
Differences in the aromatic domain of homologous
streptococcal fibronectin-binding proteins trigger

different cell invasion mechanisms and survival rates.

Item Type Article

Authors Rohde, Manfred; Graham, Rikki M; Branitzki-Heinemann, Katja;
Borchers, Patricia; Preuss, Claudia; Schleicher, Ina; Zähner,
Dorothea; Talay, Susanne R; Fulde, Marcus; Dinkla, Katrin;
Chhatwal, Gursharan S

Citation Differences in the aromatic domain of homologous streptococcal
fibronectin-binding proteins trigger different cell invasion
mechanisms and survival rates. 2011, 13 (3):450-68 Cell.
Microbiol.

DOI 10.1111/j.1462-5822.2010.01547.x

Journal Cellular microbiology

Download date 24/05/2023 20:39:46

Link to Item http://hdl.handle.net/10033/347148

http://dx.doi.org/10.1111/j.1462-5822.2010.01547.x
http://hdl.handle.net/10033/347148


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Rohde, M., Graham, R.M., Branitzki-Heinemann, K., Borchers, P., Preuss, 

C., Schleicher, I., Zähner, D., Talay, S.R., Fulde, M., Dinkla, K.,  

Chhatwal, G.S. 

Differences in the aromatic domain of homologous streptococcal fibron-

ectin-binding proteins trigger different cell invasion mechanisms and  

survival rates 

(2011) Cellular Microbiology, 13 (3), pp. 450-468 



Differences in the aromatic domain of homologous
streptococcal fibronectin-binding proteins trigger
different cell invasion mechanisms and survival rates

Manfred Rohde,* Rikki M. Graham,
Katja Branitzki-Heinemann, Patricia Borchers,
Claudia Preuss, Ina Schleicher, Dorothea Zähner,†

Susanne R. Talay, Marcus Fulde, Katrin Dinkla‡ and
Gursharan S. Chhatwal
Helmholtz Centre for Infection Research (HZI),
Department of Medical Microbiology, Inhoffenstrasse 7,
D-38124 Braunschweig, Germany.

Summary

Group A streptococci (GAS, Streptococcus pyo-
genes) and Group G streptococci (GGS, Strepto-
coccus dysgalactiae ssp. equisimilis) adhere to
and invade host cells by binding to fibronectin.
The fibronectin-binding protein SfbI from GAS
acts as an invasin by using a caveolae-mediated
mechanism. In the present study we have identi-
fied a fibronectin-binding protein, GfbA, from GGS,
which functions as an adhesin and invasin.
Although there is a high degree of similarity in
the C-terminal sequence of SfbI and GfbA, the
invasion mechanisms are different. Unlike
caveolae-mediated invasion by SfbI-expressing
GAS, the GfbA-expressing GGS isolate trigger
cytoskeleton rearrangements. Heterologous ex-
pression of GfbA on the surface of a commensal
Streptococcus gordonii and purified recombinant
protein also triggered actin rearrangements.
Expression of a truncated GfbA (lacking the aro-
matic domain) and chimeric GfbA/SfbI protein
(replacing the aromatic domain of SfbI with the
GfbA aromatic domain) on S. gordonii or recombi-
nant proteins alone showed that the aromatic
domain of GfbA is responsible for different inva-
sion mechanisms. This is the first evidence for
a biological function of the aromatic domain of

fibronectin-binding proteins. Furthermore, we
show that streptococci invading via cytoskeleton
rearrangements and intracellular trafficking along
the classical endocytic pathway are less persis-
tence than streptococci entering via caveolae.

Introduction

Streptococcus pyogenes, the Group A streptococcus
(GAS), is an important human pathogen that causes local-
ized infections of the respiratory tract and the skin, but in
addition is responsible for the onset of severe invasive
diseases, such as sepsis and toxic shock-like syndrome.
Severe non-suppurative sequelae such as acute rheu-
matic fever and glomerulonephritis may follow primary
S. pyogenes infections (Bisno, 1991; Stevens, 1995;
Cunningham, 2000). S. pyogenes has evolved a number
of mechanisms that enable it to adhere to and subse-
quently invade host cells to initiate infections on mucosal
surfaces, i.e. endothelial and epithelial cells, or skin
(LaPenta et al., 1994; Greco et al., 1995; Jadoun et al.,
1997; Molinari et al., 1997; 2000; Dombek et al., 1999;
Wang et al., 2006). One such mechanism utilized by S.
pyogenes is via binding of fibronectin, an important com-
ponent of the host extracellular matrix. The major
fibronectin-binding protein of GAS is the surface protein
SfbI (streptococcal fibronectin-binding protein I) and its
allelic variant F1, which are found in a wide range of
clinical isolates (Hanski and Caparon, 1992; Talay et al.,
1992; 2000; Valentin-Weigand et al., 1994; Natanson
et al., 1995). SfbI was shown to act as an adhesin on
epithelial cells and represents a potent invasin that trig-
gers internalization into eukaryotic cells (Hanski and
Caparon, 1992; Molinari et al., 1997).cmi_1547 450..468

The current model for SfbI-mediated entry into host
cells involves its binding to fibronectin which acts as a
bridging molecule to a5b1-integrin on the host cell surface
(Talay et al., 2000). Since a single SfbI protein can bind
several fibronectin molecules (Schwarz-Linek et al.,
2003) this binding results in a high amount of fibronectin
on the streptococcal surface. Binding of streptococci via
fibronectin to integrin subsequently leads to integrin-
clustering and signalling events that lead to recruitment of
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caveolae and the formation of large invaginations medi-
ating internalization (Rohde et al., 2003). Once inside the
host cell streptococci reside inside a caveosome and
prevent fusion with lysosomes for their intracellular sur-
vival. By co-opting the caveolae-mediated invasion
pathway streptococci avoid the classical endosomal–
lysosomal pathway that normally leads to elimination of
the pathogen (Shin and Abraham, 2001; Bohme and
Rudel, 2009).

Streptococci from Lancefield Group G (GGS, Strepto-
coccus dysgalactiae ssp. equisimilis), though traditionally
considered to be animal pathogens, are increasingly rec-
ognized as an important cause of human illness. They
have been identified as the causative agent of several
diseases ranging from pharyngitis to life-threatening
invasive infections such as cellulitis, endocarditis and
bacteraemia (Gaunt and Seal, 1987; Smyth et al., 1988;
Williams, 2003; Liao et al., 2008; Brandt and Spellerberg,
2009). Like GAS, GGS also have the ability to adhere to
and invade epithelial host cells (Haidan et al., 2000). For
GGS it has been shown that adherence was mediated
supposedly via fibronectin binding by the surface protein
GfbA (Group G streptococcal fibronectin-binding protein
A) present in an estimated 30% of GGS isolates (Kline
et al., 1996). Although no direct binding of fibronectin to
GfbA was shown in this report, Kline et al. classified it
as a fibronectin-binding protein because it has a high
degree of similarity to SfbI, especially in the fibronectin-
binding region. In addition, the authors found a correla-
tion between the presence of the gfbA gene and the
ability of GGS to adhere to host cells via binding to
fibronectin.

SfbI protein has a modular architecture and the
molecular basis for fibronectin binding is reasonable well
understood (Schwarz-Linek et al., 2003; 2004; 2006).
Both SfbI and GfbA are composed of three major
domains: (i) an N-terminal Aro region rich in aromatic
amino acid residues (AroD region), (ii) a proline-rich
region with several proline-rich repeats (PRR region),
and (iii) a C-terminal fibronectin-binding region con-
taining a number of fibronectin-binding repeats (FBR
region) (Talay et al., 1994; Towers et al., 2003; 2004).
The C-terminal region beginning with the proline-rich
repeats and the fibronectin-binding domain are highly
conserved, with 97% identity on the amino acid level
between SfbI and GfbA with the main variation being the
number of repeats contained in each region. In contrast,
the Aro regions of SfbI and GfbA are highly variable
when compared on basis of the amino acid sequence
(Kline et al., 1996).

Based on the described similarities in structure and
apparent function between SfbI and GfbA, the aim of this
study was to investigate whether fibronectin-binding pro-
teins of GGS are also internalization factors in analogy to

SfbI for GAS and whether they use the same caveolae-
mediated invasion mechanism thereby bypassing the
classical endocytic pathway. We show that a fibronectin-
binding protein from GGS, GfbA, acts not only as an
adhesin but also as an invasin in GGS. Using heterolo-
gous expression on the surface of Streptococcus gordonii
we further show that despite the similarity to SfbI, the
GfbA-expressing GGS isolate and recombinant GfbA
protein invade host cells via cytoskeleton rearrange-
ments, mostly via membrane-ruffling, and traffic along the
classical endocytic pathway inside epithelial host cells, a
mechanism entirely different from the caveolae-mediated
pathway. Using field emission scanning electron micros-
copy (FESEM) we illustrate that the differences in the
aromatic domain between SfbI and GfbA are responsible
for triggering the morphologically distinct invasion path-
ways. These results establish for the first time that the
intracellular trafficking of streptococci can be determined
by the invasion mechanism. In addition, the intracellular
trafficking has also an impact on the intracellular survival
of streptococci.

Results

Fibronectin binding by GfbA

In order to assess whether GfbA is able to bind fibronectin
we measured the binding of radiolabelled 70 kDa
fibronectin fragment (125I-70Fn) to different Group G strep-
tococcal clinical isolates. We detected a similar binding
capacity to 125I-70Fn for GGS strain G59 (gfbA+) as for the
GAS strain A20 (sfbI+) which served as a positive control
(Fig. 1A), whereas the negative control, A23, showed no
binding to fibronectin. All other clinical isolates G31, G32,
G33 and G48 exhibited no fibronectin-binding activity
since they do not express the GfbA gene (Fig. 1A) provid-
ing evidence that the binding of the 70 kDa fibronectin
might be caused by GfbA. Screening for SfbI/GfbA in the
chromosome of the strains applied in the fibronectin-
binding study revealed that both fibronectin binder A20
and G59 express SfbI gene or GfbA gene, respectively,
suggesting that SfbI and GfbA are essential for this
binding (Fig. 1A). Therefore, the gfbA gene was cloned
and expressed in Escherichia coli HB101. In a fibronectin
overlay assay the purified recombinant GfbA protein, after
removing the GST-tag, was fully active in binding to
fibronectin (Fig. 1B, lane c).

To determine the impact of GfbA on the fibronectin-
binding ability of the GGS strain G59, a mutant strain was
constructed in which the gene for gfbA was deleted
(DGfbA). Incubation with 125I-70Fn resulted in high levels
of binding to the wild-type strain but almost no binding
to the DGfbA mutant (Fig. 1C). To determine whether
impaired binding of the mutant was specific for fibronectin
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two other human plasma proteins, fibrinogen and alpha-2
macroglobulin were tested and were unaffected in their
binding ability (data not shown).

To compare the fibronectin-binding ability of GfbA and
SfbI in their native, in vivo, surface-exposed form, they
were expressed on the surface of a non-invasive heter-
ologous expression strain of S. gordonii SGO GfbA and
SGO SfbI. After incubation with 125I-labelled fibronectin
(125I-Fn), SGO GfbA exhibited binding levels that were
approximately 30% higher compared with wild-type
SGO. However, binding was about 20% lower than for
the positive control SGO strain expressing SfbI or the
G59 clinical isolates which served as a positive control
(Fig. 1D). In summary, these results demonstrated that,
like its homologue SfbI in GAS, GfbA directly binds to
fibronectin and accounts for the majority of the
fibronectin-binding ability of GGS. The modular architec-
ture of GfbA shows close sequence similarities in the
PRR region and FBR region of up to 97%, but significant
differences in the AroD region compared with SfbI and

GfbA, only approximately 65% similarity (data not
shown).

Adherence and invasion of eukaryotic cells

To examine whether binding of fibronectin by GfbA trig-
gers adherence and a possible uptake into epithelial host
cells, as has been described for SfbI, adherence and
invasion of the pharyngeal cell line HEp-2 by GfbA-coated
latex beads (3 mm in diameter) was analysed. Staining for
GfbA revealed that coated latex beads adhered to the
host cell surface and invade HEp-2 cells as indicated by
the red intracellular localized GfbA beads in the extra/
intracellular labelling assay (Fig. 2A). FESEM analysis
demonstrated that uncoated latex beads were mostly
bound to the glass surface whereas GfbA-coated beads
were bound to HEp-2 cells (compare Fig. 2B and C). The
recombinant GfbA protein triggers the formation of mem-
brane ruffles on the HEp-2 cell surface after longer infec-
tion times (Fig. 2E, arrows), whereas uncoated latex
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Fig. 1. Fibronectin binding of Group A and GfbA-expressing Group G streptococci.
A. Fibronectin binding of Group A and G streptococci to the 125I-70Fn fragment; A20 served as a positive and A23 as a negative control.
Screening for SfbI/GfbA genes revealed the presence of SfbI in A20 and GfbA only in the 125I-70Fn binder G59.
B. Overlay assay of fibronectin binding; lane a, purified recombinant GfbA; lane b, after PreScission protease digest; lane c, after GST
removal.
C. 125I-70Fn fragment binding to wild type and DGfbA mutant.
D. 125I-70Fn fragment binding to S. gordonii and G59 wild type and binding to heterologously SfbI- and GfbA-expressing S. gordonii.
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beads had no effect on the host cell architecture even
after 4 h of infection time (Fig. 2D). After approximately
2 h following infection the first latex beads were detect-
able inside HEp-2 cells demonstrating that GfbA is also a
potent invasin (Fig. 2F, arrow).

The observation that GfbA-coated beads trigger rear-
rangement of the host cell cytoskeleton and invade via
cytoskeleton rearrangements was an unexpected result
because such observations have never been described for
SfbI-coated beads. This prompted us to study the invasion
mechanism of the GGS strain G59 at high resolution using
FESEM. We observed that three morphologically distinct
invasion mechanisms into HEp-2 cells were triggered.
After a set of five independent infection assays the domi-
nant invasion process was the induction of cytoskeletal
rearrangements observed in approximately 85% of invad-
ing streptococci. Another invasion mechanism which was
observed in approximately 10% of invading bacteria was
the formation of invaginations by co-opting host cell caveo-
lae for internalization as had been shown for SfbI-
expressing GAS. Figure 3A depicts an overview of both
invasion mechanisms on a single HEp-2 cell, whereas in
Fig. 3B and C both mechanisms are shown in higher

magnification. In addition, a third invasion mechanism
involving close contact with the cell plasma membrane via
microspikes was observed in around 5% of invading strep-
tococci. Interestingly, the contact to the cell surface was
established from bacteria in the middle of an adherent
chain. This intimate binding induced the formation of small
membrane protrusions on each side of the streptococci
(Fig. 3D, marked with arrows and arrowheads). With time
these small protrusions were extended to form a flap-like
protrusion which then subsequently covered the bacteria in
the middle of the chain. By fusion of the flaps from both
sides streptococci were internalized (Fig. 3D). This ‘flap-
like’ invasion mechanism therefore represents another
way how streptococci can invade host cells and has not
been described so far for GAS or GGS. When the DGfbA
strain was tested in invasion assays, we observed a 70%
drop in invasiveness compared with the wild type (data not
shown). Nevertheless, the DGfbA strain adhered but was
only slightly invasive. These results again underline that
GfbA represents a potent invasin of GGS.

The fact that SfbI-mediated invasion is absolutely
dependent on b1-integrins prompted us to evaluate if
the GfbA-mediated invasion might be also b1-integrin

Fig. 2. Adherence and invasion of GfbA-coated latex beads on HEp-2 epithelial cells.
A. Invasion of GfbA-coated latex beads; intracellular beads are red and extracellular beads are yellow.
B. Control, uncoated latex beads bind predominantly to the glass surface of the coverslip.
C. GfbA-coated latex beads bind to the surface membrane of HEp-2 cells.
D. After 4 h of infection uncoated latex beads trigger no cytoskeletal rearrangements.
E. GfbA protein-coated latex beads trigger membrane ruffles after 2 h of infection (arrows).
F. Latex beads can also be detected inside HEp-2 cells (arrow) giving evidence that GfbA can act as an invasin.
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addicted. Labelling of b1-integrins during the invasion
process revealed no significant accumulation of
b1-integrins around invading GGS G59 bacterial chains
(Fig. 4A) compared with the SfbI-mediated invasion
(Fig. 4A, lower images). When we interfered with the inva-
sion by blocking with anti-b1-integrin antibodies we
observed no decrease of the membrane ruffle triggered
invasion process. Interestingly, we found less number
of bacterial chains invading via invaginations being

indicative that b1-integrins are essential for this caveolae-
mediated invasion mechanism. These results demon-
strate that b1-integrins might play only a minor role in the
GfbA-mediated invasion process.

GfbA-expressing strains colocalize with lysosomes

It has previously been demonstrated that streptococci
expressing SfbI invade host cells via caveolae and do not

Fig. 3. Invasion of Group G clinical isolate
strain G59 into HEp-2 cells triggers distinct
invasion pathways.
A–C. Strain G59 exhibits two distinct invasion
mechanisms; in 85% of all invading
streptococci the formation of membrane
ruffles is triggered (A and B) whereas the
remaining bacteria invade via the formation of
large invaginations (A and C).
D. A novel invasion mechanism was
detectable which is characterized by a
flap-like morphology in which membrane flaps
from both sides cover an adherent
streptococcal chain mostly in the middle of
the chain.

Fig. 4. Involvement of b1-integrins in the invasion process, intracellular trafficking of GfbA-expressing streptococci and schematic drawing of
recombinantly expressed proteins.
A. No b1-integrin labelling around invading G59 bacterial chains is detectable whereas for SfbI-mediated invasion in strain A40
b1-integrins/integrin-clusters are located in the near vicinity of adherent and invading streptococci.
B. Intracellular streptococci of strain G59 colocalize with Lamp-1 compartments after 4 h of infection.
C. Overview of recombinantly expressed proteins, SfbI and GfbA were expressed without the signal leader sequence and the N-terminus part
containing LPXTG motive and membrane anchor, GfbApro does not contain the aromatic domain, SfbIGaro contains the aromatic domain of
GfbA instead of the SfbI aromatic domain; AroD, aromatic amino acid region; S1, spacer 1; PRR, proline-rich repeats; S2, spacer 2; FBR,
fibronectin-binding region.
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follow the classical endocytic pathway with subsequent
lysosome fusion (Rohde et al., 2003). Instead, strepto-
cocci co-opting caveolae reside inside caveosomes. To
investigate how GfbA-expressing GGS streptococci traffic
intracellularly, monolayers of HEp-2 cells were infected
with GGS G59 for 4 h. Colocalization of bacteria with host
cell organelles was visualized by double immunofluores-
cence staining using antibodies specific for Lamp-1 to
mark late endosomes and lysosomes. Unlike SfbI-
expressing strains, colocalization of the GfbA-expressing
strain G59 with caveolae was rarely observed (data not
shown). GGS strain G59 was seen to colocalize with
Lamp-1-positive compartments, most likely with phagoly-
sosomes (Fig. 4B). The colocalization with lysosomes is
indicative for trafficking along the classical endocytic
pathway. In addition, these observations gave strong evi-
dence that the entry mechanism into the host cell deter-
mines the intracellular trafficking route. Thus, triggering
cytoskeleton rearrangement for internalization might be
connected to trafficking along the classical endocytic
route. In summary, these new observations suggested
that the entry mechanism and subsequent intracellular
trafficking induced by GfbA differed from that of the SfbI-
mediated pathway despite the close similarities in the
PRR region and FBR region of both fibronectin-binding
proteins.

Identification of the domain responsible for triggering
cytoskeleton rearrangements

A high degree of homology exists between the SfbI and
GfbA sequences within the PRR and FBR regions. In
contrast, only the AroD regions (variable region in the
N-terminus) of SfbI/GfbA exhibited similarities of only
approximately 65%. Therefore, we hypothesized that this
region may be responsible for the apparent differences in
invasion mechanisms exhibited by the two proteins. With
this in mind, we constructed a truncated GfbA recombi-
nant protein which lacks the AroD region, named
GfbApro. In addition, we constructed a chimeric recombi-
nant SfbI protein in which the AroD region of SfbI was
replaced by the AroD region of GfbA, named SfbIGaro
(Fig. 4C). In order to detect effects of the altered proteins
on the invasion mechanism these proteins as well as SfbI
and GfbA were expressed heterologously on the surface
of S. gordonii (Fig. 5A). All strains were shown to bind
radioactive labelled 70 kDa fibronectin fragment (Fig. 5B).
FESEM analysis revealed that SGO SfbI exhibited the
known invasion mechanism of SfbI-expressing GAS
strains, namely invading by co-opting caveolae and for-
mation of a large invagination through which bacteria
were internalized (Fig. 5B, SGO SfbI). In addition, 5% of
SGO SfbI were able to trigger cytoskeleton rearrange-
ments and invade through membrane ruffles. The domi-

nant invasion mechanism for GfbA-expressing S. gordonii
was the induction of membrane ruffles and only very
rarely a few bacteria invaded through invaginations
(Fig. 5C, SGO GfbA). Interestingly, S. gordonii expressing
GfbApro, the protein without the aromatic domain, was
unable to trigger the formation of membrane protrusions
(Fig. 5C, SGO GfbApro) and invaded through a caveolae-
mediated mechanism which was morphologically indistin-
guishable from SfbI-mediated invasion. Exchanging the
AroD region in the SfbI protein with the AroD region of
GfbA resulted in triggering of membrane ruffles (Fig. 5B,
SGO SfbIGaro) in all invading bacteria. These results
gave strong evidence that the aromatic domain in GfbA is
responsible for mediating the morphologically distinct
invasion process compared with SfbI-mediated invasion.

Then we anticipated that the purified recombinant wild-
type and altered proteins should also be able to trigger
alteration on the host cell surface. To allow a better obser-
vation of membrane alterations and caveolae aggregation
than achievable with HEp-2 cells we used human large
vascular endothelial cells isolated from umbilical cord
(HUVEC) because these cells exhibit a very smooth
surface without any microspikes and some patches of
caveolae (Fig. 6A). When recombinant SfbI was applied
to HUVEC cells large aggregates of densely packed
caveolae were detectable on the membrane surface
located in otherwise caveolae-free areas (Fig. 6B, SfbI).
At later time points, the aggregated caveolae led to the
formation of large invaginations as had been reported
earlier (Rohde et al., 2003). In contrast, recombinant
GfbA triggered the formation of numerous membrane pro-
trusions in addition to a visible caveolae aggregation
(Fig. 6B, GfbA). In contrast to the SfbI-triggered caveolae
aggregation these were not densely packed in a certain
area but were distributed over large areas of the HUVEC
cell membrane. Interestingly, no formation of invagina-
tions was detected. GfbApro triggered the aggregation of
caveolae in rather densely packed patches and led to the
formation of invaginations (Fig. 6B, GfbApro, arrow). The
exchange of the aromatic domain in SfbI with the AroD
region of GfbA resulted in a similar surface architecture as
was observed for GfbA (Fig. 6B, SfbIGaro). Once again
this gives evidence for the involvement of the aromatic
domain in the triggered invasion mechanism.

When HUVEC cells were incubated with recombinant
SfbI-coated 15 nm gold-nanoparticles we observed after
1 h aggregation of caveolae (Fig. 6C, SfbI, arrowheads)
and integrin-clustering indicated by the formation of gold-
nanoparticle clusters (Fig. 6C, SfbI, arrow) and after 2 h
the uptake of gold-nanoparticles aggregates through
invaginations as had been shown in an earlier report
(Fig. 6C, SfbI, insert) (Rohde et al., 2003). In contrast,
GfbA-coated gold-nanoparticles failed to induce a detect-
able clustering, indicating that no integrin-clustering
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was triggered. Instead, we observed alterations of the
surface structure. In addition, only single, double or
triple gold-nanoparticles were detectable after 1 h of incu-
bation on the surface of HUVEC cells (Fig. 6C, GfbA,
arrows). SfbIGaro also showed no gold-nanoparticle clus-
tering, and therefore no integrin-clustering but induced
cytoskeletal rearrangements like GfbA (Fig. 6C, SfbIGaro,
arrows). In contrast, GfbApro-coated gold-nanoparticles
aggregated in surface areas of HUVEC cells where
caveolae had aggregated (Fig. 6C, GfbApro, arrows,
arrowheads) and were internalized (Fig. 6C, GfbApro,
insert). Thus, GfbApro triggers aggregation of caveolae
which are very similar to those induced by SfbI on the
HUVEC surface. Even more important GfbApro can

induce integrin-clustering for subsequent signalling pro-
cesses which might lead to the formation of invaginations.
In contrast, SfbIGaro triggers the formation of membrane
protrusions and is unable to trigger integrin-clustering and
therefore no formation of invaginations is visible.

These observations gave strong evidence that the aro-
matic domain of GfbA is responsible for triggering the
two observed distinct invasion mechanisms mediated by
GfbA and SfbI. In strong support of this finding was the
observation that replacing the aromatic domain of SfbI
with the AroD region of GfbA converted the caveoale-
mediated invasion process into a membrane ruffling
invasion mechanism (see Fig. 5B, SGO SfbIGaro). In
summary, these findings strongly suggested that the

Fig. 5. Schematic drawing of heterologously expressed different proteins on the surface of S. gordonii, fibronectin binding of the constructs
and invasion mechanism.
A. Schematic drawing of the different proteins expressed on the surface of S. gordonii.
B. All S. gordonii constructs exhibit binding towards 125I-70Fn fragment.
C. SGO SfbI invades like the SfbI-expressing parental strain, namely by the formation of large invaginations after co-opting caveolae, SGO
GfbA triggers membrane ruffling and very rarely the formation of invaginations was detectable, loss of the aromatic domain in SGO GfbApro
induces the formation of invaginations like SGO SfbI after aggregation of caveolae, the exchange of the aromatic domain of SfbI with the
aromatic domain of GbfA converts the known caveolae-mediated SfbI invasion pathway into a membrane ruffling mechanism.
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Fig. 6. Influence of the different recombinant
proteins on the surface architecture of
endothelial HUVEC cells.
A. Representative image of an untreated
HUVEC membrane surface exhibiting
caveolae (arrowheads).
B. Incubation with SfbI, GfbA, GfbApro and
SfbIGaro; SfbI and GfbApro trigger the
formation of densely packed large areas of
caveolae after 1 h and the formation of
invaginations (GfbApro, arrow), in contrast
GfbA and SfbIGaro trigger cytoskeletal
rearrangements and some aggregation of
caveolae but not into densely packed
aggregates like SfbI.
C. Incubation with SfbI-, GbfA-, GfbApro- and
SfbIGaro-coated gold-nanoparticles; SfbI and
GfbApro trigger aggregation of caveolae
(SfbI, GfbApro, arrowheads) and aggregation
of gold-nanoparticles indicative for
integrin-clustering (arrows) and uptake of gold
aggregates by HUVEC cells (inserts), GfbA-
and SfbIGaro-coated gold-nanoparticles
induce membrane alterations, but exhibit
no caveolae aggregation and no
gold-nanoparticle clustering, and therefore no
integrin-clustering, only small gold aggregates
are detectable (arrows).
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aromatic domain of GfbA contains, most probably, struc-
tural information(s) which can entirely alter the invasion
mechanism.

Intracellular trafficking of streptococci invading by
different invasion mechanisms

These results prompted us to investigate the intracellular
trafficking of the differently internalized streptococci. For
this purpose we used the following markers: (i) phalloidin
to detect actin rearrangements, (ii) caveolin-1 for
caveolae-mediated uptake, (iii) EEA-1 as early endosome
and (iv) Lamp-1 as late endosome and lysosome marker
to detect phagolysosomes of the classical endocytic
pathway. Phalloidin labelling mirrored observations made
in the FESEM analysis. SGO SfbI and SGO GfbAaro
are unable to trigger cytoskeleton rearrangements of the
host cells whereas SGO GfbA and SGO SfbIGaro trigger
membrane ruffling for invasion (Fig. 7). In accordance to
earlier observations SGO SfbI colocalizes with caveolin-1

(Rohde et al., 2003). For SGO GfbApro we detected also
strong colocalization with caveolin-1 as we had antici-
pated from the results of the infection experiments with
SGO GfbApro (Fig. 8). On the other hand, for SGO GfbA
and SGO SfbIGaro no colocalization with caveolin-1 was
detectable (Fig. 8). We therefore tested these two strains
for colocalization with EEA-1 and could show that strep-
tococci expressing these two proteins on the surface
could be found in EEA-1-positive compartments, i.e. early
endosomes (Fig. 9A). SGO SfbI and SGO GfbApro were
not found in EEA-1-positive compartments (data not
shown).

To demonstrate whether fusion with lysosomes was
prevented by some of our S. gordonii constructs we
applied Lamp-1 labelling. As had been reported for SfbI-
expressing GAS strains, SGO SfbI prevented fusion
with lysosomes. SGO GfbApro exhibited the identical
labelling pattern, i.e. residing in the host cell in non-Lamp-
1-positive compartments (Fig. 9B). In contrast, SGO GfbA
and SGO SfbIGaro were found in Lamp-1-positive

Fig. 7. Colocalization of heterologously expressed different proteins on S. gordonii with actin. SGO GfbA and SGO SfbIGaro colocalize with
actin whereas SGO SfbI and SGO GfbApro exhibit no actin involvement in the invasion process.
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compartments suggesting fusion with lysosomes to form
phagolysosomes while trafficking intracellularly (Fig. 9B).

In summary, these results lead to the conclusion that
streptococci invading via cytoskeleton rearrangements,
i.e. membrane ruffling or flap-like, traffic along the classi-
cal endocytic pathway with subsequent fusion with lysos-
omes. In contrast, streptococci co-opting the caveolae-
mediated invasion bypass the classical endocytic
pathway and therefore prevent fusion with lysosomes,
and reside inside caveosomes in the host cell.

Effect of the invasion mechanism on the intracellular
survival of SGO constructs

When we followed the survival of the SGO constructs for
24 h it became evident that SGO SfbI represents the best
survivor whereas SGO GfbA was eliminated by HEp-2

cells to a much greater extent (Fig. 10). This gives evi-
dence that the invasion mechanism and the intracellular
trafficking along the classical endocytic pathway indeed
results in a loss of survival or persistence. Avoiding fusion
with lysosomes as in the case of SGO SfbI and SGO
GfbApro favours intracellular survival.

Discussion

Many pathogens have engaged surface receptors to
establish close contact with the host cell membrane. After
adherence, internalization into the host cell often triggers
signalling events which lead to uptake by several morpho-
logically distinct invasion mechanisms. A number of
pathogenic bacteria do not bind directly to host cell recep-
tors on the membrane but instead recruit extracellular
matrix proteins, which act as bridging molecules to the

Fig. 8. Colocalization of heterologously expressed different proteins on S. gordonii with caveolin-1. SGO SfbI and SGO GfbApro colocalize
with caveolin-1 being indicative for a caveolae-mediated invasion process. In contrast, SGO GfbA and SGO SfbIGaro exhibit no colocalization
with the marker enzyme for caveolae.
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receptor. Fibronectin represents one such prominent
binding partner. Fibronectin not only mediates tight
binding to integrins but is also responsible for triggering
the activity of integrin-linked kinase resulting in a subse-

quent uptake mechanism of pathogenic bacteria (Wang
et al., 2006). Fibronectin-binding proteins of Gram-
positive bacteria are unique proteins that share a similar
molecular organization, with distinct regions that can vary

Fig. 9. Colocalization of heterologously expressed different proteins on S. gordonii with EEA-1 and Lamp-1.
A. SGO GfbA and SGO SfbIGaro colocalize with EEA-1 (arrows and inserts), the marker protein for early endosomes.
B. SGO GfbA and SGO SfbIGaro strains show colocalization with Lamp-1, the marker protein for late endosomes, lysosomes and
phagolysosomes; inserts show colocalization at higher magnification. The colocalization with Lamp-1 is indicative for trafficking along the
classical endocytic pathway. In contrast, SGO SfbI and SGO GfbApro reside intracellularly very often opposite to Lamp-1-positive
compartments inside HEp-2 cells therefore avoid fusion with lysosomes.
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in the sequence length and composition. All fibronectin-
binding proteins have an N-terminal signal sequence and
a C-terminal membrane spanning domain and a cell wall-
anchoring motif LPX[T,S,A]G (Marraffini et al., 2006). The
fibronectin-binding repeats are located in the C-terminal
part with a high variability in the number of repeats.
Towards the N-terminus, a region of variable proline-rich
repeats is followed by an aromatic acid-rich region (Talay
et al., 1994; Towers et al., 2003; Schwarz-Linek et al.,
2004). FnBPA from Staphylococcus aureus and SfbI from
S. pyogenes represent two of these proteins. While the
fibronectin-binding repeats have been extensively
studied, the proline repeat region and the N-terminal aro-
matic acid-rich region have only received minor attention
and so far no function has been attributed to these
domains nor are their structural features known.

SfbI binds to fibronectin in a cooperative manner (Talay
et al., 2000) and due to binding of several fibronectin
molecules to a single SfbI molecule in form of a linear
array, this might lead to a fine and thin fibrillar fibronectin
meshwork (Schwarz-Linek et al., 2003; Leiss et al.,
2008). This, in molecular dimensions, relatively large area
of bound fibronectin is thought to cause clustering of
a5b1-integrins and is the prerequisite for the subsequent
signalling cascade resulting in aggregation of caveolae,
fusion and subsequent uptake of streptococci into epithe-
lial and endothelial host cells via large invaginations. By
co-opting this caveoale-mediated pathway SfbI-carrying
streptococci bypass the degradation mechanism of the
host cell, i.e. the classical endocytic pathway, and prevent
fusion with lysosomes. These SfbI-positive streptococci
reside inside caveosomes, perhaps transiently, for their
own intracellular survival (Rohde et al., 2003).

SfbI-mediated invasion, as FnBPA adherence and inva-
sion, represents one of the few examples where the bac-
terial factor and the molecular basis of the interaction with
the host cell receptor, a5b1-integrin, are reasonably well
understood (Schwarz-Linek et al., 2004). The FBR region

of SfbI is unfolded, lacking a secondary structure, and
represents a so-called intrinsically disordered protein. The
FBR region recognizes the N-terminal domain of fibronec-
tin with high affinity. Upon binding to fibronectin in an
anti-parallel fashion, the FBR region undergoes a confor-
mational change to an ordered b-sheet structure. This
novel protein–protein interaction is called a ‘tandem
b-zipper’ (Schwarz-Linek et al., 2003). According to these
interactions SfbI can bind multiple copies of fibronectin
(up to five for SfbI and up to nine for FnBPA) in a linear
array of binding (Schwarz-Linek et al., 2004). It has been
hypothesized that this linear fibronectin structure
resembles the matrix form of the protein, inducing
integrin-clustering, which in turn activates the cellular
machinery by signalling events (Leiss et al., 2008).

In this report, we describe another fibronectin-binding
protein, GfbA, isolated from a Group G streptococcal clini-
cal isolate. The binding capacity of the GGS strain G59
towards the 70 kDa fibronectin fragment was comparable
to that of the GAS strain A20. Sequence comparison of
GfbA with SfbI suggested a similar modular structure of
the proteins (Talay et al., 1994; Kline et al., 1996). In
particular, the C-terminus is very similar with an identity of
up to 97%. Interestingly, only the AroD region exhibits
major differences between GfbA and SfbI. We report here
for the first time that GfbA is able to bind to native
fibronectin which was demonstrated with a fibronectin
overlay assay with recombinant protein as well as with
fibronectin binding on the surface of S. gordonii when
GfbA was heterologously expressed. The construction of
a GfbA mutant in G59 revealed unequivocally that GfbA is
the fibronectin-binding protein of GGS since the mutant
strain was impaired in fibronectin binding but not in the
binding capacity to other human plasma proteins like
fibrinogen and alpha-2 macroglobulin (data not shown).

When we analysed the uptake of GfbA-coated latex
beads into epithelial cells such as HEp-2 and HeLa by
FESEM, surprisingly formation of membrane ruffles for

Fig. 10. Intracellular survival of SGO
constructs. After 24 h SGO SfbI and SGO
GfbApro were the best survivors, whereas the
number of bacteria of the SGO GfbA
construct declined by over 40% when
compared with SGO SfbI. SGO SfbIGaro
exhibited a better survival rate than the SGO
GfbA construct.
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bead uptake was detectable and at later time points
beads could be detected inside epithelial cells. These
results indicate that GfbA is not only an adhesin but also
an invasin of GGS. In this function GfbA equals SfbI from
GAS. When we then examined the invasion properties of
strain G59 we found three morphologically distinct pro-
cesses: (i) triggering of membrane ruffles, (ii) ‘flap-like’
invasion and (iii) internalization via invaginations. Approxi-
mately 10% of all strains triggered the formation of invagi-
nations which strongly resembles the invasion process of
SfbI-mediated entry.

A new streptococcal invasion mechanism for GGS was
detected which we describe as ‘flap-like’ invasion. The
main characteristic of this mechanism was that bacteria
from the middle of a streptococcal chain invade first
whereas in all other known invasion processes bacteria at
the end of a streptococcal chain that start to invade. Such
a ‘flap-like’ invasion has been observed earlier for Strep-
tococcus suis (Benga et al., 2004). However, the most
dominant uptake was via the formation of membrane
ruffles around adherent streptococci. When we followed
the intracellular trafficking of streptococci that were inter-
nalized via membrane ruffles we detected intracellular
bacteria in Lamp-1-positive compartments, most probably
in phagolysosomes. This finding is in contrast to the SfbI-
mediated intracellular trafficking towards caveosomes.

SfbI and GfbA differ mostly in the AroD region with only
65% similarity, therefore we investigated the impact of the
AroD region on the invasion process. In addition, it is
known from genetically studies that the aromatic region of
SfbI is apparently evolutionary diversified by intergenic
recombination of horizontally acquired DNA cassettes,
thus, resulting in a genetic mosaic structure for SfbI. The
hypervariable AroD regions have been classified in 15
distinct sequence types, named Aro1–Aro15 (Towers
et al., 2003). So far no function has been identified for any
of these AroD regions in SfbI. For GfbA three novel AroD
sequences were found which were not detectable in SfbI.
The Aro region of GfbA has a so-called Aro17 sequence
type (Towers et al., 2004), which is not present in SfbI.

Expression of a truncated GfbA protein without the
AroD region, GfbApro, and heterologous expression of
this protein on the surface of S. gordonii resulted in the
formation of large invaginations through which bacteria
invaded into the host cell, demonstrating that this trun-
cated protein was sufficient to mediate invasion. Only very
rarely we observed triggering of membrane ruffles (see
Fig. 5B). This finding strongly suggests that the AroD
region of GfbA is responsible for converting the invasion
process from a caveolae-mediated mechanism with the
formation of invaginations for internalization of strepto-
cocci into an invasion mechanism involving cytoskeleton
rearrangements. In addition, the chimeric protein
SfbIGaro showed the opposite effect again underlining

that the AroD region determines the invasion mechanism
in GfbA and was not an effect of insufficient fibronectin
binding since all heterologously expressing strains bind
the 70 kDa fibronectin fragment (Fig. 5B). Using sole puri-
fied recombinant protein in the infection assays resulted in
identical changes in the morphological ultrastructure on
the surface of HUVEC cells. In addition, only SfbI and
GfbApro triggered accumulation and dense aggregation
of caveolae in distinct areas on HUVEC cytoplasmic
membranes followed by formation of invaginations. Apply-
ing protein-coated gold-nanoparticles integrin-clustering
was only observed for SfbI and GfbApro (see Fig. 6C).
This finding gives evidence that integrin-clustering over a
relatively, in molecular terms, large area on the host cell
must occur before a signalling cascade is turned on
resulting in caveoale-mediated invasion.

The high FBR sequence similarity suggested that SfbI
and GfbA bind fibronectin in a very similar if not identical
manner. The observed different cellular responses to the
proteins are therefore surprising. The sequence differ-
ence in the AroD region of GfbA might interfere with the
binding of fibronectin to the FBR region or might prevent
the linear array formation of bound fibronectin in such a
way that no integrin-clustering can be triggered. The
GfbA-coated gold-nanoparticles indeed demonstrated
that no integrin-clustering was detectable.

Another possibility for interfering with signalling events
triggered by integrin-clustering could be that the AroD
region of GfbA interferes with the requirements of a5b1-
integrins, namely their binding to the RGD domain in
fibronectin. Another way to interfere with the integrin–
fibronectin interactions besides the binding to the RGD
region in fibronectin might be to disturb integrin binding to
the PHSRN sequence, another region of fibronectin, that
has been found to be of importance for integrin binding.
The PHSRN sequence, also called synergy region is
located adjacently to the RGD region in the ninth III
module of fibronectin (Danen et al., 1995; Aota and
Yamada, 1997; Redick et al., 2000).

Overall, our results for the first time provide evidence for
a function of theAroD region, namely triggering an invasion
mechanism via cytoskeletal rearrangements, which sub-
sequently leads to an intracellular trafficking to Lamp-1-
positive compartments. On the other hand, our data are
difficult to interpret due to the lack of information on
both the structure of the aromatic domain and
the overall structural organization of FnBPs. Although
according to secondary structure predictions it can be
expected that the aromatic domains of SfbI and GfbA, in
contrast to PRR and FBR, will adopt folded conformations,
neither structure nor function can be predicted (U.
Schwarz-Linek, pers. comm.). Structural information on
the aromatic region and the overall structural organization
of FnBPs, however, would greatly contribute to a better
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understanding of the relevant interactions between FnBPs
and fibronectin binding and help to identify the molecular
mechanisms involved in triggering the alternative pathway.
The data presented here could be an initial indication for a
global structural organization of FnBPs. The consistency in
results obtained from experiments with proteins presented
on bacterial surfaces and recombinant proteins suggests
that the proteins exist in an active and fully functional
conformation not only when bound to the bacterial surface
but also in solution.As the Fn-binding capacity of GfbAwas
comparable to that of SfbI a possible reason for the distinct
invasion mechanisms may be an association of the aro-
matic domain with other parts of GfbA that would interfere
with either efficient Fn-binding or integrin-binding which
can result in impaired integrin-clustering.

Our studies of the intracellular trafficking pathway of
differently internalized streptococci established for the
first time a link between the invasion pathway and the
subsequent endocytic pathway in the epithelial host cell.
In summary, we found strong evidence that streptococci
invading via cytoskeleton rearrangements, i.e. membrane
ruffles, traffic intracellularly along the classical endocytic
pathway with subsequent fusion with lysosomes. Such
bacteria reside, maybe transiently, in phagolysosomes
from which they can escape into the cytoplasm (M.
Rohde, unpubl. data). In contrast to this, SfbI-mediated
invasion via caveolae results in streptococci bypassing
the classical pathway and thereby preventing fusion with
lysosomes as has been demonstrated in an earlier report
(Rohde et al., 2003). Our survival studies demonstrate
that the invasion mechanism has a determining effect on
the intracellular survival. While fusion with lysosomes
results in less effective survival avoiding of the cellular
degradation mechanism favours survival and persistence.

Experimental procedures

Bacterial strains and cell lines

Group A S. pyogenes strain A20 and strain A23 as well as Group
G S. dysgalactiae ssp. equisimilis strain G59 were clinical iso-
lates. S. gordonii GP1221 and S. gordonii GP204 were used for
heterologous expression of surface proteins as described (Pozzi
et al., 1992; Talay et al., 2000). Streptococci were routinely
grown in Todd–Hewitt broth supplemented with 5% yeast extract
(THY) or tryptone soy broth (TSB) with antibiotics, where appro-
priate (3 mg ml-1 erythromycin, 500 mg ml-1 kanamycin) at 37°C
without agitation. E. coli strain HB101 was used for overexpres-
sion of recombinant proteins grown at 37°C with agitation in Luria
broth (LB) with 100 mg ml-1 ampicillin. The epithelial cell line
HEp-2 (ATCC CCL23) was cultivated in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% heat-inactivated fetal calf
serum, 2 mM L-glutamine, 0.1 mg ml-1 streptomycin and
1000 U ml-1 penicillin. HUVEC cells were purchased from Pro-
mocell (Heidleberg, Germany). They were cultured in EGM-2
medium (PromoCell) according to the supplier’s protocol.

Screening for Sfb-I/Gfb-I in the chromosome of different
streptococcal strains

Amplification of sfbI/gfbI genes from different GAS and GGS
strains was performed using the primer pair wholeSfbI_left/
wholeSfbI_right (TGG CAC ACA CAA AAA GAA AAA/AGT ACT
GAC AAA ATA AGG ATT CCA AGA). The preparation of chromo-
somal DNA was performed using the DNeasy Blood & Tissue Kit
following manufacturer’s instructions. Primers were designed to
anneal to homologous regions within the sfbI and gfbI gene
respectively. Each PCR consisted of 30 cycles including 30 s of
denaturation at 94°C, 30 s of annealing at 60°C and an extension
at 72°C.

Construction of a GfbA-deletion mutant in
S. dysgalactiae ssp. equisimilis G59

An allelic exchange strategy according to Perez-Casal et al.
(1993) was used to create a GfbA-deletion mutant in S. dysga-
lactiae ssp. equisimilis G59. Briefly, a fragment of the 5′ region of
gfbA from nucleotide 28 to 549 was amplified using primers sfb1
and sfb3 (Table 1) and a fragment of the 3′ region from nucleotide
820 to 1267 using sfb2 and sfb4 (Table 1) were amplified. In
addition the spectinomycin resistance cassette (spc) from
plasmid pDL278 (Dunny et al., 1991) was amplified using primers
Spc1 and Spc2 (Table 1). All three PCR fragments were used as
templates in a single PCR-based overlap-extension reaction (Ho
et al., 1989) using primes sfb1 and spc2 (Table 1). The PCR
product was cloned into vector pCR2.1 using the TA-cloning kit
(Invitrogen, Karlsruhe, Germany). The insert was recovered by
XhoI/PstI digestion and cloned into the XhoI/PstI-digested,
temperature-sensitive shuttle vector pJRS233 as described by
Perez-Casal et al. (1993), resulting in plasmid pGfbA::spc. S.
dysgalactiae G59 was transformed with pGfbA::spc by electropo-
ration and transformants were selected on THY medium contain-
ing 1 mg ml-1 erythromycin at 30°C to allow plasmid replication.
Integration of the plasmid into the chromosome was selected for
by a temperature shift to 37°C. The obtained clones were tested
for double cross over, leading to the replacement of an internal
gfbA fragment through the spc cassette and a loss-of-function of
GfbA in the deletion mutant.

Cloning and expression of recombinant proteins

For generation of GST–SfbI, GST–GfbA and GST–GfbApro
protein, the appropriate gene fragments were amplified from the
chromosomal DNA of the appropriate strains via PCR using the
primers described in Table 1. For construction of the chimeric
protein GST–SfbIGaro the regions coding for SfbI (without the
region coding for the SfbI aromatic domain) and the region
coding for the aromatic domain of GfbA have been amplified by
using the primer combinations PCR9(EcoRI)/SfbI(SalI) and
PCR1(BamHI)/GfbAaro(EcoRI). Both fragments were ligated in
vitro. Standard cloning techniques were used to generate con-
structs in the pGEX6P-1 vector system (Amersham Biosciences
Europe GmbH, Freiburg, Germany). Proteins were expressed,
and purified under native conditions following the manufacturer’s
protocol. Recombinant proteins were purified by glutathione
sepharose affinity chromatography (Amersham Biosciences,
Freiburg, Germany) as described (Molinari et al., 1997).
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Construction of S. gordonii expression strains

Streptococcus gordonii strain heterologously expressing full-
length SfbI on the surface has been generated by the methods
for random chromosomal integration described by Pozzi et al.
(1992). Briefly, the sfbI gene (X67947) was amplified as a
BamHI/SalI fragment from S. pyogenes DSM2071 including its
promoter. The aphA3 gene (M26832), conferring resistance to
kanamycin, was amplified including its promoter as a SalI/
BamHI fragment. Both amplicons were digested with SalI,
ligated and the ligation mixture was subsequently digested with
BamHI. The sfbI/aphA3 cassette was rescued into the vector
pGEX2T, excised by BamHI cleavage and ligated with a BamHI
digest of S. gordonii genomic DNA and transformed into
naturally competent S. gordonii GP204. SfbI-expressing trans-
formants were identified by immune fluorescence labelling of
surface-expressed SfbI protein. S. gordonii strains expressing
GfbA, GfbApro and SfbIGaro were constructed by amplifying
gene fragments following the methods described by Talay et al.
(2000) and expressed in S. gordonii GP1221. The primers
used for amplification are shown in Table 1. Expression of
the proteins was followed by Western blot analysis and
immunofluorescence.

125I-fibronectin-binding assay

Full-length or 70 kDa fragment of fibronectin was labelled with
125iodine by the chloramine T method and binding was measured
as reported elsewhere (Dinkla et al., 2003). Approximately 14 ng
of 125I-70 kDa fibronectin was added to 250 ml of bacterial sus-
pension and incubated at room temperature for 45 min. The cells
were harvested by centrifugation, the supernatant carefully aspi-
rated, and the pellet washed once in 1 ml of PBS containing
0.05% Tween. After centrifugation pellet-associated radioactivity
was measured using an automated Wallac gamma counter
(Perkin Elmer, Jügesheim, Germany). The results were
expressed as a percentage of input radioactivity. All measure-
ments were determined in triplicate.

Fibronectin overlay assay

An SDS gel was blotted with a transblot-semidry-transfer-cell
system (Bio-Rad) onto a PVDF membrane (Immobilon-P, Milli-
pore), incubated with 5% milk powder overnight at 4°C, washed
with PBST (PBS with 0.05% Tween 20) and incubated with
2 mg ml-1 fibronectin for 1 h at room temperature and washed
again. Bound fibronectin was visualized by incubation with an
anti-fibronectin antibody coupled to HRP (horseradish peroxi-
dase) for 1 h at room temperature. After washing the overlay blot
was developed using the ECL Western blotting detection system
(Amersham Bioscience).

Coating of latex beads, infection assay and
extra/intracellular staining

Fifteen millilitres of latex beads (3 mm in diameter, Sigma,
Munich) were added to 975 ml of PBS and centrifuged at
600 r.p.m. (Heraeus Biofuge) and washed twice with PBS. The
final pellet was resuspended in 50 ml of PBS and 5 mg of recom-
binant GfbA protein was added, incubated overnight at 4°C with
shaking and washed with PBS and resuspended in 1 ml of PBS.
Binding of GfbA protein was monitored with an anti-GfbA anti-
body visualized with a FITC-label anti-rabbit antibody using
FACScan (Becton Dickinson). Four hundred microlitres of GfbA-
coated latex beads were washed with DMEM, resuspended in
1 ml of infection medium and 250 ml were then used per well for
adherence and invasion studies. After different incubation times
samples were fixed with 1% formaldehyde for overnight at 4°C.
After washing with PBS containing 10 mM glycine samples were
stained with the anti-GfbA IgG antibody (1:200 of the stock solu-
tion of 2.2 mg ml-1 IgG protein) for 1 h at 30°C, washed and then
incubated with an goat ant-rabbit IgG antibody coupled to Alexa
488 nm. This labels extracellular GfbA-coated beads green. Then
cells were permeabilized with 0.05% Triton X-100 for 5 min
at room temperature, washed carefully and incubated with the
anti-GfbA antibody (1:200 dilution) for 1 h at 30°C. Bound anti-
GfbA IgG antibody were made visible with a goat anti-rabbit IgG

Table 1. Oligonucleotides used in this study.

Name Sequence 5′–3′

PCR1(BamHI) GTA GCC TAG GAT CCC GAT GAG AAG
PCR5(SalI) AAT GGT CGA CTA ACT TCG GAC GGG
PCR9(BamHI) TTT GGA TCC GAA AAT CCC CCT AAA CCT
PCR9(EcoRI) TTT GAA TTC GAA AAT CCC CCT AAA CCT
PCR12(BamHI) GCG CGG ATC CAA TAT TTT CTC AAA AAA TCA
PCR13Sal(SalI) GCG CAA ATA TGC TGA ATA GTC GAC AA
GfbIpro(EcoRI) GGG GAT TGT TGA ATT CAA ACT CTG C
SfbIGaro(EcoRI) GGG GAT TTT CGA ATT CAA ACT CAG C
AphA3(5′Sal)(SalI) AAA AGC TAC GTC GAC GAA GAG GATG
AphA3(3′Bam)(BamHI) TTC GAA AAA TCC CTA GGA TTT AGA TCC ATG
sfbI1(XhoI) ctc gag GAA GCC GGT TTT TTG GCA CAC
sfbI2(PstI) ctg cag CAC TCA TGC CTG TTT GAG TGT C
SfbI3(MunI) ccg ggc aat tgc cgg gCC AAA CTG CGT GTT GTG TTA C
SfbI4(AvrII) gcc gcg cct agg cgc GAG TTG GAT GGT AGT CCT ATT CC
spc1 cassette(MunI) ccc ggc aat tgc ccg gAT CGA TTT TCG TTC GTG AAT AC
spc2 cassette(AvrII) gcg cct agg cgc ggc CCA ATT AGA ATG AAT ATT TCC C

Underlined sequences indicate introduced restriction sites. Lower-case letters represent bases added or changed to facilitate cloning, whereas
upper-case letters represent bases complementary to GAS SfbI sequence.
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antibody coupled to Alexa 568 nm. This labels intracellular GfbA-
coated latex beads red and the extracellular beads appear yel-
lowish (mixture of green and red fluorescence).

Infection assays for recombinant proteins and
gold-nanoparticle coating with proteins

HUVEC cells were incubated with 25 mg ml-1 purified recombi-
nant protein SfbI, GfbA, GfbApro and SfbIGaro per well for 1 h.
Incubation was stopped by fixation with 5% formaldehyde and
2% glutaraldehyde in cell culture medium and then processed for
FESEM. SfbI, GfbA, GfbApro and SfbIGaro coating of gold-
nanoparticles was performed as described by Rohde et al.
(2003).

Adherence and invasion assays

Adherence and invasion of streptococci to HEp-2 cells was per-
formed as described earlier (Talay et al., 2000; Rohde et al.,
2003) using the GGS clinical isolate G59, the GAS clinical isolate
A40, and SGO expressing SfbI, GfbA, GfbApro and SfbIGaro. All
experiments were repeated at least three times. Briefly, cells
were seeded onto coverslips in a 24-well plate (Nunc, Roskilde,
Denmark) and grown to 75% confluency. Bacteria were grown
overnight and harvested by centrifugation, washed and set to a
10% transmission at OD600 and further diluted fivefold. Twenty
microlitres were then added to 480 ml of infection medium
(DMEM with 25 mM Hepes, 10% FCS without antibiotics) in the
24-well plate. Infection was stopped by washing the infected cells
with DMEM and fixing with 1% formaldehyde for immunofluores-
cence studies or with 5% formaldehyde and 2% gluaraldehyde
for electron microscopic analysis. Distinct time points were used
for monitoring adherence and early invasion processes (30–
60 min) or later time points (2–4 h) to follow subsequent intrac-
ellular trafficking in the host cells.

Infection procedure for the survival assay

HEp-2 cells and bacteria were grown as described above. For
infection the 10% transmission of the bacterial sample was
diluted 1:200 with the infection medium (for SGO GfbA, GfbApro
and SfbIGaro 3 mg ml-1 erythromycin was added, for SGO
50 mg ml-1 kanamycin was added). Bacteria were allowed to
settle for 1.5 h, then coverslips were washed with infection
medium and transferred in a new 24-well plate with infection
media supplemented with 5 mg ml-1 penicillin and 100 mg ml-1

gentamicin for killing extracellular bacteria. After 1.5 h, 4 h, 8 h,
24 h and 48 h coverslips were washed with medium and twice
with PBS before cells were detached with 100 ml well-1 0.05%
trypsin/0.02% EDTA for 5 min at 37°C. Cells were permeabilized
with 400 ml well-1 1% saponin in PBS for 20 min at 37°C. Twenty
microlitres of the resulting suspension was added to 180 ml of
PBS. This solution was diluted further and 20 ml of the resulting
solution was plated onto THY (Todd–Hewitt yeast broth) and
incubated for 2 days at 37°C and the colonies were counted
afterwards. The experiment was repeated six times.

Blocking assay for b1-integrin

Infection was carried out as described above. For the blocking
assay cells were treated with a 1:100 dilution of the stock solution

of the b1-integrin antibody (Cell Signaling Technology) for 75 min,
washed and then the diluted bacterial solution was added.
Samples were incubated for 90 min and then fixed for FESEM or
immunofluorescence microscopy (see underneath).

Immunofluorescence microscopy

Infected cells fixed with 1% formaldehyde were washed with
cacodylate buffer (0.1 M cacodylate, 0.01 mM MgCl2, 0.01 M
CaCl2, 0.09 M sucrose, pH 6.9) containing 10 mM glycine prior to
labelling and then permeabilized with 0.01% Triton X-100 for
phalloidin, caveolin-1, Lamp-1 labelling and labelling of strepto-
cocci. For actin staining permeabilized infected cells were incu-
bated with a 1:200 dilution of Alexa 488 nm labelled phalloidin for
30 min at 30°C. After washing with PBS streptococci were
stained with a rabbit anti-GAS polyclonal IgG antibody (1:200
dilution of the 1.8 mg ml-1 stock solution) for 1 h at 30°C, washed
with PBS, followed by a goat anti-rabbit IgG antibody coupled to
Alexa 568 nm (Invitrogen, 1:200 dilution of the stock solution) for
1 h at 30°C and washed with PBS. For caveolin-1 labelling cells
were incubated with a 1:75 dilution of the stock solution
(0.2 mg ml-1) of anti-caveolin-1 rabbit antibody for 1 h at 30°C,
followed by a goat anti-rabbit IgG antibody coupled to Alexa
488 nm. Streptococci were labelled as above. For Lamp-1 label-
ling cells were incubated with a 1:50 dilution of the stock solution
(0.1 mg ml-1) of anti-Lamp-1 mouse IgG antibody for 1 h at 30°C
followed by a goat anti-mouse IgG antibody coupled to Alexa
488 nm followed by the streptococci labelling. For labelling of S.
gordonii a rabbit anti-S. gordonii IgG serum was used instead of
the anti-S. pyogenes IgG serum. For EEA-1 labelling cells were
first permeabilized with 0.01% saponin in PBS for 20 min and all
following labelling steps were carried out in the presence of
0.01% saponin. Cells were incubated with a 1:50 dilution of the
stock solution (0.2 mg ml-1) of mouse anti-EEA-1 IgG antibody
for 30 min at 30°C followed by labelling of streptococci. For
b1-integrin labelling unpermeabilized cells were used. b1-Integrin
antibody (Millipore) was used with 5 mg well-1, incubated for 1 h at
30°C followed by a goat anti-mouse IgG antibody coupled to
Alexa 488 nm. For G59 label an anti-Group G antibody was used
in a 1:200 dilution followed by a goat anti-rabbit IgG antibody
coupled to Alexa 568 nm. Images were taken with a Zeiss pho-
tomicroscope with an attached Hrc camera and the Axiovision
Software 4.7.

Field emission scanning electron microscopy

Samples were fixed in 5% formaldehyde and 2% glutaraldehyde
in cacodylate buffer (0.1 M cacodylate, 0.01 M CaCl2, 0.01 M
MgCl2, 0.09 M sucrose, pH 6.9) for 1 h on ice and washed with
TE buffer (20 mM TRIS, 1 mM EDTA, pH 7.0) before dehydrating
in a graded series of acetone (10%, 30%, 50%, 70%, 90%,
100%) on ice for 15 min for each step. Samples in the 100%
acetone step were allowed to reach room temperature before
another change in 100% acetone. Samples were then subjected
to critical-point drying with liquid CO2 (CPD 30, Balzers, Liecht-
enstein). Dried samples were covered with a gold film by sputter
coating (SCD 40 or SCD 500, Balzers Union, Liechtenstein)
before examination in a field emission scanning electron micro-
scope Zeiss DSM 982 Gemini (Zeiss, Oberkochen, Germany)
using the Everhart Thornley SE detector and the SE-inlens
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detector in a 50:50 ratio with an acceleration voltage of 5 kV.
Images were recorded onto a MO-disk, contrast and brightness
were adjusted applying Adobe Photoshop CS3.

For visualization of bound protein-coated gold-nanoparticles
samples were coated with carbon.

List of accession numbers

EMBL/GenBank/DDBJ Nucleotide Sequence data Libraries,
sfbI, X67947
GeneBank, aphA3, M26832.1
GeneBank, gfbA, U31115.1
GeneBank, gfbA, GGS strain G59, AJ605760
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