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The adhesion of bacteria to host tissues is often mediated by
interactions with extracellular matrices. Herein, we report on
the interactions of the group A streptococcus, Streptococcus
pyogenes, with the extracellular matrix protein fibulin-1. S. pyo-
genes bound purified fibulin-1 in a dose-dependent manner.
Genetic ablation of serum opacity factor (SOF), a virulence
determinant of S. pyogenes, reduced binding by �50%, and a
recombinant peptide of SOF inhibited binding of fibulin-1 to
streptococci by �45%. Fibulin-1 bound to purified SOF2 in a
dose-dependent manner with high affinity (Kd � 1.6 nM). The
fibulin-1-binding domain was localized to amino acid residues
457–806 of SOF2, whereas the fibronectin-binding domain is
contained within residues 807–931 of SOF2, indicating that
these two domains are separate and distinct. Fibulin-1 bound to
recombinant SOF from M types 2, 4, 28, and 75 of S. pyogenes,
indicating that the fibulin-1-binding domain is likely conserved
among SOF from different serotypes. Mixed binding experi-
ments suggested that gelatin, fibronectin, fibulin-1, and SOF
form a quaternary molecular complex that enhanced the bind-
ing of fibulin-1. These data indicate that S. pyogenes can interact
with fibulin-1 and that SOF is amajor streptococcal receptor for
fibulin-1 but not the only receptor. Such interactions with fibu-
lin-1 may be involved in the adhesion of S. pyogenes to extracel-
lular matrices of the host.

Adhesion of bacteria to host surfaces is the first stage in
establishing bacterial infections in the human host, and a vari-
ety ofmolecularmechanisms are utilized to initiate adhesion. A
common mechanism for adhesion involves interactions
between bacterial adhesins and components of the extracellular
matrices of the host. The identification and characterization of
microbial surface components recognizing adhesive matrix
molecules (MSCRAMM) has led to important advances in vac-
cines and immunotherapies for preventing and treating bacte-
rial infections (1).
The group A streptococcus, Streptococcus pyogenes, is a

major human pathogen causing diseases ranging from relative

minor infections such as pharyngitis and cellulitis to severe
infections with high levels of morbidity and mortality such as
necrotizing fasciitis and toxic shock syndrome (2). This patho-
gen expresses adhesins that interact with various components
of the extracellular matrix including laminin, elastin, fibronec-
tin, fibrinogen, and collagen (3–7). The interactions between
fibronectin and S. pyogenes have been intensely studied, and
these investigations have revealed at least 10 different strepto-
coccal proteins that bind fibronectin (4).
Serum opacity factor (SOF)2 is a major fibronectin-binding

protein that is involved in adhesion to host cells (8–11). SOF is
a virulence determinant that is expressed by approximately half
of the clinical isolates of S. pyogenes (8). SOF opacifies serum by
binding and displacing apoA-I in high density lipoproteins (8,
12–15). SOF is covalently linked to the streptococcal cell wall
via an LPSTG sortase recognition site and is also released in
a soluble form. SOF has two functionally distinct domains,
an N-terminal domain that opacifies serum and a C-terminal
domain that binds fibronectin. The role of SOF in adhesion
involves both its C-terminal fibronectin-binding domain
and an N-terminal region (see Fig. 1 for a schematic of struc-
ture) (9, 11). However, the nature of the interactions
between the N-terminal region of SOF and host components
is not well characterized.
Herein, we report on the interactions between a truncated

form of SOF in which its fibronectin-binding domain has been
deleted and the extracellularmatrix protein fibulin-1. Fibulin-1
is amember of the fibulin family that currently consists of seven
glycoproteins. All fibulins contain epidermal growth factor-like
repeats and a unique fibulin-type module at its C terminus that
define this family (16, 17). Fibulin-1 is found within the extra-
cellular matrices and in human plasma at 30–50 �g/ml (18). It
interacts with many of the components of the extracellular
matrix including fibronectin, laminin, fibrinogen, nidogen-1,
endostatin, aggrecan, and versican (16, 19). Due to its intimate
relationship with the extracellular matrix, it is not surprising
that the defects in fibulin-1 have a wide-ranging impact.
Genetic evidence suggests that fibulin-1 is involved in tissue
organization, thematuration andmaintenance of blood vessels,
and multiple embryonic pathways (16, 20–22).
Although it has been established thatmany of the other com-

ponents of the extracellular matrix can interact with bacteria,
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there has been no previous report on the binding of fibulins to
bacteria. Our findings indicate that fibulin-1 does bind to strep-
tococci and that SOF is a major streptococcal receptor for
fibulin-1.

EXPERIMENTAL PROCEDURES

Proteins—The construction and purification of recombinant
peptides of SOF have been described (8, 9, 13). Essentially,
chromosomal DNA from the indicated serotypes of S. pyogenes
were used as templates; the desired encoding regions of sofwere
amplified by PCR, ligated into pTrcHis, and expressed in Esch-
erichia coli; and recombinant SOFwas purified bymetal affinity
chromatography. Purified recombinant SOF from M type 75
S. pyogenes (rSOF) was generously provided by Dr. Mark
Walker at the University ofWollongong. Fibronectin was puri-
fied by gelatin affinity chromatography from fresh human
serum as described by Engvall and Ruoslahti (23). Fibulin-1 was
purified from extracts of human placenta by immunoaffinity
chromatography using mouse monoclonal 3A11 anti-fibulin-1
IgG-Sepharose (18, 24) and labeled with biotin as described
previously (5).
Organisms andGrowthConditions—Streptococci (i.e.T2MR

and YL3) were grown overnight at 37 °C in Todd Hewitt broth
supplementedwith 1.5% yeast extract. T2MR is a clinical isolate
of M type 2 S. pyogenes that expresses SOF. YL3 is an isogenic
mutant of T2MR in which sof was insertionally inactivated
using the �-element as described (8). The �-element contains
translational and transcriptional terminators as well as a kana-
mycin resistance marker that is expressed in both Gram-posi-
tive and Gram-negative organisms (25). Lack of expression of
SOF was verified by enzyme-linked immunosorbent assay
(ELISA) of whole bacteria, Western blots of streptococcal
extracts, and functional analyses (8).
ELISA—Microtiter wells were coatedwith 3�g/ml rSOF-(1–

806) or bovine serum albumin (BSA) for 4 h at 37 °C and then
blocked with 5% nonfat milk in Tris-buffered saline (TBS) for
2 h at room temperature. Thewells were thenwashed and incu-
bated overnight with serial dilutions of fibulin-1 in TBS con-
taining 3% nonfat milk and 0.1% Tween 20 (dilution buffer).
The wells were rinsed and incubated with murine monoclonal
antibody 3A11 against fibulin-1 (1 �g/ml in dilution buffer) for
1 h. Afterward, the wells were rinsed and incubated at ambient
temperature for 1 h with a 1:6,000 dilution of peroxidase-con-
jugated goat anti-mouse IgG (GE Healthcare). The wells were
then rinsed, and the SureBlue tetramethylbenzidine (TMB)
substrate (KPL, Gaithersburg, MD) was added, and the
absorbance at 650 nmwas recorded after color development.
The binding curve was generated using SigmaPlot software,
and the Kd was calculated by determining the concentration
of the ligand required for half-maximal binding.
For ELISA assays measuring the binding of fibulin-1 to SOF

peptides, various truncated peptides of SOF or BSA were
coated onto microtiter wells at 10 �g/ml in sodium bicarbon-
ate, pH 9.5, for 1 h at 37 °C and then blocked with BSA (1
mg/ml).Wells were rinsed and fibulin-1 (4�g/ml in TBSwith 1
mg/ml BSA) was added to the wells and incubated for 60 min
at 37 °C. The wells were then washed, and a 1:1,000 dilution
of rabbit anti-fibulin-1 IgG or normal rabbit serum was

added to the wells and incubated for 30 min at 37 °C. After-
ward, the wells were washed, and a 1:2,000 dilution of per-
oxidase-conjugated goat anti-rabbit IgG was added. After
incubating at 37 °C for 30 min, the wells were washed, and
the TMB substrate was added. The absorbance at 650 nm
was recorded after color development.
In assays to examine the effect of potential complexes

between the constituents on the binding of fibulin-1, wells were
coated with rSOF, fibronectin, gelatin, or BSA (10 �g/ml) for
1 h at 37 °C. The wells were washed and blocked with BSA (1
mg/ml in PBS) for 30 min at 37 °C. Biotinylated fibulin-1 (6
�g/ml) that was premixed with control buffer (1 mg/ml BSA in
TBS with 1 mMCaCl2) or 10 �g/ml fibronectin with or without
10 �g/ml rSOF-(1–1010) was then added to the wells and incu-
bated for 1 h at 37 °C. The wells were washed, and a 1:2,000
dilution of Neutralite avidin-peroxidase (Molecular Probes,
Eugene, OR) was added to wells and incubated for 30 min at
37 °C. Afterward, the wells were washed, and the TMB sub-
strate was added. The absorbance at 650 nmwas recorded after
color development. Wells coated with BSA served as negative
controls.
Assays for Binding of Fibulin-1 to S. pyogenes—Microtiter

wells were coated with 100 �l of wild type strain T2MR of
S. pyogenes or its SOF-negative mutant YL3 (A530 � 0.4) in
phosphate-buffered saline (PBS) for 30 min at 37 °C. Negative
control wells were coated with BSA (10 �g/m PBS). The wells
were then blocked with BSA (1 mg/ml in PBS) for 30 min at
37 °C. Serial 2-fold dilutions of biotinylated fibulin-1 were
added to wells and incubated for 30 min at 37 °C. The wells
were washed, and a 1:2,000 dilution of Neutralite avidin-
peroxidase was added. After a 30-min incubation at 37 °C, the
wells were washed, and the TMB substrate was added. The
absorbance at 650 nm was recorded after color development.
For inhibition experiments with exogenous SOF, microtiter

wells were coated with S. pyogenes strain T2MR and blocked
with BSA as described above. Wells coated with BSA served as
negative controls. Biotinylated fibulin-1 (4 �g/ml) was mixed
with serial dilutions of rSOF2-(1–806) in TBS with 1 mg/ml
BSA and incubated at 37 °C for 30 min. The wells were then
washed, and a 1:2,000 dilution of Neutralite avidin-peroxidase
was added and incubated for 30 min at 37 °C. After 30 min, the
wells were washed, the TMB substrate was added, and the
absorbance at 650 nm was recorded after color development.
SOF Affinity Chromatography of Human Serum—Purified

recombinant SOF2 in which the fibronectin-binding domain
was deleted (rSOF2-(1–806)) was coupled to Actigel ALD
according to the manufacturer’s procedures (Sterogene Bio-
separations, Inc., Carlsbad, CA). Human serum was added to
the column, and then the columnwaswashedwithTBS, and the
bound material was eluted with 4 M urea in TBS. The bound
fraction was dialyzed against TBS, concentrated by ultrafiltra-
tion, and subjected to SDS-PAGE under nonreducing condi-
tions. The five major proteins bands were electroeluted from
acrylamide gels. The purified proteins were subjected to SDS-
PAGE under reducing and nonreducing conditions to deter-
mine whether any of the proteins contained more than one
polypeptide. The proteins were electrophoretically transferred
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to polyvinylidene difluoride membrane, and bands were
excised and subjected to N-terminal sequencing.

RESULTS

Identification of Fibulin-1 as a Serum Protein That Binds to
SOF—The ability of SOF to bind fibulin-1 was discovered dur-
ing a search for serum proteins that interact with SOF. This
search was undertaken because many of the surface proteins of
group A streptococci have multiple binding domains for serum
proteins, and the binding of these proteins have been linked to
increased survival of groupA streptococci in blood and to adhe-
sion to host cells (4, 7, 26). To investigate the ability of SOF to
bind serum proteins, rSOF2-(1–806) was covalently linked to
agarose and used as an affinity column. This construct was
selected because the fibronectin-binding domain was deleted
(Fig. 1), and we wanted to focus on the potential of SOF to bind
serum proteins other than fibronectin. Human serum was
applied to the column, and then the column was washed, and
bound proteins were eluted with urea. The eluted fraction was
subjected to SDS-PAGE under nonreducing conditions (Fig. 2,
lane 1).
Five major protein bands were present in the eluate from the

SOF affinity column. The bands were purified from the acryl-
amide gels by electroelution (Fig. 2, lanes 4–8). SDS-PAGE
under reducing conditions suggested that the protein in lane 4
of Fig. 2 could be an immunoglobulin. This was confirmed by
immunoblot analysis using antibodies specific for human
immunoglobulins (data not shown). It is not surprising that
immunoglobulins were found to bind to the SOF affinity col-
umn, as antibodies to SOF are commonly found in human sera
in response to infections with SOF-positive S. pyogenes (27).
N-terminal sequencing of the other proteins indicated that

the other major bands corresponded to fibulin-1, transferrin,
albumin, and apoA-I (Fig. 2, lanes 5–8). The finding that
apoA-I bound to SOF was anticipated, as SOF was reported
previously to bind to apoA-I with high affinity (13). Character-
izations of the binding of albumin and transferrin to SOFwill be
the subject of future studies.

Characterization of Fibulin-1 Binding to SOF—To further
investigate the interactions between fibulin-1 and SOF, fibu-
lin-1 was purified from human placentas and incubated with
microtiter wells coated with purified rSOF2-(1–806). Fibulin-1
bound to SOF in a dose-dependent fashion but did not bind to
BSA (Fig. 3). Fibulin-1 bound to SOF with high affinity (Kd �
1.6 nM), as determined by calculating the concentration
required for half-maximal binding. To further localize the fibu-
lin-1-binding domain, various recombinant peptides of SOF
were constructed and tested for their ability to bind fibulin-1
(Fig. 4). In addition to binding to rSOF2-(1–806), fibulin-1 also
bound to wells coated with rSOF2-(457–1010). In contrast, no
significant levels of fibulin-1 binding were detected to wells
coated with rSOF2-(1–456) and rSOF2-(807–944). As rSOF2-
(1–806) does not contain the fibronectin-binding domain, and
rSOF2-(807–944) does contain this domain, these data clearly
indicate that the fibronectin-binding domain of SOF is not
required for the binding of fibulin-1. These data further suggest

FIGURE 1. A, a schematic of the structure of SOF and its functional domains is
shown. The assignment of functional domains are based on the findings of
Rakonjac et al. (33), Kreikemeyer et al. (34), Courtney et al. (8, 13), and results
presented in this work. Fn, fibronectin. B, the data for the binding of SOF
peptides to fibronectin are from previous publications (8, 13), and the data for
fibulin-1 are from the present work.

FIGURE 2. Identification of serum proteins that bind to SOF. Human serum
was applied to a SOF affinity column, and bound proteins were eluted with
urea and subjected to SDS-PAGE under nonreducing conditions. Lane 1, peak
fraction eluted from the column; lanes 2 and 3, molecular mass standards
shown in kilodaltons; lanes 4 – 8, five major SOF-binding proteins purified
from the gel by electroelution. The protein in lane 4 was identified as an
immunoglobulin (Ig) by immunoblot analysis. Proteins in lanes 5– 8 were
identified by N-terminal amino acid sequencing.

FIGURE 3. Binding of fibulin-1 to SOF. Varying concentrations of fibulin-1
were incubated with microtiter wells coated with BSA or with rSOF2-(1– 806).
Bound fibulin-1 was quantified by ELISA using a monoclonal fibulin-1 anti-
body. The data shown are averages of duplicate wells. The experiment was
repeated, and the results confirmed the presented data.
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that a fibulin-1-binding domain resides between amino acid
residues 457–806 of SOF2.
The sequence of SOF varies among different serotypes of

S. pyogenes with homology ranging from 56 to 65% (8). There-
fore, it was of interest to determine whether SOF expressed by
other serotypes could also bind fibulin-1. The sof genes fromM
serotypes 4, 28, and 75 were cloned into E. coli and expressed,
and the recombinant forms of SOF were purified. Microtiter
wells were coated with these purified products as well as with
rSOF2-(1–806) and then reacted with fibulin-1. Fibulin-1
bound to rSOF2, rSOF4, rSOF28, and rSOF75 but not to con-
trol wells coated with BSA (Fig. 5). These findings indicate that
fibulin-1 can bind to SOF from multiple serotypes and suggest
that the fibulin-1-binding domain is probably conserved within
SOF from these different serotypes.
Quaternary Complex Formation between Gelatin, Fibronec-

tin, Fibulin-1, and SOF—Fibronectin hasmultiple ligand-bind-
ing domains including ones for SOF, fibulin-1, and gelatin.
Given our findings that fibulin-1 can also bind to SOF, there is

the potential for these four proteins to form a complex, and the
formation of such a complex could influence the degree to
which fibulin-1 is bound. To determinewhether thismay be the
case,microtiter wells were first coatedwith gelatin, fibronectin,
SOF, or BSA and then incubated with solutions of fibulin-1 �
rSOF2-(1–1010) or fibronectin (Fig. 6A). Note that this form of
SOF2 contains the fibronectin-binding domain. The highest
degree of fibulin-1 binding occurred in wells that were first
coated with gelatin and then incubated with a mixture of fibu-
lin-1, fibronectin, and SOF. These findings suggest that these
proteins may interact to form a quaternary complex (Fig. 6B).
Binding of Fibulin-1 to S. pyogenes—The above findings pro-

vide ample evidence that SOF interacts with fibulin-1. Next, we
wanted to determine whether SOF on the surface of strepto-
cocci could serve as a receptor for fibulin-1. Microtiter wells
were coated with wild type strain T2MR of S. pyogenes and its
SOF-negative mutant, YL3, and reacted with various concen-
trations of biotinylated fibulin-1. Fibulin-1was found to bind to
T2MR in a dose-related fashion (Fig. 7). However, the level of
fibulin-1 binding to the SOF-negativemutantwas 50% less than
that bound to T2MR. Next, we evaluated the ability of purified
rSOF2-(1–806) to block the binding of fibulin-1 to wild type
S. pyogenes.As shown in Fig. 8, exogenously added SOFblocked
the binding of fibulin-1 in a dose-dependent fashion, reaching a
level of 45% inhibition at the highest concentration tested.

DISCUSSION

Interactions between bacteria and sites within the extracel-
lularmatrix that have been exposed by trauma can lead to initial
bacterial adhesion and the nidus of an infection. In this study,
we described our investigations on the interactions between
SOF, a surface-expressed virulence factor of S. pyogenes, and
fibulin-1, a protein found in the extracellular matrix and in the
blood of humans. The following lines of evidence indicate that
SOF is amajor streptococcal receptor for fibulin-1. (i) Fibulin-1
in human serum bound to an SOF affinity column; (ii) purified
fibulin-1 bound with high affinity to SOF in solid phase assays;
(iii) fibulin-1 bound to wild type S. pyogenes; (iv) inactivation of
the sof gene resulted in a 50% decrease in the binding of fibu-
lin-1 to S. pyogenes; and (v) purified SOF blocked the binding of
fibulin-1 to S. pyogenes.
However, the finding that inactivation of sof2 and excess

rSOF2 resulted in diminished binding of fibulin-1 no greater
than 50% suggests that an additional streptococcal receptor(s)
for fibulin-1 may exist. The nature of the other streptococcal
receptor(s) remains to be determined. That exogenous SOF
only blocked binding of fibulin-1 by 45% also suggested that
SOF and the other receptor(s) bind to different sites in fibulin-1
because the inhibition of binding should be greater if they
bound to the same site in fibulin-1. Thus, it appears the groupA
streptococci express at least two different receptors that bind to
different domains within fibulin-1.
The binding of serum proteins to proteins expressed on the

surface of group A streptococci has been linked to the ability of
these organisms to escape phagocytosis and to multiply in
human blood (7, 26, 28, 29). The expression of SOF has also
been linked to the increased survival of streptococci in blood
(26). Therefore, it was of interest to identify SOF-binding pro-

FIGURE 4. Localization of the fibulin-1-binding domain of SOF. Microtiter
wells were coated with the indicated recombinant peptides of SOF2 and then
incubated with a constant amount of fibulin-1 (4 �g/ml). Bound fibulin-1 was
quantified by ELISA as described under “Experimental Procedures.” Experi-
ments were done in triplicate, and the mean � S.D. is shown.

FIGURE 5. Fibulin-1 binds to SOF from multiple serotypes of S. pyogenes.
Purified, recombinant forms of SOF from the indicated serotypes were immo-
bilized on microtiter wells and incubated with fibulin-1. Bound fibulin-1 was
quantified by ELISA as described under “Experimental Procedures.” The
experiments were done in triplicate, and the mean � S.D. is shown.
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teins in serum. The finding that fibulin-1 in serum bound to a
SOF affinity column is intriguing and indicates that fibulin-1
and SOF can interact with each other, even in the presence of

high concentrations of other serum components. The potential
relevance of the binding of SOF to soluble fibulin-1 in blood is
suggested by the findings that platelets in blood can bind to
surfaces coated with fibulin-1 via a fibrinogen bridge (30) and
that platelet adhesion can trigger aggregation and formation of
a platelet plug. It remains to be determined whether or not
fibulin-1 bound to the surface of S. pyogenes can also bind to
platelets and the impact such binding might have on platelet
aggregation.
Although the fibronectin-binding domain of SOF does not

interact with fibulin-1, experiments with full-length SOF sug-
gested that this domain may have a role in forming complexes
between SOF, fibulin-1, and fibronectin. The finding that
immobilization of fibronectin onto gelatin-coated surfaces
enhanced fibulin-1 binding suggested that gelatin, fibronectin,
SOF, and fibulin-1 form a quaternary complex as illustrated in

B

rSOF2

Fibulin-1 + rSOF2

Fibulin-1 + Fn + rSOF2

Fibulin-1

Fibulin-1 + Fn

coated with reacted with

Fibulin-1

Fibulin-1

Fibulin-1

Fn

Fn

Gelatin

Gelatin

Gelatin

BSA

Model of Quaternary Complex FormationFibulin-1 binding, A650

A

FIGURE 6. Interactions between gelatin, fibronectin, fibulin-1, and SOF. A, the left column indicates proteins that were coated on microtiter wells. The next
column indicates the protein or mixture of proteins that were then added to these coated wells. Note that the full-length rSOF2-(1–1010) fragment containing
the fibronectin-binding domain was used in these experiments. Biotinylated fibulin-1 was used in these experiments, and the degree of binding was deter-
mined using avidin-peroxidase as described under “Experimental Procedures.” The experiments were done in quadruplicate, and the mean � S.D. is shown. Fn,
fibronectin. B, shown is a schematic of quaternary complex that may form between gelatin coated on wells and fibulin-1, SOF, and fibronectin in solution.

FIGURE 7. SOF-deficient mutant displays reduced binding of fibulin-1.
Microtiter wells were coated with wild type S. pyogenes T2MR or its isogenic
mutant defective in expressing SOF, YL3. Wells coated with BSA served as
negative controls. Various concentrations of biotinylated fibulin-1 were
added to the wells, and the degree of binding was determined with avidin-
peroxidase as described under “Experimental Procedures.” The experiments
were done in triplicate, and the mean � S.D. is shown.

FIGURE 8. SOF blocks binding of fibulin-1 to S. pyogenes. Biotinylated fibu-
lin-1 and varying concentrations of rSOF2-(1– 806) were incubated with
microtiter wells coated with wild type S. pyogenes T2MR. Bound fibulin-1 was
detected with avidin-peroxidase as described under “Experimental Proce-
dures.” The experiments were done in triplicate, and the mean � S.D. is
shown.
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Fig. 6B. We propose that the interactions between gelatin and
fibronectin may induce a conformational change in fibronectin
that enhances or stabilizes interactions with other ligands and
that this conformational shift does not occur when fibronectin
is directly immobilized on the microtiter wells. Such a concept
has precedence, as others have demonstrated that the surface
used for immobilization of fibronectin can alter its conforma-
tion and binding to ligands (31). Moreover, conformational
changes in fibronectin can regulate the assembly of the extra-
cellular matrix (32).
Group A streptococci use a variety of mechanisms for adhe-

sion including interactions with the extracellular matrices of
the host. Our findings raise the possibility that interactions
between fibulin-1 and SOF on the surface of S. pyogenesmay be
an additional mechanism used by these streptococci to initiate
adhesion to components of the extracellular matrix and to
establish an infection.
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