface proteins extracted from
S. aureus SA113 were separated by two-dimensional SDS-gel
electrophoresis, and a ligand overlay assay with hTSP-1 was
performed after transfer of the proteins onto nitrocellulose. In
parallel, protein patterns were visualized by staining with silver
nitrate. The hTSP-1 ligand overlay assay revealed protein spots
interacting with h'TSP-1. After matching positive signals of the
hTSP-1 ligand overlay with the protein pattern of the silver
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nitrate stain, candidate protein spots were picked from the cor-
responding silver-stained polyacrylamide gel (Fig. 4), digested
with trypsin, and analyzed by mass spectrometry. The database
search identified AtlA, among others, as one potential hTSP-1
binding protein of S. aureus SA113 (supplemental Table S1).
Six of the eight identified peptides of AtlIA (FYLVQDYNSGNK,
EGDVVYNTAK, SPVNVNQSYSYSIKPGTK, SIYLYGSVNGK,
AYLVDTAKPTPTPTPK, and AYLAVPAAPK) were located
within the repeats R1,,-R2_,. A spot pattern similar to the
hTSP-1 ligand overlay assay was also demonstrated by immu-
noblot analysis after two-dimensional gel electrophoresis of the
extracted S. aureus surface proteins when using anti-R1,,-R2,
antibodies (supplemental Fig. S2), confirming the results of the
MS analysis.

Repeating Structures of Atl are Essential for Binding Activity—
AtIE is highly similar to AtlA (61% identity to AtlA of S. aureus
NCTC 8325) and interchangeable between S. epidermidis and
S. aureus, as shown previously (60). Recently, the crystal struc-
tures of the catalytic domain of AtlE amidase and of the repet-
itive structures R1,,-R2,, were solved (46, 61). In our study,
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heterologously expressed fragments containing the amidase
domain of AtIE together with repeats R1_,-R2_,, repeats R1,, -
R2,,, and the R1,, domain were used in a ligand overlay assay
with hTSP-1. The amidase domain with and without R1,,-R2,,,
repeats R1,,-R2_,, and the single repeat R1,, were separated by
SDS-PAGE and stained with silver nitrate. A corresponding
SDS gel was used for a ligand overlay blot with human TSP-1
(Fig. 5A). The protein domain composed of the amidase and
repeats R1,,-R2 , and the similar repeats R1,,-R2_, showed
binding of hTSP-1, whereas the amidase domain without
repeats R1,,-R2_, and the repeat R1,, showed no binding to
hTSP-1. These results were confirmed in further binding stud-
ies using the repeats R1,,-R2,, and the single repeat R1,,. The
results of an ELISA showed a dose-dependent binding of R1,, -
R2,, to immobilized hTSP-1, whereas the single repeat R1,,
showed only a low hTSP-1-binding activity (Fig. 6A4). Surface
plasmon resonance with immobilized hTSP-1 showed similar
results. The analyte R1,,-R2_, bound in a dose-dependent
manner to immobilized hTSP-1, and dissociation after stop-
ping the injection of the analyte was moderate (Fig. 6B). In
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FIGURE 6. Human TSP-1 binds preferentially to repeats R1,,-R2,, as shown by surface plasmon resonance studies. A, human TSP-1 (0.1 ng) was
immobilized on 96-well plates (MaxiSorp) and incubated with various molecular ratios of AtlE R1,,-R2,,, or AtIER1,,,.. The binding of repeats was detected using
a polyclonal anti-AtlE-R1,,-R2,,, 19G followed by incubation with a peroxidase-coupled secondary antibody. Results are expressed as means + S.D. (n = 3). *¥,
p < 0.01; ***, p < 0.001; ns, not significant. B, surface plasmon resonance sensorgrams of heterologously expressed AtlE R1,,-R2,,, show a dose-dependent
binding to immobilized hTSP-1. A CM5 biosensor was coated with hTSP-1 (~4000 response units), and the heterologously expressed repeats R1,,-R2,,, of AtIE
were used as analytes. The values of the control flow cells were subtracted from each sensorgram. C, surface plasmon resonance sensorgrams of heterolo-
gously expressed AtlE R1,,-2,, show a dose-dependent binding to immobilized human vitronectin. Vn was immobilized on the CM5 biosensor (~2500
response units), and the heterologously expressed repeats R1,,-R2,,, of AtIE were used as analytes. The values of the control flow cells were subtracted from
each sensorgram. D, low binding activity of heterologously expressed AtIE repeat R1,,, (25 ng/ml) to immobilized hTSP-1 as analyzed by an SPR study. Shown

is an SPR sensorgram of a manual run.

contrast, the single repeat R1,, exhibited only a low binding
activity with a fast association but also an immediate dissocia-
tion, suggesting a low hTSP-1 binding affinity (Fig. 6D). These
data suggest that the repeats R1,, -R2_, are the minimal domain
required for the interaction of Atl with hTSP-1. In contrast, a
single repeat, represented here by R1,,, was not sufficient to
mediate the interaction of Atl with h'TSP-1.

Preincubation of S. aureus with R1 ,,-R2,,, Increased Recruit-
ment of hTSP-1—Recent studies showed the ability of the iso-
lated AtIE repeats R1,,-R2,, to bind to isolated peptidoglycan
as well as to whole bacteria (55, 60). S. aureus Sall3Aspa was
preincubated with heterologously expressed R1,,-R2, from
AtIE to assess whether the acquisition of R TSP-1 is increased in
the presence of higher amounts of cell surface-bound repeats
R1,,-R2,.. Flow cytometric analysis confirmed that the repeats
R1,,-R2,, have the capability to reassociate to the staphylococ-
cal cell surface (data not shown). Indeed, the increased avail-
ability of the repeats bound to the surface of the bacteria
resulted in an increased ability to recruit soluble hTSP-1 to the
bacterial surface (Fig. 7). Because the repeats were able to bind
to the bacterial cell surface and hTSP-1, these data further sug-
gest that the binding sites for peptidoglycan and hTSP-1 are
located in different parts of the repeats.

askviEe

FEBRUARY 14, 2014 «VOLUME 289-NUMBER 7

Human TSP-1 and Vitronectin Compete for the Binding
Site within AtIE—The amidase repeats R1,,-R2,, immobi-
lized in Maxisorp® microtiter plates showed a dose-depen-
dent binding of either hTSP-1 or Vn (Fig. 8, A and B). How-
ever, lower amounts of Vn seem to be necessary for the
detection of binding to R1,,-R2,, compared with TSP-1 in
ELISA assays.

To prove whether the same binding site within the AtIE
repeats was occupied by Vn and hTSP-1, competition assays
were conducted. In the presence of increasing molecular ratios
of TSP-1, Vn binding to R1,,-R2,, was inhibited dose-depen-
dently. Vice versa, increasing molecular ratios of Vn also
showed a dose-dependent inhibition of h'TSP-1 binding (Fig.
8, Cand D). Interestingly, lower molecular ratios of Vn seem to be
necessary to inhibit hTSP-1 binding to R1,,-R2,,, suggesting a
stronger binding affinity of Vn to R1,-R2, compared with
hTSP-1. We hypothesize, therefore, that Vn and hTSP-1 share the
same or proximal binding sites within the repeats R1,,-R2,,.

DISCUSSION

S. aureus and S. epidermidis are facultative human pathogens
causing a wide range of diseases, preferentially in hospitalized
and immunocompromised persons but also in the community.
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FIGURE 7. Reassociation of Atl repeats to S. aureus increases hTSP-1 bind-
ing. A, binding of hTSP-1 (6.25 and 12.5 ug/ml) to S. aureus SA113Aspa was
analyzed using 5 X 10® of untreated or 3 ug of AtIE repeats R1,,-R2,,, (TSP
6.25 + Rand TSP 12.5 + R) pretreated bacteria. Binding was analyzed by flow
cytometry using a specific mouse anti-TSP-1 antibody and secondary Alexa
Fluor 488-conjugated anti-mouse IgG. The values represent the geometrical
mean fluorescence intensity multiplied with the percent of gated events
(GMFI X % gated events) (n = 3).*, p < 0.05; ns, not significant. B, representa-
tive overlay histograms showing binding of hTSP to untreated S. aureus
Sa113Aspa (black) and increased binding of hTSP-1 to S. aureus Aspa pre-
treated with 3 g of AtIE repeats R1,,-R2,,, (green).

A characteristic feature of these bacteria is their ability to col-
onize host tissues and persist on abiotic surfaces, including the
formation of biofilms on medical devices (5, 6, 62). Staphylo-
cocci produce a variety of adhesins interacting with the host cell
matrix or serum proteins such as fibrinogen, fibronectin, vi-
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tronectin, collagen, and thrombospondin 1. The recruitment
and binding of these host proteins has been demonstrated to be
pivotal for the pathogenesis of staphylococci and facilitates bac-
terial attachment to host tissues or inert surfaces (8 -10, 63).
Human TSP-1, a matricellular glycoprotein produced by plate-
lets and different cell types, has been shown to promote binding
of Gram-positive bacteria, including S. aureus, to artificial
surfaces. TSP-1 further mediates adhesion to and invasion of
Gram-positive bacteria into various epithelial and endothe-
lial cells (38, 40). However, the adhesive bacterial structure
and binding partner for hTSP-1 remained elusive, and it is
still a matter of debate whether the bacterial adhesin is a
carbohydrate structure or a surface-exposed protein (38, 39,
40, 44).

In this study, we demonstrate that only Gram-positive bac-
teria have the capability to recruit soluble hTSP-1 in a dose-de-
pendent manner to their surfaces (Fig. 1). Importantly, proteo-
lytic treatment of the staphylococcal cell surface impaired the
interaction with hTSP1, suggesting (a) proteinaceous struc-
ture(s) as adhesin(s) for h'TSP-1. Binding of soluble h'TSP-1 was
diminished to S. aureus pretreated with Pronase E, as shown by
flow cytometry (Fig. 2), and, similarly, proteolytic treatment of
enriched surface proteins of S. aureus and S. epidermidis,
respectively, abolished binding to hTSP-1 immobilized on a
biosensor (Fig. 3C). The characterization of a proteinaceous
bacterial binding partner for hTSP-1 is in agreement with the
data from Yanagisawa and colleagues (39) favoring surface pro-
teins of S. aureus and S. epidermidis as a bacterial adhesin for
hTSP-1.

By applying a proteome-based approach in combination with
a ligand overlay assay and using soluble hTSP-1, we identified
Atl, the major autolysin of S. aureus and S. epidermidis, as a
hTSP-1-binding protein. Atl is a multifunctional protein of
staphylococci and, in addition to its amidase and glucosamini-
dase activity, Atl and homologues have been shown to act as
binding partners for the extracellular host glycoproteins
fibronectin, fibrinogen, and vitronectin. Atl is further involved
in the internalization of staphylococci by endothelial cells (28,
47, 64). The protein domains of Atl essential for the interaction
with host proteins have not been characterized in detail so far.
However, recently it has been shown that the amidase contain-
ing R1,,-R2,, repeats is able to bind to fibrinogen, fibronectin,
and Vn (47). To narrow down the binding domain of hTSP-1
within the Atl amidase, heterologously produced AtIE deriva-
tives of S. epidermidis were tested for their ability to bind
hTSP-1. The binding domain of hTSP-1 was localized to the
repeats R1,,-2,, of the amidase of Atl. In contrast, the amidase
domain without R1,,-R2_, of Atl showed no hTSP-1-binding
activity. Because Atl has also been shown to bind Vn (28), we
were interested whether the repeats R1,,-2,, of Atl also medi-
ate binding to Vn. Indeed, Vn binding was also localized to the
repeatsR1,,-2,,, which are widely distributed among staphylo-
coccal amidases and show conserved amino acids near the GW
motifs (46). Importantly, only R1,,-R2,, showed a high hTSP-1
binding activity, whereas the sole repeat R1,, showed only
moderate binding to hTSP-1, suggesting that at least two
repeats represent the minimal motif required for an efficient
interaction with hTSP-1 or Vn. Therefore, we conclude that the
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FIGURE 8. Human TSP-1 and vitronectin bind dose-dependently to the R1,,-R2,, repeats of Atl and compete for binding. A, binding of hTSP-1 to
immobilized Atl repeats R1,,-R2,,,.. The heterologously expressed repeats R1,,-R2,,, (0.5 ng) were immobilized on microtiter plates (MaxiSorp) and incubated
with increasing amounts of hTSP-1. B, binding of human vitronectin to immobilized Atl repeats R1,,-R2,,.. The heterologously expressed repeats R1,,-R2,,, (0.5
1g) were immobilized on microtiter plates (MaxiSorp) and incubated with increasing amounts of Vn. Cand D, human TSP-1 competes with human vitronectin
for binding to the immobilized Atl repeats R1,,-R2,,,. The heterologously expressed repeats R1,,-R2,,, (0.5 ng) were immobilized on microtiter plates (Max-
iSorp) and incubated with hTSP-1 (1000 ng/well) in the presence of increasing molecular ratios of Vn (C) or with Vn (125 ng/well) in the presence of increasing
molecular ratios of hTSP-1 (D). Bound hTSP was detected using a polyclonal mouse anti-hTSP-11gG antibody followed by incubation with a peroxidase-coupled
secondary anti-mouse antibody, and bound Vn was detected using a polyclonal rabbit anti-Vn IgG followed by incubation with a peroxidase-coupled
secondary anti-rabbit antibody. Results are expressed as means = S.D. (n = 3).*, p < 0.05; ***, p < 0.001; ns, not significant.

repeats R1,,-R2 , of staphylococcal Atl proteins possess the
adhesive capacity and represent the domain interacting with
host-derived glycoproteins such as hTSP-1 and Vn. Strikingly,
Vn is able to compete with TSP-1 for binding to Atl repeats
R1,,.-R2,, and vice versa, suggesting that the modes of interac-
tion are similar and that steric hindrance avoids binding of the
other host protein to R1,,-R2,,. In addition, recruitment of
TSP-1 to staphylococci pretreated with the exogenously added
repeats R1,,-2,, is enhanced, as is the surface abundance of
repeats, suggesting that the peptide sequence involved in reas-
sociation of Atl repeats to the bacterial cell wall is different from
the binding sites for TSP-1 and Vn, respectively. One can fur-
ther speculate that these repeats are also involved in Atl-medi-
ated adhesion of staphylococci to epithelial cells. Recently, a
gene expression study of S. aureus in human nasal colonization
showed that at/A is up-regulated during nasal colonization,
emphasizing a potential in vivo role of Atl as an adhesin in the
process of adhesion and colonization of host tissues (65). In this
regard, it is noteworthy that a known bacterial interaction part-
ner of hTSP-1, the extracellular adherence protein Eap of
S. aureus, which also binds to hTSP-1 and vitronectin, does not
share sequence similarities with R1,,-R2_,. However, Eap also
exhibits repeating sequences that are involved in binding to
hTSP-1, Vn, and other extracellular matrix proteins (13). Simi-
larly, pneumococcal proteins composed of repetitive sequences,
such as the PspC and PavB proteins, interact via their repeats with
Vn and fibronectin, respectively (27, 66).
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It remains obscure why hTSP-1 is bound only by Gram-pos-
itive bacteria. The restriction of hTSP-1 acquisition to the sur-
face of Gram-positive bacteria could be due to the fundamen-
tally different architecture of the cell wall of Gram-positive and
Gram-negative bacteria. The structure of the outer membrane
of the Gram-negative cell wall with its high amounts of lipopoly-
saccharide may interfere with the binding of h'TSP-1. Putative
adhesins existing on the bacterial cell surface can be masked
by lipopolysaccharides. Such a phenomenon has been shown
recently for the interaction of platelet factor 4 with Gram-neg-
ative bacteria (67).

Although a previous study also suggested that peptidoglycan
isinvolved in binding of bacteria to cell-bound hTSP-1 (40), this
study indicates that surface proteins interact specifically with
hTSP-1. In the previous study, peptidoglycan purified from
S. aureus (40) was used to inhibit the attachment of bacteria to
hTSP-1-preincubated host epithelial cells. However, Atl inter-
acts with the teichoic acids (55) and was abundant in the used
peptidoglycan fraction because no proteolytic treatment has
been carried out to degrade proteins (data not shown) (40).

Human TSP-1 is composed of three identical multidomain
monomers with different binding sites for multiple known
ligands. Although the results suggest that the repeats R1_,-R2,,
of Atl amidase interact with repetitive sequences of TSP-1, the
binding domain within hTSP-1 and mechanism of the protein-
protein interaction has to be elucidated in further studies,
which then also allows to determine affinity constants in SPR
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studies. A strategy to gain comprehensive insight into the Atl-
hTSP1 interaction will be the structural analysis of protein
complexes consisting of the Atl amidase repeats R1,,-R2,, and
the TSP-1 domain interacting with At R1,,-R2,,. This will also
indicate the amino acids critical for this interaction. Because
Atl and Eap, both containing repeating structures (28, 56),
interact specifically with Vn and TSP-1, it will be of interest
whether other bacterial vitronectin-binding proteins also have
the ability to bind TSP-1. Atl and Eap, sharing only minor
sequence homology, interact via their repeats with TSP-1 and
Vn, respectively, pointing to the fact that not the primary
sequences but probably the structures of the adhesins share
similarities and confer binding activity for Vn and TSP-1. To
identify further microbial TSP-1 or Vn-binding proteins, can-
didate proteins consisting of repeats with ~100 amino acid res-
idues should be tested for their ability to interact with TSP-1,
Vn, or other adhesive glycoproteins. Furthermore, the isolation
and analysis of surface proteins from S. aureus and different
Gram-positive bacteria using native two-dimensional gel elec-
trophoresis and ligand overlay blots may reveal additional pro-
teins mediating the binding of R TSP-1 and Vn.

Taken together, we showed that Gram-positive bacteria
dose-dependently recruit human TSP-1 to their surfaces. We
identified AtIE, the major autolysin of S. epidermidis, as a direct
binding partner of hTSP-1. The analysis of heterologously
expressed protein fragments of the AtIE amidase revealed that
hTSP-1 and Vn recognize the repeating structures R1,,-R2,,.
The preincubation of S. aureus with R1,,-R2,, leads to an
increase in binding of hTSP-1 to the surface of S. aureus. Fur-
thermore, we were able to show that hTSP-1 as well as Vn share
the same binding site within the Atl amidase repeats R1,,-R2,.
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