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Abstract: Fibronectin is a multidomain glycoprotein ubiquitously detected in extracellular fluids and
matrices of a variety of animal and human tissues where it functions as a key link between matrices and
cells. Fibronectin has also emerged as the target for a large number of microorganisms, particularly
bacteria. There are clear indications that the binding of microorganism’ receptors to fibronectin
promotes attachment to and infection of host cells. Each bacterium may use different receptors which
recognize specific fibronectin domains, mostly the N-terminal domain and the central cell-binding
domain. In many cases, fibronectin receptors have actions over and above that of simple adhesion:
In fact, adhesion is often the prerequisite for invasion and internalization of microorganisms in the
cells of colonized tissues. This review updates the current understanding of fibronectin receptors of
several microorganisms with emphasis on their biochemical and structural properties and the role
they can play in the onset and progression of host infection diseases. Furthermore, we describe the
antigenic profile and discuss the possibility of designing adhesion inhibitors based on the structure of
the fibronectin-binding site in the receptor or the receptor-binding site in fibronectin.
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1. Introduction

The extracellular matrix (ECM) of animal and human tissues is a complex meshwork of secreted
proteins immobilized in the space between cells. The global composition of the extracellular matrix
proteins constitutes the “matrisome” [1]. The matrisome essentially consists of the core “matrisome”
(around 300 proteins), which includes macromolecules such as collagens [2], proteoglycans [3] and
glycoproteins, and “matrisome-associated proteins” that comprise a number of functionally and
structurally different proteins ranging from annexins and complement proteins to enzymes and growth
factors [4]. Collagens provide structural strength to ECM and contribute to the mechanical properties,
organization, and shape of tissues. Proteoglycans are interspersed among the collagen fibrils in
different ECMs and confer space-filling and lubrication functions. Glycoproteins perform a variety
of functions including ECM assembly, cell adhesion to ECM, and signaling to the cells. The best
studied glycoproteins of ECM are laminins [5,6], fibronectins [7] thrombospondins [8], fibrinogen
and vitronectin [9]. Many ECM components play a vital role in guiding the migration and polarity
of cells, cell proliferation, differentiation, and stem cell state. ECM components also function as a
link between cells and their ECM through membrane-spanning receptor proteins called integrins.
Integrins are heterodimers made up of one « chain and one 3 chain both of which are type I membrane
proteins. In vertebrates there are 18 oc and 8 3 subunits that can assemble noncovalently into 24 different
receptors with different specificity for ligands and distribution in tissues. The N-terminal halves of
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a and (3 subunits associate to form the binding region for ECM components, while the remaining
portions form two rod-shaped tails that span the plasma membrane [10,11].

As a ubiquitous constituent of animal tissues, the ECM can also serve as a substrate for the
adherence of colonizing bacteria. To this end, bacteria express a variety of surface proteins, many of
which are adhesins belonging to the family of MSCRAMMSs (microbial surface components recognizing
adhesive matrix molecule). The term MSCRAMM refers to cell wall-anchored proteins that “have
structural and functional similarities and a common mechanism of ligand binding performed by two
adjacent IgG-like folded domains” [12]. The ECM proteins that function as MSCRAMM ligand include
collagen, fibronectin (Fn), fibrinogen, and laminin. The best characterized bacterial fibrinogen-binding
proteins include CIfA and CIfB (clumping factor A and B), the collagen/laminin-binding protein CNA
and the Fn-binding proteins FnBPA and FnBPB from S. aureus [12,13]. MSCRAMMs usually have a
multidomain organization and each domain can bind to a diverse array of host ligands. For example,
the A domain of FnBPB (Fn-binding protein B) besides fibrinogen [14] recognizes and binds to
elastin [15], plasminogen [16], and histones [16], while the C-terminal repetitive region interacts
with Fn [17].

The present review aims to provide key information on the variety of bacterial Fn-binding proteins
and the role they can play in the colonization of host tissues and the onset of infectious diseases.
We also provide evidence of the potential use of these adhesins as therapeutic tools against pathogens.

2. Functional and Structural Properties of Fn

Fn is a multidomain glycoprotein (440 kDa) found in almost all tissues and organs of vertebrates.
Fn plays an important role in several biological processes such as adhesion to ECM, differentiation,
growth, and migration of cells. Furthermore, Fn is involved in embryonic development, blood clotting,
and wound healing [18]. Alteration of Fn expression, degradation, and organization have been related
to several pathologies, including oncogenic transformations and fibrosis [18]. The protein is generated
by a single gene and alternative splicing of a single pre-mRINA leads to the production of at least
20 isoforms in humans. Fn exists in soluble form in various body fluids and as an insoluble component
of many extracellular matrices and basement membrane. In soluble form, intramolecular interactions
result in a more compact conformation of Fn, while the protein becomes extended when deposited in
extracellular matrix in a process known as Fn assembly. Soluble Fn is produced by hepatocytes and
secreted into the bloodstream, whereas fibroblasts and endothelial cells synthesize insoluble cellular Fn.
Fn is a protein dimer, consisting of two nearly identical monomers linked by a pair of disulfide bonds.
Each subunit carries 5-7 asparagine-linked carbohydrate side chains and one or two O-linked chains.
It has been proposed that glycosylation protects Fn from proteolysis [18]. Fn has a modular architecture
composed of a combination of three different types of homologous domain, i.e., type I (Fnl), II (FnlI),
and III (FnllI). Specifically, each monomer consists of 12 type I repeats (40 aa residues each), 2 type II
repeats (60 aa each), and 15-17 type III repeats (90 aa residues each) [18-20]. The repeating modules of
Fn monomers fold independently with 25%-30% p-structure and no «-helix. The structure of cellular
Fn can include two variable proportions of alternatively spliced FnlIl modules (EIIIB and EIIIA, also
termed EDB and EDA, respectively) and one Fnlll connecting segment (IIICS), while the soluble form
lacks these alternatively spliced type III repeats. The EDA and EDB segments are not expressed in
healthy adult tissues but are detectable in wound beds and solid tumors [21,22]. Extended polypeptide
segments in certain parts of each chain are highly susceptible to proteolysis, which generate a series of
protease-resistant domains, each comprising several of the repeating modules and each containing
several binding sites for different specific ligands. Five independently folded type I modules (modules
FI,_5) constitute the N-terminal domain (NTD) which binds heparin, fibrin, and bacterial receptors
(Figure 1A,B). This domain also plays an essential role in Fn matrix assembly by binding two major
sites within Fn: One site in native Il and a second cryptic site that is exposed in denatured III;. Matrix
assembly also requires integrins and molecules that connect integrin to the cytoskeleton. The region
immediately downstream of the FI;_5 domain, consists of the combination of FnlgFnll;_Fnl; ¢ repeats
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and binds gelatin/collagen. The wide region including 15 constitutive type III repeats comprises a set
of modules for binding other extracellular molecules (e.g., heparin), the RGD (Fnllljp), and synergy
(Fnllly) sequences for integrin binding and modules required for fibrillogenesis. Anastellin is a small
recombinant carboxy-terminal fragment of the first Fnlll module (Fnlll;) from human Fn. Anastellin
displays anti-tumor, anti-metastatic, and anti-angiogenic properties in vivo and is capable of binding
and converting the soluble Fn into insoluble fibrils (superfibronectin) that structurally and functionally
resemble Fn deposited in the extracellular matrix by cells [23,24]. The extreme C-terminal of Fn
(Fnljp-12) contains a second fibrin binding site and a cysteine residue necessary for the interchain
disulphide bond. Although the NTD is the main bacterial binding site, additional sites with binding
activity for specific bacterial species are also present in Fn (see below) (Figure 1A).

<> Type |
O Typell
O Type Ill

Fibronectin,
Fibronectin, Fibrin, Collagen, Heparan,
Heparan Gelatin aspy Syndecan Fibrin
<
A ARG O0 0000000 00 000000 VE &) DD tat [
<>
Anastellin L
FnBPA/B, F1/Sfb1,
F2/5fb2, FbaA,
FbaB, SOF, SfbX,
Fbp54, BBK32, F1, BBK32,
antigen 85 antigen 85
complex, FAP complex BBK32 Scl1 Scll  ShdA
< <> <>
. NHAHDDDOO- DD EOCEOEEOLLBEBLISEYDY— cooH

1
5SS
11

Figure 1. (A) Schematic representation of plasma/cellular fibronectin. Type I, II, and III modules
are denoted by squares, hexagons, and circles, respectively. The IIICS module is represented by
an oval. Alternative spliced extra domains A, B, and IIICS are shown in pink, red, and yellow,
respectively. Binding sites for extracellular matrix proteins and the integrin o531 binding site are
reported. The localization of anastellin activity in the FIII; is also indicated. (B) Cartoon representation
of fibronectin as reported in A with the indication of the binding regions for several bacterial receptors.

3. Properties of Bacterial Fn-Binding Proteins

3.1. Fn-Binding Proteins from Staphylococcus aureus as a Prototype of a Wide Class of Bacterial Adhesins

Staphylococcus aureus is one of the most important human pathogens, causing a variety of diseases,
including skin and soft tissue infections, osteomyelitis, endocarditis, surgical site infections, pneumonia,
and sepsis [25,26].

Most strains of Staphylococcus aureus express two related Fn-binding proteins FnBPA and FnBPB
(Fn-Binding Protein A and B), which are encoded by closely linked genes [17]. The two proteins
contain N-terminal signal sequences that promote protein localization at the cell surface and a sorting
signal, which comprises an LPXTG (Leu-Pro-X-Thr-Gly where X stands for any amino acid) motif that
is crucial for cell wall anchoring, a transmembrane hydrophobic domain and a stretch of cytosolic
positively charged residues, at the C-terminus (Figure 2A). FnBPA and FnBPB possess fibrinogen-and
elastin-binding capacities mediated by the N-terminal A domain region through a variation of the
DLL (Dock, Lock and Latch) mechanism [27]. The DLL mechanism is based on the observation
that MSCRAMM family proteins have an N-terminal A region composed of three distinct folded
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subdomains N1, N2, and N3. The N2 and N3 subdomains concur to create a hydrophobic trench that
accommodates peptide ligands, in the case of CIfA, FnBPA, and FnBPB the extreme C-terminus of
the v chain of fibrinogen. Then, a conformational change is triggered, resulting in the redirection of
the short unstructured C-terminal extension of the N3 subdomain, folding of this extension over the
bound peptide and locking in place. In the final latching step, the C-terminus of the extension interacts
with the N2 subdomain and forms a 3-strand complementing a (3-sheet in the N2 subdomain.
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Figure 2. Representation of the structure of surface proteins from Gram-positive and Gram-negative
bacteria. The reported proteins are cell wall-anchored proteins that contain a signal sequence (S) at the
N-terminus and a sorting signal at the C-terminal end. BBK32 is not an LPXTG protein and is anchored
to the bacterial surface by an N-terminal lipobox. Each protein is identified with a capital letter (A-I).
Domains involved in fibronectin binding are also shown. For further details, see the text. The drawings
shown here represent those for which the organization and fibronectin binding sites have been defined.
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Linking the A region to the wall spanning region is a long, intrinsically disordered Fn-binding
repeat (FnBR) domain (11 repeats in FnBPA and 10 in FnBPB) (Figure 2A). The Fn-binding repeats
bind to the N-terminal domain (NTD) of Fn (Figure 1B). When bound, the FnBP acquires an ordered
secondary structure by adding an antiparallel strand to the three-stranded (3-sheets of the four
sequential Fn type I modules. The tandem array of 3-strands is called the (3-zipper mechanism [28,29].
Of the 11 Fn-binding repeats six bind to Fn type I modules with high affinity and stoichiometry of
FnBP binding to Fn is estimated to be between six to nine Fn molecules per FnBP [30,31].

A study performed by Casillas-Ituarte et al. identified nonsynonymous, single nucleotide
polymorphism in the fnbA gene. Specifically, the aa substitutions in FnBR-5 and FnBR-9 of FnBPA from
isolates of patients with infected cardiac devices and infective endocarditis confer an increased binding
affinity for Fn in S. aureus suggesting that strains with these substitutions have an enhanced capability
to evade host defenses and/or colonize damaged tissue or implants. Notably, amino acid substitutions
in the FnBR region of FnBPA alter the strength of the fibrinogen interaction with the A domain of
FnBPA possibly in a way that impacts on the DLL mechanism [32].

S. aureus and a number of other pathogens can invade non-professional host phagocytic cells
via a mechanism whereby adhesin-bound Fn bridges interact with 531 integrin [33,34]. Along this
line it has been found that upon binding to Fn, FnBPA disrupts specific intermolecular contacts in
the N-terminal domain of Fn resulting in global structural organization, exposure of the cryptic RGD
binding site in the 10th FIII module, and consequent promotion of interaction of Fn with 5031 [35].
The formation of the three-component FnBPA-Fn-o531 integrin complex is dramatically potentiated
when S. aureus cellular invasion is performed under shear forces [36].

These events trigger “outside in” signaling process leading to integrin clustering [30,37] and the
formation of focal complexes on the host cell surface followed by eventual internalization of Fn-coated
S. aureus cells via a zipper-like mechanism [38,39].

S. aureus expresses other Fn-binding proteins that further concur to strengthen adherence of the
bacterium to the host tissues. The largest of these is 1.1 MDa Ebh (for ECM binding protein homologue),
a surface protein consisting of several distinct regions including a signal peptide, an N-terminal domain
annotated as a hyperosmolarity resistance domain, seven repeats of the 54-residue FIVAR domain
(possibly associated with polysaccharide binding), 50 repeats of the 123 residue FIVAR-GA domain
involved in albumin binding, seven repeats of DUF1542 (a 72-residue domain of unknown function),
a putative SMC (structural maintenance of chromosomes) domain, a transmembrane domain, and,
lastly, a positively charged cytoplasmic stretch [40]. Recent studies suggest that Ebh plays a role in
cell growth and envelope assembly [40] and contributes to structural homeostasis of the bacterium
forming a bridge between the cell wall and cytoplasmic membrane [41]. The central region of Ebh was
found to specifically bind to Fn [42].

Another Fn-binding protein from S. aureus is protein Eap (Extracellular adherence protein) released
in the growth environment. Eap, termed also MAP (Major histocompatibility class II Analogous
Protein), is a 50-70 kDa protein that consists of multiple (most often four or five) repetitive domains of
110 amino acid residues, each containing a 30 amino acid subdomain with similarity to a sequence in
the peptide-binding groove of the MHC class II 3 chain [43]. Secreted Eap can redock on the bacterial
cell wall via cell wall-associated neutral phosphatase and this docking property enables Eap to promote
adherence of S. aureus to host such as Fn and other extracellular matrix components [44] as well as
cells, including fibroblasts and epithelial cells [45].

Emp (Extracellular matrix protein-binding protein) is a cell surface-associated protein of S. aureus
with a broad spectrum of binding activity for extracellular matrix proteins such as fibrinogen, vitronectin,
Fn, and collagen. The protein is expressed in the stationary growth phase suggesting that it could play
roles in late infective processes. Emp binds the ligands with an affinity in the nanomolar range and the
binding region has been tentatively located in the central part of the molecule [46,47].

Fn also functions as a linker between CD163, a multiligand scavenger receptor exclusively
expressed by professional phagocytes, and S. aureus surface components. Soluble CD163 interacts with
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a subdomain of the gelatin/collagen binding region of Fn and, in turn, Fn binds to FnBPA or FnBPB.
The formation of this three-component complex promotes phagocytosis and subsequent killing of
bacteria by monocytes and granulocytes. Even non-professional phagocytes such as endothelial cells
kill bacteria more efficiently if these are covered with soluble CD163. Thus, targeting pathogen-bound
Fn with sCD163 would be a defense mechanism of the innate immune system against S. aureus. This
finding is of particular importance in view of the fact that increased levels of soluble CD163 can occur
during sepsis [48]. Therefore, in the presence of CD163, binding of Fn to FnBPA or FnBPB could result
in an advantageous event for the host.

Fn-binding proteins with organization similar to FnBPA have been described in other staphylococcal
species. S. pseudintermedius is an opportunistic pathogen that colonizes the nares, the perineum of healthy
dogs, and the main cause of canine skin infections [49,50]. SpsD (S. pseudintermedius surface protein D)
and SpsL (S. pseudintermedius surface protein L) are examples of MSCRAMMs that mediate the binding
of S. pseudintermedius to fibrinogen and Fn. Domain binding to fibrinogen is located to the N-terminal
region in both the proteins [51,52], while the Fn-binding is mediated by a segment that maps to the
C-terminus of the proteins (Figure 2B,C) [53]. Both SpsD and SpsL play an important role in the
internalization of S. pseudintermedius by host cells and, as reported for FnBPA, the process involves Fn
and integrin «5(31 [53].

3.2. Fibronectin-Binding Proteins from Streptococci

3.2.1. Fn-Binding Proteins from Streptococcus pyogenes

Streptococcus pyogenes, also known as group A Streptococcus (GAS), causes mild human infections
such as impetigo and pharyngitis and serious infections such as necrotizing fasciitis and streptococcal
toxic shock syndrome [54-58]. Moreover, repeated GAS infections may trigger autoimmune diseases, such
as acute post-streptococcal glomerulonephritis, acute rheumatic fever, and rheumatic heart disease [59].

S pyogenes, expresses at least 12 distinct Fn-binding proteins [60] that can be divided in two
subgroups. The first subset of adhesins contains cell wall anchored proteins including repetitive
Fn-binding units. The most studied of these proteins is the Fn-binding protein F1 and its homologous
Stb1 protein (Streptococcus fibronectin binding protein 1) [60-63]. F1/5fb1 contains a C-terminal series
of between two and seven Fn-binding repeats homologous to those present in FnBPA or FnBPB of
S. aureus that bind to the NTD of Fn (Figure 2D). As reported for FnBPA and FnBPB, this series of
repeats is disordered and undergoes a disorder-to-order transition on binding the NTD according
to the above described (3 zipper interaction [64]. F1 has also an upstream region (UR), immediately
preceding the repetitive region, that shows the ability to bind the gelatin binding domain (GBD) of Fn
(FIg through Flg) [65,66]. The binding of F1 to Fn is proposed as a process in which the NTD initially
forms a complex with the repetitive region of F1 followed by the cooperative activation and enhanced
binding of UR to the GBD (Figure 1B). Unlike the repetitive region of FnBPA and FnFPB, which is more
than sufficient for S. aureus adherence and internalization, the repeat region of F1 mediates adhesion of
S. pyogenes to Fn in the extracellular matrix, while the UR of the protein triggers invasion of the host
cells by this bacterium [67]. Interestingly, UR competitively inhibits incorporation of both cellular and
plasma Fn into the extracellular matrix [68].

Fn-binding repeats with homologous sequences to those present in F1 and FnBPA and FnBPB
have been found in other streptococcal Fn-binding proteins such as F2, FbaA and FbaB, SOF (Serum
Opacity Factor) and SfbX (Streptococcus fibronectin-binding protein X). F2 is similar to Fn-binding
proteins FnBB from Streptococcus dysgalactiae and FnB from Streptococcus equisimilis and unlike protein
F1 lacks the UR for binding the GBD of Fn [69]. FbaA, a 38 kDa protein, contains three/four proline
rich-repeat motifs and shows considerable homology to FnBPA of S. aureus, while its possession of
Fn-binding repeats is unclear [70]. FbaB is significantly homologous to the C-terminal portion of F2
and contains Fn-binding repeats [71]. Both FbaA and FbaB also promote Fn-dependent internalization
of streptococci in host cells [71,72].



Cells 2019, 8, 1516 7 of 24

SOF is a bifunctional LPXTG adhesin which contains two major domains, a large N-terminal
domain that mediates opacification of sera and a C terminal repetitive region that targets the N-terminal
domain of Fn [73].

The sfbX genes from different GAS serotypes occur immediately downstream of the sof gene
and encode 650 residue surface-bound proteins sharing about 90% sequence identity. SfbX residues,
approximately one to 480, are not particularly similar to those of other known proteins, with the closest
match being the S. aureus coagulase protein. The remaining portion of these proteins (residues 481-650)
contains four Fn-binding repeats highly similar to those of other streptococcal Fn-binding proteins and
a potential LPXSG cell wall anchor motif [74].

A second subgroup of multifunctional adhesins of S. pyogenes possesses the ability to bind Fn but
lacks Fn-binding repeat units and includes some M proteins (M1, M3, and M6), GAPDH, protein H,
Shr, Scll, and Fbp54.

Direct binding of Fn to M proteins allows Fn to interact with the host cell surface integrin «5(3;.
This bridging activity of Fn between M protein on bacterial cells and «5[31 integrin on the surface of
host cells promotes internalization of bacteria into the host cells [75,76].

Protein H, known for its ability to interact with immunoglobulins, also binds to the FnllI of the
N-CAM and the central cell-binding domain of Fn. Since protein H/Fn interaction is not disrupted by
RGD peptide, it is plausible that protein H does not bind to Fnlllyg [77].

Shr (Streptococcal hemoprotein receptor) is a 145 kDa protein firmly attached to the bacterial
surface. Shr binds haemoglobin and haemoglobin-haptoglobin complex [78] and also interacts with Fn
and laminin, suggesting that it also acts as an adhesin [79].

Two other major adhesins are the streptococcal collagen-like proteins 1 (Scll) and 2 (Scl2). Scll is an
LPXTG homotrimeric protein with an N-terminal globular domain, followed by a collagen-like domain
and a C-terminal cell wall-anchoring domain [80] (Figure 2E). Unlike many other bacterial adhesins,
Scll specifically binds to the alternatively spliced extra modules A (EDA) and B (EDB) of cellular
Fn through conserved structural determinants present within Scll globular domain (Figure 1B) [81].
Importantly, interaction of Scll with EDA expressed in wounded tissue environments facilitates biofilm
formation on extracellular matrices and implements GAS pathogenesis [82,83].

GAPDH (glyceraldehyde-3-phospate dehydrogenase) is tightly attached to the surface of
streptococci and binds to Fn, lysozyme, and the cytoskeletal proteins myosin and actin [84].

Fbp54 (Fibronectin-binding protein 54), a 54 kDa protein, interacts with the NTD of Fn and the
Fn-binding domain of Fbp54 has been localized to the first 89 N-terminal residues of the protein [85].
Fbp54 is expressed in vivo, is immunogenic in the human host, and mediates adhesion of S. pyogenes
to buccal epithelial cells [86].

3.2.2. Fn-Binding Proteins from Other Streptococcal Species

Streptococcus pneumoniae is a human-specific pathogen and recognized as the main cause of
community acquired pneumonia and meningitis in children and the elderly, and of sepsis in children
worldwide [87,88]. S. pneumoniae produces several Fn-binding proteins. PavA (Pneumococcal
adherence and virulence factor A), is homologous to Fbp54 of S. pyogenes (67% identity) and to FbpA of
S. gordonii (74% identity) and consists of 551 amino acid residues [89]. PavA is a cell surface non-LPXTG
protein binding to surface-coated Fn, but not to soluble Fn [90].

A second pneumococcal Fn-binding protein is the LPXTG protein PavB. In its mature part, PavB
consists of typical repetitive domains referred to as Streptococcal SUrface REpeats (SSURE) (152 amino
acidic residues) and each highly conserved core SSURE bears no significant sequence similarity to
proteins of known function [91,92]. PavB has the ability to interact directly via a still unknown host cell
receptor or with extracellular matrix proteins such as Fn, plasminogen or thrombospondin-1 [91-94].
PavA and PavB binding is specifically mediated by defined interactions with FnllI repeats [95].

An additional LPXTG surface protein, termed PfbA (Plasmin and fibronectin-binding protein A),
binds with moderate affinity several plasma proteins including Fn, plasminogen/plasmin, and albumin [96].
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The crystal structure of the large recombinant fragment, PfbA150 gy, revealed it to possess a beta-helical
region followed by a C-terminal disordered segment with structural and sequence features that
resemble the Fn-binding regions of FnBPA of S. aureus and BBK32 of Borrelia burgdorferi [97]. Recently,
it has been reported that the open reading frame spr0075 encodes for a 120 kDa protein, named
plasminogen/fibronectin-binding protein B (PfbB), which displays an LPXTG cell wall anchoring motif
and six repetitive domains that directly interact with Fn, allowing adherence of S. pneumoniae to various
epithelial respiratory tract cell lines [98].

RrgA is an 893-residue elongated macromolecule localized at the pilus 1 tip. Its fold contains four
nested domains (D1 to D4) presenting both eukaryotic and prokaryotic origins [99] and playing a direct
role in binding to epithelial cells and to laminin and fibronectin [100,101]. It has been proposed that
full length RrgA binds to Fn either through single D3 or D4 domains or both domains simultaneously
in a dual domain binding mode [102].

Streptococcus gordonii is a member of the viridans group of oral bacteria and considered an
important agent of dental caries, gingivitis, and periodontitis [103]. Similar to many streptococci,
S. gordonii expresses a protein named FbpA (Fibronectin-binding protein A) that has high sequence
identity to PavA of S. pneumoniae and Fbp54 of S. pyogenes and interacts with Fn [104]. S. gordonii
expresses other proteins such as surface Sspl/II (also named SspA/B) [105] and CshA and CshB [106,107],
all exhibiting Fn-binding capacity. CshA binds to Fn via an N-terminal non repetitive region, a part of
the protein composed of three distinct segments named NR1, NR2, and (Figure 2F) [108]. Accordingtoa
model proposed by Back et al. NR1 acts to “catch” Fn forming a readily dissociable pre-complex, which
is subsequently stabilized by a high affinity binding mediated by the contiguous NR2 (“catch-clamp”
mechanism) [108].

Streptococcus mutans is a pioneer oral bacterium that is recognized as an agent of bacterial
endocarditis. S. mutans possesses both Sspl/Il and a homologue of PavA, named SmFnB. Inactivation
of the gene for SmFnB impairs the adherence of S. mutans to Fn [109].

Streptococcus suis, a microorganism causing infectious diseases in pigs and other domestic
animals [110], expresses a PavA homologue named FbpS (Fibronectin-binding protein of S. suis)
(70% identity with PavA) that interacts with fibrinogen and Fn [111] and the Fn-binding site has been
located in the N terminal region of the protein [112]. Other Fn-binding proteins expressed by S. suis
are enolase [113] and OFS (Opacity Factor from S. suis) [114].

Streptococcus agalactiae (Group B Streptococcus (GB)) colonizes the human lower intestinal and
genital tracts and constitutes a major threat to neonates from pregnant carrier mothers and to adults
with underlying morbidity. ScpB (streptococcal C5a peptidase B) is a 120 kDa multidomain protein
composed of an N-terminal protease domain followed by a domain containing three Fn type III
modules (Fn;_Fnj) at the C-terminus. Notably, the protease domain is interrupted by an insertion
named the protease-associated (PA) domain of unknown function (Figure 2G) [115]. ScpB also binds
with high affinity to surface-coated but not soluble Fn [116]. It has been proposed that this preferential
binding could be due to the formation of determinants produced by the flanking of several Fn molecule
on a solid surface [117]. The finding that a natural variant of ScpB containing a 4-amino-acid deletion
that eliminates peptidase activity still maintains the capability to bind Fn, indicates that the Fn-binding
activity resides in a different region from the protease domain [118].

3.3. Fn-Binding Proteins from Other Gram-Positive Bacteria

3.3.1. Enterococci

Enterococcus faecium has emerged over the past three decades as an agent capable of causing
life-threatening infections including infective endocarditis [119].

As reported for S. pyogenes and S. pneumoniae, E. faecium expresses a considerable number of
Fn-binding adhesins. SagA (Secreted antigen A) is an 80-90 kDa protein exhibiting the capability to bind
extracellular matrix proteins such as fibrinogen, collagens, laminin, and Fn. The SagA is organized into
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three domains: i) A putative coiled-coil N-terminal domain; ii) a central domain containing direct repeats;
iii) a C-terminal domain [120]. A second adhesin identified in E. faecium is Fnm (Fibronectin-binding
protein of Enterococcus faecium), a homologue of S. pneumoniae PavA, that promiscuously binds to
fibronectin, collagen type V, and laminin [121]. Binding to Fn is mediated by the N-terminal region of
Fnm. E. faecium also expresses a group of six proteins containing the WxL motif (a short sequence
that confers a cell surface localization function), which share the ability to bind type I collagen
and Fn [122]. Lastly, this bacterial species expresses a peptiglycan-anchored protein named PrpA
(Proline-rich protein A) which contains a unique N-terminal domain and a C-terminal proline-rich
region homologous to the Streptococcus agalactiae surface protein BibA. The recombinant N-terminal
domain of PrpA shows the ability to interact with Fn and fibrinogen [123].

Enterococcus faecalis contributes to a number of infections in humans including bacteremia,
abdominal and pelvic infections, urinary tract infections, and septicemia [124]. salA and salB are
two sagA-like genes which encode proteins that are antigenic during infection and bind to collagen
type I and Fn [125]. E. faecalis also expresses the anchorless PavA-like adhesion EfbA (Enterococcus
fibronectin-binding protein A), a protein that binds with high affinity to immobilized Fn, collagen I,
and collagen V [126,127].

3.3.2. Mycobacteria

This genus includes pathogens known to cause serious diseases in mammals, including tuberculosis
(Mycobacterium tuberculosis) and leprosy (Mycobacterium leprae) in humans. Mycobacteria have a variety
of Fn-binding proteins the most important of which is the antigen 85 complex. The complex consists
of three proteins named 85A, 85B, and 85C, encoded by three genes located in different sites in the
mycobacterial genome and showing homology and extensive immune cross-reactivity. The proteins
differ slightly in molecular mass ranging from 30 to 31 kDa. Depending on the mycobacterium
species, the binding site on Fn varies from the gelatin-binding domain [128] to the N-terminal binding
domain [129]. In the antigen 85B two short motifs corresponding to the sequences 84-110 and 211-230
were identified and shown to have Fn-binding activity. Moreover, inside the 85-110 aa residues a
unique six amino acid sequence (FEWYYQ) was shown to be crucial for Fn-binding. This segment
forms a helical structure and is exposed at the surface of the protein. Another mycobacterial Fn-binding
protein is MPB51 encoded adjacent to the gene 85A and showing 40% identity to other members of the
antigen 85 complex [130]. A third Fn-binding protein identified in several species of mycobacteria
(among other, M. tuberculosis, M. leprae, and M. bovis) is FAP (Fibronectin Attachment Protein) [131,132].
The binding site for FAP was localized in the NTD of Fn, while the FAP sequence essential for
Fn-binding was mapped to the sequence 269-280 (GNRQRWFVVWLG) [133].

An additional Fn-binding protein is malate synthase, a cytoplasmic enzyme involved in the
glyoxylate pathway and when associated to the cell wall it is capable of interacting with Fn and laminin.
The binding site for Fn is located in the C-terminal end of the enzyme, while no information is available
on the malate synthase binding site in Fn [134].

3.3.3. Listeria Monocytogenes

Listeria monocytogenes is the agent of listeriosis, a disease that causes brain abscess, meningitis and
septicemia mainly among pregnant women, unborn babies, newborns, and immunocompromised
patients. Five fibronectin-binding proteins with a mol. weight ranging from 55 to 27 kDa were
identified in L. monocytogenes. The 55 kDa protein was proved to be present on the bacterial cell
surface [135]. A gene encoding a 24.6-kDa Fn-binding protein (Fbp) was also isolated and sequenced.
The fbp gene was found to be present in all tested isolates of the species L. monocytogenes and no
homologies between the fbp gene and its translation product with any other DNA or proteins deposited
in databanks were found [136].

A gene named fbpA, required for efficient liver and intestine colonization of mice was also
identified. fbpA was found to encode a 570-amino-acid polypeptide that has strong homologies
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to typical fibronectin-binding proteins. FbpA is bound to immobilized human fibronectin in a
dose-dependent and saturable manner and increases adherence of wild-type L. monocytogenes to HEp-2
cells in the presence of exogenous fibronectin [137].

3.3.4. Clostridia

C. difficile, an anaerobic toxigenic bacterium, causes severe infectious colitis that leads to significant
morbidity and mortality worldwide. A gene termed fbp68 encoding a 68 kDa protein with an Fn-binding
activity has been identified in C. difficile. The Fbp68 protein (Fibronectin-binding protein 68) is 68%
identical to S. pyogenes Fbp54 and found on the cell surface, and is shown to bind to both soluble
and insoluble Fn [138]. The pathogen C. perfrigens is a common cause of wound-associated infections
and food poisoning. Genomic analysis of C. perfrigens revealed that this bacterium contains two
genes that encode putative Fn-binding proteins FbpA and FbpB, having molecular masses of 25 and
66 kDa, respectively. The FbpB is homologous to the 68 kDa protein from C. difficile and recognizes the
Fnlllo—FnllIl;o region of Fn [139,140].

In Table 1 molecular properties of the mostly known adhesins from Gram-positive bacteria
are reported.

Table 1. Molecular properties of Gram-positive Fn-binding proteins.

Adhesin Host (1;(/[1;5:) Fn Site M]zlcllilnrigm Refs
FnBPA-FnBPB Staphylococcus aureus 106-104 N-terminal domain B-zipper [28,31]

Ebh S. aureus 1100 ? ? [42]

Eap (MAP) S. aureus 15 ? ? [44]
Emp S. aureus 36 ? ? [46,47]

SpsD Staphylococcus pseudintermedius 114 N-terminal domain ? [53]

SpsL S. pseudintermedius 102 N-terminal domain ? [53]

N-terminal domain .
F1/sfbl Streptococcus pyogenes 69 Gelatin-binding domain B-zipper [64-66]

F2 S. pyogenes 128 N-terminal domain ? [69]
FbaA S. pyogenes 38 ? ? [70]
FbaB S. pyogenes 81 ? ? [71]
SOF S. pyogenes 112 N-terminal domain ? [73]
StbX S. pyogenes 82 ? ? [74]

Protein H S. pyogenes 37 Central-binding domain ? [77]

Shr S. pyogenes 143 ? ? [79]
Scll S. pyogenes 46 EDA-EDB ? [80,81]
Fbp54 S. pyogenes 54 N-terminal domain ? [85]
PavA Streptococcus pneumoniae 63 Central-binding domain ? [89,95]
PavB S. pneumoniae 107 Central-binding domain ? [95]
PfbA S. pneumoniae 74 ? ? [96,97]
PfbB S. pneumoniae 120 ? ? [98]
RrgA S. pneumoniae 98 ? ? [100,101]
FbpA Streptococcus gordonii 63 ? ? [104]
CshA S. gordonii 265 ? catch-clamp [108]
FbpS Streptococcus suis 64 N-terminal domain ? [111,112]
ScpB Streptococcus agalactiae 126 ? ? [116,117]
SagA Enterococcus faecium 52 ? ? [120]

2?122‘:; ggg Mycobacteria spp. 2(1) Gi:i(:fgiir?gilniog)?:;in ? [128,129]
Antigen 85C 31
FAP Mycobacteria spp. 30 N-terminal domain ? [131-133]

FbpB Clostridium perfrigens 66 Fnlllg-Fnlll;o ? [139,140]
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3.4. Fn-Binding Proteins from Other Gram Negative-Bacteria

3.4.1. Escherichia coli

A very heterogeneous class of Fn-binding proteins has been described in E. coli species. Two types
of Fn receptors have been described in the enterotoxigenic strains of E. coli [141], while uropathogenic
E. coli (UPEC) utilize two type I fimbriae to bind Fn [142]. Furthermore, UPEC express a large surface
protein that binds to both laminin and Fn and belongs to the family of trimeric autotransporters [143].

Certain strains of Enterobacteriaceae express amyloid fibers named curli that promote Fn-mediated
internalization and this process is blocked by RGD peptide, suggesting that curli mediate binding to
FnllI; of Fn [144], while the pili of enterohaemorrhagic (EHEC) E. coli called haemorrhagic coli pili
(HCP) mediate binding to laminin and Fn [145].

3.4.2. Campilobacter Jejuni

C. jejuni is the causative agent of enteritis, characterized by abdominal pain, fever and diarrhea.
The main C. jejuni Fn adhesin is CadF (Campilobacter adhesin to Fn). CadF is 300 aa protein with
a domain organization and sequence identity (30%) to members of the OmpA/prF porin family
suggesting that it may also function as a porin.

The CadF Fn-binding site resides in a protein region including the FRLS (phenylalanine-arginine-
leucine-serine) motif in position 134-137 [146]. In accordance with this, peptides containing the FRLS
bind to Fn and inhibit binding of CadF to Fn and epithelial cell monolayers. A second Fn-binding
protein identified in C. jejuni is FlpA (Fibronectin-like protein A), a protein which contains three FIII
modules [147] and involved in bacterial attachment to epithelial cells [148]. CadF and FlpA cooperate
along with several secreted proteins for optimal promotion of C. jejuni invasion of host cells [149].

3.4.3. Salmonella enterica Serotype Typhimurium

Salmonella species cause a wide range of disease in multiple hosts. Salmonella enterica serovar
Typhimurium causes self-limited intestinal disease in humans and systemic typhoid-like illness in
susceptible mice. Two Salmonella monomeric autotransporter proteins have been shown to function
as Fn-binding proteins: ShdA and MisL. Kingsley et al. demonstrated that ShdA is a large outer
membrane protein that specifically recognizes and binds to Fn and revealed that it was the passenger
region of the protein (aa 59-1553) that interacts with this ligand [150]. The passenger domain contains
a non-repeated region (aa 59—470) and a repetitive domain (470-1553). The repetitive region consists
of two types of imperfect repeats, named repeat type A and B, respectively. The type A repeat is
around 100 aa in length and is repeated three times, while the B repetitive unit (about 60 aa residues) is
repeated nine times (Figure 2H). It has been shown that repeats A2, B§, A3, and B9 contribute to the
formation of the F-binding site in ShdA, while the binding site for the active ShdA has been localized
in the Fnlll;3 module of Fn, which is also part of the heparin-2-binding domain of Fn. Due to the
presence of six positive charged aa residues that form the “cationic cradle” in FnlII13 and on the basis
of mutagenesis studies it has been hypothesized that ShdA and Fn reciprocally contact through the
salt-bridge dependent interaction [151,152].

MisL is the second, ShdA-related, autotransporter Fn-binding protein expressed by S. enterica.
As reported for ShdA the Fn-binding site in MisL has been localized in the passenger region of the
bacterial protein; however, the absence of the repeats involved in ShdA binding to Fn, indicates that
the Fn-binding site in MisL is structurally different [153].

3.4.4. Borrelia burgdorferi

Borrelia burgdorferi, is a pathogenic spirochete endemic to North America and the causative agent
of Lyme disease. Lyme disease is characterized by severe clinical complications such as arthritis,
carditis, and neurological dysfunction and often is accompanied by a bull eye-shaped rash (erythema
migrans lesion) surrounding the area of infection [154,155].
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BBK32, a 47 kDa Fn-binding lipoprotein from B. burgdorferi, contributes to colonization, dissemination,
and infection [156,157]. BBK32 has a non-repetitive Fn-binding sequence and is linked to the bacterial
cell surface by the N-terminal end. The N-terminus of BBK32 contains a signal peptide followed by a
“lipobox” and an extended, non-repetitive intrinsically disordered segment (aa residues 21-205) which
contains the Fn-binding sites (Figure 2I) [158]. This segment contains a motif (aa 147-205) that binds to
the N-terminal type I modules found in Fn by the tandem-f3 zipper mechanism (Figure 1B) [29], BBK32
also includes a putative gelatin-binding sequence corresponding to residues 120-147 that resembles
the GBD-binding sequence found in protein F1 (Figure 1B) [159].

Like anastellin, BBK32 can induce conformational changes in soluble Fn that can lead to the
ordered aggregation of the glycoprotein (superfibronectin) which exposes thermolysin cleavage sites
that are cryptic in soluble Fn. The superfibronectin-forming activity, localized to a sub-region between
residues 160 and 175 of BBK32, targets FIII;_3 modules in the central domain of Fn (Figure 1B).

Lastly, recombinant BBK32 can affect the structure of Fn matrices formed by cultured fibroblasts
and effectively inhibits endothelial cell proliferation [159].

B. burgdorferi can invade and retain viability in nonphagocytic cells in a process that requires 31
integrins and Src kinase activity but not BBK32.The negative involvement of BBK32 could be due to the
fact that, while adhesins such as FnBPA contain multiple binding sites on the NTD of Fn and promote
integrin clustering and subsequent invasion by these pathogens, BBK32 contains a sole NTD binding
site and, as such, lacks the ability to cluster enough integrins to trigger the signaling pathway needed
for invasion of the host cells [160].

B. burgdorferi codes for other known Fn-binding proteins such as BB0347 [161] and RevA [162],
but the molecular details of their interactions with Fn have still to be studied in detail.

Table 2 reports molecular properties for the mainly known adhesins from Gram-negative bacteria.

Table 2. Molecular properties of Gram-negative Fn-binding proteins.

Adhesin Host (l\l:Il;s:) Fn Site M]Zicl;iir?ifm Refs
Curli Escherichia coli ? FnllIl;, ? [144]
CadF Campilobacter jejuni 34 ? ? [146]
FlpA C. jejuni 46 ? ? [147]

ShdA Salmonella enterica 207 Fnlll;5 ? [150-152]
serovar Typhimurium

S. enterica serovar

i ? ?
MisL Typhimurium 101 ? ? [153]
N-terminal domain
BBK32 Borrelia burgdorferi 47 Gelatin-binding domain B-zipper [158,159]
FIII;_3

4. Fn-Binding Proteins as Virulence Factors

Virulence factors refer to gene products that facilitate the fitness of a bacterium and enable a
microorganism to enhance colonization and infection in the host. Virulence factors include toxins,
surface/secreted proteins that mediate bacterial attachment or that protect a bacterium from innate and
adaptive immunity and hydrolytic enzymes that may contribute to the pathogenicity of the bacterium.
For many infectious diseases, the mouse has emerged as an ideal animal model due to low cost, small
size, ease of handling, and ability to reflect several aspects of disease progression in humans. Moreover,
experimental murine models have been constructed to test the potential virulence of a bacterial factor
in different infectious contexts such as bacteremia, sepsis, peritonitis, and endocarditis. As reported
above, Fn is largely abundant in animal tissues and fluids and potentially serves as a substrate for
colonization/invasion. Furthermore, exposure of microbes to biological fluids may allow them to
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evade recognition by a host defense mechanism. Consequently, Fn-binding proteins on bacterial
surfaces may serve both as attachment and anti-opsonic factors and have good potential as virulence
determinants. To experimentally prove this concept, isogenic mutants defective in the adhesin of
interest have been generated and virulence of the strain has been compared to the wild-type in a
suitable animal infection model. This genetic approach provided important information on the role of
a specific Fn-binding protein as a virulence factor. However, as with all experimental systems, it has
some limitations: In fact, functional redundancy sometimes makes it difficult to show conclusively
that a mutant lacking a single factor has reduced virulence. For this reason, other experimental
approaches, such as the expression of an Fn-binding protein in a surrogate host like Lactococcus lactis
or Staphylococcus carnosus, have been proposed. Several cases can be taken from scientific literature,
in which Fn-binding proteins were assessed as virulence factors. For example, transposon mutant
of S. aureus with reduced Fn-binding capacity showed reduced adherence to traumatized rat heart
valve [163]. Along this line, the heterologous expression of FnBPA in L. lactis significantly decreased
the inocula number required to cause endocarditis. In a later work, it turned out that the valve
infectivity was due to the fibrinogen-binding domain of FnBPA, but not to the repetitive Fn-binding
region [164]. More conclusively, it was found that lactococci expressing both FnBPA and FnBPB produce
a 50-100 increase in infection compared with untransformed lactococci [165] and that fibrinogen-and
Fn-binding domains of FnBPA synergistically promote endothelial invasion and endocarditis [166,167].
Likewise, inactivation of the gene encoding FnbA from S. pyogenes resulted in a significantly reduced
cell adherence to and invasiveness of Hep-2 cells and demonstrated decreased mortality compared
with the wild-type FbaA-bearing GAS in the murine skin infection model [70]. Similar attenuation of
virulence was observed with mice challenged intraperitoneally with sof-defective strains of GAS [168]
and when zebrafish was intramuscularly injected with shr mutant of GAS [79]. A transposon mutant
of S. sanguis with decreased adherence to surface-coated Fn, also showed reduced virulence in a rat
model of infectious endocarditis [169]. Moreover, the bbk32 knockout mutant of B. burgdorferi exhibited
reduced Fn-binding in solid phase assays and manifested decreased interactions with fibroblasts.
In accordance with this, virulence of the mutant was significantly attenuated in the murine model
of Lyme disease relative to genetically complemented control [170]. Lastly, in a mouse model of
S. typhimurium intestinal persistence, a misL mutant was shed with the feces in significantly lower
numbers than the wild type and was impaired in its ability to colonize the cecum [153].

In regards to implant-associated infection, pioneering experimental works dealt with the
adhesion of staphylococci to implant surfaces and the inhibition of bacterial adhesion by heparin
surface-modification [171]. Then, the binding of staphylococci to fibronectin, which covers implants
in vivo, and the effect of heparin were studied by dynamic force spectroscopy, demonstrating a specific
inhibition by heparin of the Staphylococcus-fibronectin interaction at the molecular binding site of
fibronectin [172]. These findings explained and substantiated the previous observations on the ability
of heparin surface-modification of biomaterials to prevent bacterial adhesion. Furthermore, the finding
that, among the numerous adhesins studied, those of fibronectin were detectable in most clinical
isolates of S. aureus from implant-related infections, highlighted the weight of fibronectin-binding
adhesins as virulence factors in clinical implant infections [173,174].

Identification of a Fn-binding protein as a virulence factor can be also attained by immunological
approaches in which protection from bacterial infection is examined, targeting a specific adhesin by
vaccination. For example, immunization of mice with Sfb1 adhesin resulted in a protective response
against S. pyogenes after intranasal vaccination of mice [175]. Likewise, mice immunized subcutaneously
or orally with Fbp54 protein survived significantly longer following the challenge with S. pyogenes than
non-immunized mice, suggesting that Fop54 may be a promising vaccine candidate [176]. In conclusion,
these data support the notion that the expression of Fn-binding proteins is an important part of the
virulence of bacteria and that reduced adhesion is associated with a reduction in virulence.
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5. Targeting Fn-Binding Proteins as a Means of Infection Control

Targeting bacterial colonization could be therapeutically useful in the light of prevailing antibiotic
resistance and this goal can be achieved by vaccination (active immunization) or administration of
Fn adhesin-specific antibodies (passive immunization). An effective adhesin-based vaccine contains
a specific bacterial surface protein, or a recombinant part of it, which, when injected, induces a
specific immune response and protection of subjects against later exposure to a pathogen. Conversely,
in passive immunization, preformed exogenous antibodies against a specific antigen are transferred
from an immune individual to a non-immune recipient by natural or artificial transfer.

Adhesin-based antibodies participate in host defense in several ways: a) By binding and blocking
the action of an adhesin; b) by direct opsonization of bacteria, facilitating recognition, and ingestion of
bacteria by neutrophils and macrophages; c) by forming a complex with bacterial surface adhesins,
with said complex triggering the activation of the complement system and consequent killing by
professional phagocytes.

Although the use of Fn-binding proteins as a vaccine component is not necessarily the best
option [31,177], in a number of cases, vaccination with purified Fn-binding proteins has provided
efficient protection against bacterial infection in animal models. For example, the growth of wild-type
bacteria in whole human blood containing anti-PfbA antibodies was significantly reduced compared
with its growth without the antibody, suggesting that PfbA is an important factor in the development of
pneumococcal infections and that it could be a potential candidate vaccine against S. pneumoniae [96].

Vaccination of rats with purified recombinant EfbA protein from E. faecalis provided protection
against endocarditis and demonstrated that EfbA immunization is effective in preventing this infection,
possibly by interfering with bacterial adherence [127].

Data reported by Brown et al. demonstrate that BBK32 injected along with other surface proteins
such as DbpA and OspC dramatically impacts vaccine efficacy when tested in experiments to provide
protection against Borrelia [178].

Furthermore, immunization with genetically modified and attenuated Salmonella enterica strain
harboring shdA and misL afforded complete protection against challenge with a virulent strain of
serotype Typhimurium [179].

Together, these data demonstrate that Fn-binding proteins have potential as a vaccine component
against both Gram-positive and Gram-negative bacteria.

6. Concluding Remarks and Outlook

A detailed biochemical analysis and the systematic use of structural biology has increased
the appreciation of Fn interaction with bacterial adhesins and has facilitated the development of
mechanistic models (for example, the 3 zipper model) of Fn binding to specific bacterial receptors.
Additionally, several Fn-binding proteins have been investigated as potential antigens for vaccination
to protect against infection and have been shown to offer protection in murine models. In view of these
convincing successes, many aspects of biochemistry, immunology and pathology of a large number of
bacterial Fn-binding adhesins remain unclear and incomplete. For example, most work on Fn-binding
proteins has been confined to laboratory strains. Further analysis is required with regard to clinical
isolates, which may present considerable variations both in the repertoire of Fn-binding proteins as
well as in the sequence of binding domains. Furthermore, in many cases, the timing of expression
in vivo during the growth phases as well as the genetic mechanism for regulating Fn-binding proteins
are still unknown.

As noted above, the administration of a bacterial Fn receptor as a vaccine may not be effective
enough to protect animals. Recombinant fragments of bacterial adhesins should, therefore, be
genetically manipulated to improve their antigenic potential.

We should also bear in mind that several bacterial species redundantly express a multitude of
Fn-binding proteins. Therefore, in order to formulate the composition of an effective vaccine against
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a pathogen it is essential to select an Fn adhesin that is robustly expressed in vivo and shows high
antigenic potential and an effective role in the pathogenesis of the infection.

As the development of an infection is often a multifactorial process, an Fn-binding protein tested
as a vaccine component in preclinical trials generates only partial protection in animal infection
models. Therefore, when a new multivalent vaccine is designed, the selection of appropriate antigens
(Fn-binding adhesins, toxins, immune evasion factors, etc.) must be carefully assessed.

Lastly, caution should be taken when results obtained with animal models are automatically
extended to infectious human diseases caused by the same pathogen. Preclinical animal models do
not necessarily reflect the infection process observed in humans due to the different biochemical and
immunological context encountered by the infecting microorganism.

With this in mind, Fn-binding proteins offer a great chance of success in the development of
therapies against several human pathogens.

Author Contributions: Conceptualization of the review, P.S. and G.P.; Original Draft Preparation, Writing and
Review, P.S. and G.P.; Conceptualization on Fn-Binding Proteins as Virulence Factors, Writing and Review, C.R.A.

Funding: This research was funded by FFABR 2018, “Fondo per il finanziamento della ricerca di base”, Ministero
dell'Istruzione, dell'Universita e della Ricerca (MIUR) to G.P. and “5 per mille” grants to the Rizzoli Orthopaedic
Institute of Bologna and by UNIBO RFO and Pallotti Legacy Funds to C.R.A.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Naba, A.; Clauser, K.R.; Ding, H.; Whittaker, C.A.; Carr, S.A.; Hynes, R.O. The extracellular matrix: Tools
and insights for the “omics” era. Matrix Biol. 2016, 49, 10-24. [CrossRef]

2. Ricard-Blum, S. The collagen family. Cold Spring Harb. Perspect. Biol. 2011, 3, a004978. [CrossRef] [PubMed]

3. Iozzo, R.V,; Murdoch, A.D. Proteoglycans of the extracellular environment: clues from the gene and protein
side offer novel perspectives in molecular diversity and function. FASEB ]. 1996, 10, 598-614. [CrossRef]
[PubMed]

4. Hynes, R.O.; Naba, A. Overview of the matrisome—an inventory of extracellular matrix constituents and
functions. Cold Spring Harb. Perspect. Biol. 2012, 4, a004903. [CrossRef] [PubMed]

5. Aumailley, M.; Bruckner-Tuderman, L.; Carter, W.G.; Deutzmann, R.; Edgar, D.; Ekblom, P; Engel, J.;
Engvall, E.; Hohenester, E.; Jones, ]J.C.; et al. A simplified laminin nomenclature. Matrix Biol. 2005, 24,
326-332. [CrossRef] [PubMed]

6.  Yurchenco, PD. Basement membranes: cell scaffoldings and signaling platforms. Cold Spring Harb. Perspect. Biol.
2011, 3. [CrossRef]

7.  Schwarzbauer, ].E.; DeSimone, D.W. Fibronectins, their fibrillogenesis, and in vivo functions. Cold Spring
Harb. Perspect. Biol. 2011, 3, a005041. [CrossRef]

8. Bentley, A.A.; Adams, J.C. The evolution of thrombospondins and their ligand-binding activities. Mol. Biol.
Evol. 2010, 27, 2187-2197. [CrossRef]

9.  Bergmeier, W.; Hynes, R.O. Extracellular matrix proteins in hemostasis and thrombosis. Cold Spring Harb.
Perspect. Biol. 2012, 4, a005132. [CrossRef]

10. Hynes, R.O. Integrins: bidirectional, allosteric signaling machines. Cell 2002, 110, 673—-687. [CrossRef]

11.  Campbell, I.D.; Humphries, M.]. Integrin structure, activation, and interactions. Cold Spring Harb. Perspect.
Biol. 2011, 3, a004994. [CrossRef] [PubMed]

12.  Foster, T.].; Geoghegan, J.A.; Ganesh, V.K.; Ho6k, M. Adhesion, invasion and evasion: the many functions of
the surface proteins of Staphylococcus aureus. Nat. Rev. Microbiol. 2014, 12, 49-62. [CrossRef] [PubMed]

13. Foster, T.J. The MSCRAMM Family of Cell-Wall-Anchored Surface Proteins of Gram-Positive Cocci.
Trends Microbiol. 2019, 27, 927-941. [CrossRef] [PubMed]

14. Burke, EM.; Di Poto, A.; Speziale, P.; Foster, T.J. The A domain of fibronectin-binding protein B of
Staphylococcus aureus contains a novel fibronectin binding site. FEBS J. 2011, 278, 2359-2371. [CrossRef]
[PubMed]


http://dx.doi.org/10.1016/j.matbio.2015.06.003
http://dx.doi.org/10.1101/cshperspect.a004978
http://www.ncbi.nlm.nih.gov/pubmed/21421911
http://dx.doi.org/10.1096/fasebj.10.5.8621059
http://www.ncbi.nlm.nih.gov/pubmed/8621059
http://dx.doi.org/10.1101/cshperspect.a004903
http://www.ncbi.nlm.nih.gov/pubmed/21937732
http://dx.doi.org/10.1016/j.matbio.2005.05.006
http://www.ncbi.nlm.nih.gov/pubmed/15979864
http://dx.doi.org/10.1101/cshperspect.a004911
http://dx.doi.org/10.1101/cshperspect.a005041
http://dx.doi.org/10.1093/molbev/msq107
http://dx.doi.org/10.1101/cshperspect.a005132
http://dx.doi.org/10.1016/S0092-8674(02)00971-6
http://dx.doi.org/10.1101/cshperspect.a004994
http://www.ncbi.nlm.nih.gov/pubmed/21421922
http://dx.doi.org/10.1038/nrmicro3161
http://www.ncbi.nlm.nih.gov/pubmed/24336184
http://dx.doi.org/10.1016/j.tim.2019.06.007
http://www.ncbi.nlm.nih.gov/pubmed/31375310
http://dx.doi.org/10.1111/j.1742-4658.2011.08159.x
http://www.ncbi.nlm.nih.gov/pubmed/21569203

Cells 2019, 8, 1516 16 of 24

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Roche, EM.; Downer, R.; Keane, F; Speziale, P; Park, PW.; Foster, T.J. The N-terminal A domain of
fibronectin-binding proteins A and B promotes adhesion of Staphylococcus aureus to elastin. J. Biol. Chem.
2004, 279, 38433-38440. [CrossRef]

Pietrocola, G.; Nobile, G.; Gianotti, V.; Zapotoczna, M.; Foster, T.].; Geoghegan, J.A.; Speziale, P. Molecular
Interactions of Human Plasminogen with Fibronectin-binding Protein B (FnBPB), a Fibrinogen/Fibronectin-
binding Protein from Staphylococcus aureus. J. Biol. Chem. 2016, 291, 18148-18162. [CrossRef]

Jonsson, K.; Signés, C.; Miiller, H.P; Lindberg, M. Two different genes encode fibronectin binding proteins in
Staphylococcus aureus. The complete nucleotide sequence and characterization of the second gene. Eur J.
Biochem. 1991, 202, 1041-1048. [CrossRef]

Hynes, R.O. Structure of Fibronectins. In Fibronectins; Springer: New York, NY, USA, 1990; pp. 113-175.
[CrossRef]

Skorstengaard, K.; Jensen, M.S.; Petersen, T.E.; Magnusson, S. Purification and complete primary structures of
the heparin-, cell-, and DNA-binding domains of bovine plasma fibronectin. Eur. ]. Biochem. 1986, 154, 15-29.
[CrossRef]

Pankov, R.; Yamada, K.M. Fibronectin at a glance. J. Cell Sci. 2002, 115, 3861-3863. [CrossRef]

Zardi, L.; Carnemolla, B.; Siri, A.; Petersen, T.E.; Paolella, G.; Sebastio, G.; Baralle, F.E. Transformed human
cells produce a new fibronectin isoform by preferential alternative splicing of a previously unobserved exon.
EMBO ]. 1987, 6, 2337-2342. [CrossRef]

Ffrench-Constant, C.; Van De Water, L.; Dvorak, H.F,; Hynes, R.O. Reappearance of an embryonic pattern
of fibronectin splicing during wound healing in the adult rat. J. Cell Biol. 1989, 109, 903-914. [CrossRef]
[PubMed]

Ohashi, T.; Erickson, H.P. Domain unfolding plays a role in superfibronectin formation. J. Biol. Chem. 2005,
280, 39143-39151. [CrossRef] [PubMed]

Ohashi, T.; Erickson, H.P. Fibronectin aggregation and assembly: The unfolding of the second fibronectin
type III domain. J. Biol Chem. 2011, 286, 39188-39199. [CrossRef] [PubMed]

Lowy, ED. Staphylococcus aureus infections. N. Engl. J. Med. 1998, 339, 520-532. [CrossRef]

Chambers, H.F. Community-associated MRSA resistance and virulence converge. N. Engl. ]. Med. 2005,
1485-1487. [CrossRef]

Stemberk, V,; Jones, R.P,; Moroz, O.; Atkin, K.E.; Edwards, A.M.; Turkenburg, ].P.; Leech, A.P.; Massey, R.C.;
Potts, J.R. Evidence for steric regulation of fibrinogen binding to Staphylococcus aureus fibronectin-binding
protein A (FnBPA). J. Biol. Chem. 2014, 289, 12842-12851. [CrossRef]

Schwarz-Linek, U.; Werner, ].M.; Pickford, A.R.; Gurusiddappa, S.; Kim, J.H.; Pilka, E.S.; Briggs, J.A.;
Gough, T.S.; Ho0k, M.; Campbell, I.D.; et al. Pathogenic bacteria attach to human fibronectin through a
tandem beta-zipper. Nature 2003, 423, 177-181. [CrossRef]

Raibaud, S.; Schwarz-Linek, U.; Kim, ].H.; Jenkins, H.T.; Baines, E.R.; Gurusiddappa, S.; H66k, M.; Potts, J.R.
Borrelia burgdorferi binds fibronectin through a tandem beta-zipper, a common mechanism of fibronectin
binding in staphylococci, streptococci, and spirochetes. J. Biol. Chem. 2005, 280, 18803-18809. [CrossRef]
Froman, G.; Switalski, L.M.; Speziale, P.; H66k, M. Isolation and characterization of a fibronectin receptor
from Staphylococcus aureus. J. Biol. Chem. 1987, 262, 6564—6571.

Meenan, N.A.; Visai, L.; Valtulina, V.; Schwarz-Linek, U.; Norris, N.C.; Gurusiddappa, S.; Hook, M.;
Speziale, P; Potts, ].R. The tandem beta-zipper model defines high affinity fibronectin-binding repeats within
Staphylococcus aureus FnBPA. . Biol. Chem. 2007, 282, 25893-25902. [CrossRef]

Casillas-Ituarte, N.N.; DiBartola, A.C.; Broughton, M.].; Pérez-Guzman, L.; Wheeler, R M.; Ibaraki, M.;
Lower, B.A.; Dunn, J.A.; Lower, B.H.; Fowler, V.G., Jr.; et al. Fibrinogen binding is affected by amino acid
substitutions in C-terminal repeat region of fibronectin binding protein A. Sci. Rep. 2019, 9, 11619. [CrossRef]
[PubMed]

Sinha, B.; Francois, PP; Niisse, O.; Foti, M.; Hartford, O.M.; Vaudaux, P; Foster, T.].; Lew, D.P.;; Herrmann, M.;
Krause, K.H. Fibronectin-binding protein acts as Staphylococcus aureus invasin via fibronectin bridging to
integrin alphaSbetal. Cell Microbiol. 1999, 1, 101-117. [CrossRef] [PubMed]

Edwards, A.M.; Potts, ].R.; Josefsson, E.; Massey, R.C. Staphylococcus aureus host cell invasion and virulence
in sepsis is facilitated by the multiple repeats within FnBPA. PLoS Pathog. 2010, 6, €1000964. [CrossRef]
[PubMed]


http://dx.doi.org/10.1074/jbc.M402122200
http://dx.doi.org/10.1074/jbc.M116.731125
http://dx.doi.org/10.1111/j.1432-1033.1991.tb16468.x
http://dx.doi.org/10.1007/978-1-4612-3264-3_6
http://dx.doi.org/10.1111/j.1432-1033.1986.tb09353.x
http://dx.doi.org/10.1242/jcs.00059
http://dx.doi.org/10.1002/j.1460-2075.1987.tb02509.x
http://dx.doi.org/10.1083/jcb.109.2.903
http://www.ncbi.nlm.nih.gov/pubmed/2760116
http://dx.doi.org/10.1074/jbc.M509082200
http://www.ncbi.nlm.nih.gov/pubmed/16195231
http://dx.doi.org/10.1074/jbc.M111.262337
http://www.ncbi.nlm.nih.gov/pubmed/21949131
http://dx.doi.org/10.1056/NEJM199808203390806
http://dx.doi.org/10.1056/NEJMe058023
http://dx.doi.org/10.1074/jbc.M113.543546
http://dx.doi.org/10.1038/nature01589
http://dx.doi.org/10.1074/jbc.M501731200
http://dx.doi.org/10.1074/jbc.M703063200
http://dx.doi.org/10.1038/s41598-019-48031-5
http://www.ncbi.nlm.nih.gov/pubmed/31406152
http://dx.doi.org/10.1046/j.1462-5822.1999.00011.x
http://www.ncbi.nlm.nih.gov/pubmed/11207545
http://dx.doi.org/10.1371/journal.ppat.1000964
http://www.ncbi.nlm.nih.gov/pubmed/20585570

Cells 2019, 8, 1516 17 of 24

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Liang, X.; Garcia, B.L.; Visai, L.; Prabhakaran, S.; Meenan, N.A.; Potts, ].R.; Humphries, M.].; Ho6k, M.
Allosteric Regulation of Fibronectin/a531 Interaction by Fibronectin-Binding MSCRAMMSs. PLoS ONE 2016,
11, e0159118. [CrossRef]

Prystopiuk, V.; Feuillie, C.; Herman-Bausier, P.; Viela, E; Alsteens, D.; Pietrocola, G.; Speziale, P; Dufréne, Y.F.
Mechanical Forces Guiding Staphylococcus aureus Cellular Invasion. ACS Nano 2018, 12, 3609-3622.
[CrossRef]

Bingham, R.J.; Rudifio-Pifiera, E.; Meenan, N.A.; Schwarz-Linek, U.; Turkenburg, J.P.; Ho6k, M.; Garman, E.F.;
Potts, ].R. Crystal structures of fibronectin-binding sites from Staphylococcus aureus FnBPA in complex with
fibronectin domains. Proc. Natl. Acad. Sci. USA 2008, 105, 12254-12258. [CrossRef]

Fowler, T.; Johansson, S.; Wary, K.K.; Ho6k, M. Src kinase has a central role in in vitro cellular internalization
of Staphylococcus aureus. Cell Microbiol. 2003, 5, 417-426. [CrossRef]

Agerer, F; Lux, S.; Michel, A.; Rohde, M.; Ohlsen, K.; Hauck, C.R. Cellular invasion by Staphylococcus aureus
reveals a functional link between focal adhesion kinase and cortactin in integrin-mediated internalisation.
J. Cell Sci. 2005, 118, 2189-2200. [CrossRef]

Cheng, A.G.; Missiakas, D.; Schneewind, O. The giant protein Ebh is a determinant of Staphylococcus aureus
cell size and complement resistance. J. Bacteriol. 2014, 196, 971-981. [CrossRef]

Kuroda, M.; Tanaka, Y.; Aoki, R.; Shu, D.; Tsumoto, K.; Ohta, T. Staphylococcus aureus giant protein Ebh is
involved in tolerance to transient hyperosmotic pressure. Biochem. Biophys. Res. Commun. 2008, 374, 237-241.
[CrossRef]

Clarke, S.R.; Harris, L.G.; Richards, R.G.; Foster, S.J. Analysis of Ebh, a 1.1-megadalton cell wall-associated
fibronectin-binding protein of Staphylococcus aureus. Infect. Immun. 2002, 70, 6680-6687. [CrossRef] [PubMed]
Jonsson, K.; McDevitt, D.; McGavin, M.H.; Patti, ]. M.; H66k, M. Staphylococcus aureus expresses a major
histocompatibility complex class II analog. . Biol Chem. 1995, 270, 21457-21460. [CrossRef] [PubMed]
Flock, M.; Flock, J.I. Rebinding of extracellular adherence protein Eap to Staphylococcus aureus can occur
through a surface-bound neutral phosphatase. J. Bacteriol. 2001, 183, 3999-4003. [CrossRef] [PubMed]
Hussain, M.; Haggar, A.; Heilmann, C.; Peters, G.; Flock, J.I; Herrmann, M. Insertional inactivation of Eap in
Staphylococcus aureus strain Newman confers reduced staphylococcal binding to fibroblasts. Infect. Immun.
2002, 70, 2933-2940. [CrossRef] [PubMed]

Hussain, M.; Becker, K.; von Eiff, C.; Schrenzel, ].; Peters, G.; Herrmann, M. Identification and characterization
of a novel 38.5-kilodalton cell surface protein of Staphylococcus aureus with extended-spectrum binding
activity for extracellular matrix and plasma proteins. J. Bacteriol. 2001, 183, 6778-6786. [CrossRef] [PubMed]
Geracdi, J.; Neubauer, S.; Pollath, C.; Hansen, U.; Rizzo, F,; Krafft, C.; Westermann, M.; Hussain, M.; Peters, G.;
Pletz, M.W.,; et al. The Staphylococcus aureus extracellular matrix protein (Emp) has a fibrous structure and
binds to different extracellular matrices. Sci. Rep. 2017, 7, 13665. [CrossRef]

Kneidl, J.; Loffler, B.; Erat, M.C.; Kalinka, J.; Peters, G.; Roth, J.; Barczyk, K. Soluble CD163 promotes
recognition, phagocytosis and killing of Staphylococcus aureus via binding of specific fibronectin peptides.
Cell Microbiol. 2012, 14, 914-936. [CrossRef]

Griffeth, G.C.; Morris, D.O.; Abraham, ].L.; Shofer, ES.; Rankin, S.C. Screening for skin carriage of
methicillin-resistant coagulase-positive staphylococci and Staphylococcus schleiferi in dogs with healthy
and inflamed skin. Vet. Dermatol. 2008, 19, 142-149. [CrossRef]

Bannoehr, J.; Guardabassi, L. Staphylococcus pseudintermedius in the dog: taxonomy, diagnostics, ecology,
epidemiology and pathogenicity. Vet. Dermatol. 2012, 23, 253-266. [CrossRef]

Pietrocola, G.; Geoghegan, J.A.; Rindi, S.; Di Poto, A.; Missineo, A.; Consalvi, V.; Foster, T.].; Speziale, P.
Molecular Characterization of the Multiple Interactions of SpsD, a Surface Protein from Staphylococcus
pseudintermedius, with Host Extracellular Matrix Proteins. PLoS ONE 2013, 8, e66901. [CrossRef]
Pickering, A.C.; Vitry, P; Prystopiuk, V.; Garcia, B.; Ho6k, M.; Schoenebeck, J.; Geoghegan, J.A.; Dufréne, Y.F;
Fitzgerald, ].R. Host-specialized fibrinogen-binding by a bacterial surface protein promotes biofilm formation
and innate immune evasion. PLoS Pathog. 2019, 15, €1007816. [CrossRef] [PubMed]

Pietrocola, G.; Gianotti, V.; Richards, A.; Nobile, G.; Geoghegan, J.A.; Rindi, S.; Monk, LR.; Bordt, A.S;
Foster, T.].; Fitzgerald, ].R; et al. Fibronectin Binding Proteins SpsD and SpsL Both Support Invasion of
Canine Epithelial Cells by Staphylococcus pseudintermedius. Infect. Immun. 2015, 83, 4093-4102. [CrossRef]
[PubMed]

Stevens, D.L. Invasive group A streptococcus infections. Clin. Infect. Dis. 1992, 14, 2-11. [CrossRef] [PubMed]


http://dx.doi.org/10.1371/journal.pone.0159118
http://dx.doi.org/10.1021/acsnano.8b00716
http://dx.doi.org/10.1073/pnas.0803556105
http://dx.doi.org/10.1046/j.1462-5822.2003.00290.x
http://dx.doi.org/10.1242/jcs.02328
http://dx.doi.org/10.1128/JB.01366-13
http://dx.doi.org/10.1016/j.bbrc.2008.07.037
http://dx.doi.org/10.1128/IAI.70.12.6680-6687.2002
http://www.ncbi.nlm.nih.gov/pubmed/12438342
http://dx.doi.org/10.1074/jbc.270.37.21457
http://www.ncbi.nlm.nih.gov/pubmed/7545162
http://dx.doi.org/10.1128/JB.183.13.3999-4003.2001
http://www.ncbi.nlm.nih.gov/pubmed/11395464
http://dx.doi.org/10.1128/IAI.70.6.2933-2940.2002
http://www.ncbi.nlm.nih.gov/pubmed/12010982
http://dx.doi.org/10.1128/JB.183.23.6778-6786.2001
http://www.ncbi.nlm.nih.gov/pubmed/11698365
http://dx.doi.org/10.1038/s41598-017-14168-4
http://dx.doi.org/10.1111/j.1462-5822.2012.01766.x
http://dx.doi.org/10.1111/j.1365-3164.2008.00663.x
http://dx.doi.org/10.1111/j.1365-3164.2012.01046.x
http://dx.doi.org/10.1371/journal.pone.0066901
http://dx.doi.org/10.1371/journal.ppat.1007816
http://www.ncbi.nlm.nih.gov/pubmed/31216354
http://dx.doi.org/10.1128/IAI.00542-15
http://www.ncbi.nlm.nih.gov/pubmed/26238710
http://dx.doi.org/10.1093/clinids/14.1.2
http://www.ncbi.nlm.nih.gov/pubmed/1571429

Cells 2019, 8, 1516 18 of 24

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Cunningham, M.W. Pathogenesis of group A streptococcal infections. Clin. Microbiol. Rev. 2000, 13, 470-511.
[CrossRef] [PubMed]

Carapetis, J.R.; Steer, A.C.; Mulholland, E.K.; Weber, M. The global burden of group A streptococcal diseases.
Lancet Infect. Dis. 2005, 5, 685-694. [CrossRef]

Lamagni, T.L.; Darenberg, J.; Luca-Harari, B.; Siljander, T.; Efstratiou, A.; Henriques-Normark, B.;
Vuopio-Varkila, J.; Bouvet, A.; Creti, R.; Ekelund, K.; et al. Epidemiology of severe Streptococcus pyogenes
disease in Europe. J. Clin. Microbiol. 2008, 46, 2359-2367. [CrossRef]

O’Brien, K.L.; Beall, B.; Barrett, N.L.; Cieslak, P.R.; Reingold, A.; Farley, M.M.; Danila, R.; Zell, E.R.; Facklam, R.;
Schwartz, B.; et al. Epidemiology of invasive group a streptococcus disease in the United States, 1995-1999.
Clin. Infect. Dis. 2002, 35, 268-276. [CrossRef]

Cunningham, M.W. Molecular Mimicry, Autoimmunity, and Infection: The Cross-Reactive Antigens of
Group A Streptococci and their Sequelae. Microbiol. Spectr. 2019, 7. [CrossRef]

Yamaguchi, M.; Terao, Y., Kawabata, S. Pleiotropic virulence factor - Streptococcus pyogenes
fibronectin-binding proteins. Cell Microbiol. 2013, 15, 503-511. [CrossRef]

Talay, S.R.; Valentin-Weigand, P; Jerlstrom, P.G.; Timmis, K.N.; Chhatwal, G.S. Fibronectin-binding protein of
Streptococcus pyogenes: Sequence of the binding domain involved in adherence of streptococci to epithelial
cells. Infect. Immun. 1992, 60, 3837-3844.

Hanski, E.; Caparon, M. Protein F, a fibronectin-binding protein, is an adhesin of the group A streptococcus
Streptococcus pyogenes. Proc. Natl. Acad. Sci. USA 1992, 89, 6172-6176. [CrossRef] [PubMed]

Hanski, E.; Horwitz, PA.; Caparon, M.G. Expression of protein F, the fibronectin-binding protein of
Streptococcus pyogenes JRS4, in heterologous streptococcal and enterococcal strains promotes their adherence
to respiratory epithelial cells. Infect. Immun. 1992, 60, 5119-5125. [PubMed]

Norris, N.C.; Bingham, R.J.; Harris, G.; Speakman, A.; Jones, R.P.; Leech, A.; Turkenburg, J.P.; Potts, J.R.
Structural and functional analysis of the tandem (-zipper interaction of a Streptococcal protein with human
fibronectin. J. Biol. Chem. 2011, 286, 38311-38320. [CrossRef]

Sela, S.; Aviv, A.; Tovi, A.; Burstein, I; Caparon, M.G.; Hanski, E. Protein F: An adhesin of Streptococcus
pyogenes binds fibronectin via two distinct domains. Mol. Microbiol. 1993, 10, 1049-1055. [CrossRef] [PubMed]
Ozeri, V.; Tovi, A.; Burstein, I.; Natanson-Yaron, S.; Caparon, M.G.; Yamada, K.M.; Akiyama, S K.; Vlodavsky,I.;
Hanski, E. A two-domain mechanism for group A streptococcal adherence through protein F to the
extracellular matrix. EMBO J. 1996, 15, 989-998. [CrossRef]

Talay, S.R.; Zock, A.; Rohde, M.; Molinari, G.; Oggioni, M.; Pozzi, G.; Guzman, C.A.; Chhatwal, G.S.
Co-operative binding of human fibronectin to Sfbl protein triggers streptococcal invasion into respiratory
epithelial cells. Cell Microbiol. 2000, 2, 521-535. [CrossRef]

Tomasini-Johansson, B.R.; Kaufman, N.R.; Ensenberger, M.G.; Ozeri, V.; Hanski, E.; Mosher, D.F. A 49-residue
peptide from adhesin F1 of Streptococcus pyogenes inhibits fibronectin matrix assembly. J. Biol. Chem. 2001,
276, 23430-23439. [CrossRef]

Kreikemeyer, B.; Oehmcke, S.; Nakata, M.; Hoffrogge, R.; Podbielski, A. Streptococcus pyogenes
fibronectin-binding protein F2: Expression profile, binding characteristics, and impact on eukaryotic
cell interactions. J. Biol. Chem. 2004, 279, 15850-15859. [CrossRef] [PubMed]

Terao, Y.; Kawabata, S.; Kunitomo, E.; Murakami, ].; Nakagawa, I.; Hamada, S. Fba, a novel fibronectin-binding
protein from Streptococcus pyogenes, promotes bacterial entry into epithelial cells, and the fba gene is
positively transcribed under the Mga regulator. Mol. Microbiol. 2001, 42, 75-86. [CrossRef]

Terao, Y.; Kawabata, S.; Nakata, M.; Nakagawa, I.; Hamada, S. Molecular characterization of a novel
fibronectin-binding protein of Streptococcus pyogenes strains isolated from toxic shock-like syndrome
patients. J. Biol. Chem. 2002, 277, 47428-47435. [CrossRef]

Amelung, S.; Nerlich, A.; Rohde, M.; Spellerberg, B.; Cole, ].N.; Nizet, V.; Chhatwal, G.S.; Talay, S.R.
The FbaB-type fibronectin-binding protein of Streptococcus pyogenes promotes specific invasion into
endothelial cells. Cell Microbiol. 2011, 13, 1200-1211. [CrossRef] [PubMed]

Oehmcke, S.; Podbielski, A.; Kreikemeyer, B. Function of the fibronectin-binding serum opacity factor of
Streptococcus pyogenes in adherence to epithelial cells. Infect. Immun. 2004, 72, 4302-4308. [CrossRef]
Jeng, A ; Sakota, V.; Li, Z.; Datta, V.; Beall, B.; Nizet, V. Molecular genetic analysis of a group A Streptococcus
operon encoding serum opacity factor and a novel fibronectin-binding protein, SfbX. J. Bacteriol. 2003, 185,
1208-1217. [CrossRef] [PubMed]


http://dx.doi.org/10.1128/CMR.13.3.470
http://www.ncbi.nlm.nih.gov/pubmed/10885988
http://dx.doi.org/10.1016/S1473-3099(05)70267-X
http://dx.doi.org/10.1128/JCM.00422-08
http://dx.doi.org/10.1086/341409
http://dx.doi.org/10.1128/microbiolspec.GPP3-0045-2018
http://dx.doi.org/10.1111/cmi.12083
http://dx.doi.org/10.1073/pnas.89.13.6172
http://www.ncbi.nlm.nih.gov/pubmed/1385871
http://www.ncbi.nlm.nih.gov/pubmed/1452345
http://dx.doi.org/10.1074/jbc.M111.276592
http://dx.doi.org/10.1111/j.1365-2958.1993.tb00975.x
http://www.ncbi.nlm.nih.gov/pubmed/7934855
http://dx.doi.org/10.1002/j.1460-2075.1996.tb00435.x
http://dx.doi.org/10.1046/j.1462-5822.2000.00076.x
http://dx.doi.org/10.1074/jbc.M103467200
http://dx.doi.org/10.1074/jbc.M313613200
http://www.ncbi.nlm.nih.gov/pubmed/14749329
http://dx.doi.org/10.1046/j.1365-2958.2001.02579.x
http://dx.doi.org/10.1074/jbc.M209133200
http://dx.doi.org/10.1111/j.1462-5822.2011.01610.x
http://www.ncbi.nlm.nih.gov/pubmed/21615663
http://dx.doi.org/10.1128/IAI.72.7.4302-4308.2004
http://dx.doi.org/10.1128/JB.185.4.1208-1217.2003
http://www.ncbi.nlm.nih.gov/pubmed/12562790

Cells 2019, 8, 1516 19 of 24

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Cue, D.; Dombek, PE.; Lam, H.; Cleary, PP. Streptococcus pyogenes serotype M1 encodes multiple pathways
for entry into human epithelial cells. Infect. Immun. 1998, 66, 4593-4601.

Cue, D.; Southern, S.O.; Southern, PJ.; Prabhakar, J.; Lorelli, W.; Smallheer, ] M.; Mousa, S.A.; Cleary, P.P.
A nonpeptide integrin antagonist can inhibit epithelial cell ingestion of Streptococcus pyogenes by blocking
formation of integrin alpha 5beta 1-fibronectin-M1 protein complexes. Proc. Natl. Acad. Sci. USA 2000, 97,
2858-2863. [CrossRef] [PubMed]

Frick, I.M.; Crossin, K.L.; Edelman, G.M.; Bjorck, L. Protein H-a bacterial surface protein with affinity for
both immunoglobulin and fibronectin type III domains. EMBO ]. 1995, 14, 1674-1679. [CrossRef]

Bates, C.S.; Montafiez, G.E.; Woods, C.R.; Vincent, R.M.; Eichenbaum, Z. Identification and characterization of
a Streptococcus pyogenes operon involved in binding of hemoproteins and acquisition of iron. Infect. Immun.
2003, 71, 1042-1055. [CrossRef]

Fisher, M.; Huang, Y.S; Li, X.; Mclver, K.S.; Toukoki, C.; Eichenbaum, Z. Shr is a broad-spectrum surface
receptor that contributes to adherence and virulence in group A streptococcus. Infect. Immun. 2008, 76,
5006-5015. [CrossRef]

McNitt, D.H.; De Water, L.V.; Marasco, D.; Berisio, R.; Lukomski, S. Streptococcal Collagen-like Protein
1 Binds Wound Fibronectin: Implications in Pathogen Targeting. Curr. Med. Chem. 2019, 26, 1933-1945.
[CrossRef]

McNitt, D.H.; Choi, S.J.; Allen, J.L.; Hames, R.A.; Weed, S.A.; Van De Water, L.; Berisio, R.; Lukomski, S.
Adaptation of the group A Streptococcus adhesin Scll to bind fibronectin type III repeats within
wound-associated extracellular matrix: Implications for cancer therapy. Mol. Microbiol. 2019, 112, 800-819.
[CrossRef]

Oliver-Kozup, H.; Martin, K.H.; Schwegler-Berry, D.; Green, B.J.; Betts, C.; Shinde, A.V.; Van De Water, L.;
Lukomski, S. The group A streptococcal collagen-like protein-1, Scll, mediates biofilm formation by targeting
the extra domain A-containing variant of cellular fibronectin expressed in wounded tissue. Mol. Microbiol.
2013, 87, 672-689. [CrossRef] [PubMed]

McNitt, D.H.; Choi, S.J.; Keene, D.R.; Van De Water, L.; Squeglia, F.; Berisio, R.; Lukomski, S. Surface-exposed
loops and an acidic patch in the Scll protein of group A Streptococcus enable Scll binding to wound-associated
fibronectin. J. Biol. Chem. 2018, 293, 7796-7810. [CrossRef] [PubMed]

Pancholi, V.; Fischetti, V.A. A major surface protein on group A streptococci is a glyceraldehyde-3-phosphate-
dehydrogenase with multiple binding activity. J. Exp. Med. 1992, 176, 415-426. [CrossRef] [PubMed]
Courtney, H.S.; Li, Y.; Dale, ].B.; Hasty, D.L. Cloning, sequencing, and expression of a fibronectin/fibrinogen-
binding protein from group A streptococci. Infect. Immun. 1994, 62, 3937-3946.

Courtney, H.S.; Dale, ].B.; Hasty, D.I. Differential effects of the streptococcal fibronectin-binding protein,
FBP54, on adhesion of group A streptococci to human buccal cells and HEp-2 tissue culture cells. Infect.
Immun. 1996, 64, 2415-2419.

Austrian, R. Some aspects of the pneumococcal carrier state. |. Antimicrob. Chemother. 1986, 18, 35-45.
[CrossRef]

Musher, D.M. How contagious are common respiratory tract infections? N. Engl. . Med. 2003, 348, 1256-1266.
[CrossRef]

Holmes, A.R.; McNab, R.; Millsap, K.W.; Rohde, M.; Hammerschmidt, S.; Mawdsley, J.L.; Jenkinson, H.F.
The pavA gene of Streptococcus pneumoniae encodes a fibronectin-binding protein that is essential for
virulence. Mol. Microbiol. 2001, 41, 1395-1408. [CrossRef]

Voss, S.; Gamez, G.; Hammerschmidt, S. Impact of pneumococcal microbial surface components recognizing
adhesive matrix molecules on colonization. Mol. Oral Microbiol. 2012, 27, 246-256. [CrossRef]

Bumbeaca, D.; Littlejohn, J.E.; Nayakanti, H.; Rigden, D.].; Galperin, M.Y.; Jedrzejas, M.]. Sequence analysis and
characterization of a novel fibronectin-binding repeat domain from the surface of Streptococcus pneumoniae.
OMICS 2004, 8, 341-356. [CrossRef]

Jensch, I.; Gamez, G.; Rothe, M; Ebert, S.; Fulde, M.; Somplatzki, D.; Bergmann, S.; Petruschka, L.; Rohde, M.;
Nau, R,; etal. PavBis a surface-exposed adhesin of Streptococcus pneumoniae contributing to nasopharyngeal
colonization and airways infections. Mol. Microbiol. 2010, 77, 22—43. [CrossRef]

Jedrzejas, M.]. Unveiling molecular mechanisms of bacterial surface proteins: Streptococcus pneumoniae as
a model organism for structural studies. Cell Mol. Life Sci. 2007, 64, 2799-2822. [CrossRef]


http://dx.doi.org/10.1073/pnas.050587897
http://www.ncbi.nlm.nih.gov/pubmed/10706638
http://dx.doi.org/10.1002/j.1460-2075.1995.tb07156.x
http://dx.doi.org/10.1128/IAI.71.3.1042-1055.2003
http://dx.doi.org/10.1128/IAI.00300-08
http://dx.doi.org/10.2174/0929867325666180831165704
http://dx.doi.org/10.1111/mmi.14317
http://dx.doi.org/10.1111/mmi.12125
http://www.ncbi.nlm.nih.gov/pubmed/23217101
http://dx.doi.org/10.1074/jbc.RA118.002250
http://www.ncbi.nlm.nih.gov/pubmed/29615492
http://dx.doi.org/10.1084/jem.176.2.415
http://www.ncbi.nlm.nih.gov/pubmed/1500854
http://dx.doi.org/10.1093/jac/18.Supplement_A.35
http://dx.doi.org/10.1056/NEJMra021771
http://dx.doi.org/10.1046/j.1365-2958.2001.02610.x
http://dx.doi.org/10.1111/j.2041-1014.2012.00654.x
http://dx.doi.org/10.1089/omi.2004.8.341
http://dx.doi.org/10.1111/j.1365-2958.2010.07189.x
http://dx.doi.org/10.1007/s00018-007-7125-8

Cells 2019, 8, 1516 20 of 24

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Binsker, U.; Kohler, T.P,; Krauel, K.; Kohler, S.; Schwertz, H.; Hammerschmidt, S. Pneumococcal Adhesins
PavB and PspC Are Important for the Interplay with Human Thrombospondin-1. J. Biol. Chem. 2015, 290,
14542-14555. [CrossRef] [PubMed]

Kanwal, S.; Jensch, I; Palm, G.J.; Bronstrup, M.; Rohde, M.; Kohler, T.P.; Somplatzki, D.; Tegge, W.;
Jenkinson, H.F.; Hammerschmidt, S. Mapping the recognition domains of pneumococcal fibronectin-binding
proteins PavA and PavB demonstrates a common pattern of molecular interactions with fibronectin type III
repeats. Mol. Microbiol. 2017, 105, 839-859. [CrossRef] [PubMed]

Yamaguchi, M.; Terao, Y.; Mori, Y.; Hamada, S.; Kawabata, S. PfbA, a novel plasmin- and fibronectin-binding
protein of Streptococcus pneumoniae, contributes to fibronectin-dependent adhesion and antiphagocytosis.
J. Biol. Chem. 2008, 283, 36272-36279. [CrossRef]

Beulin, D.S.].; Radhakrishnan, D.; Suresh, S.; Sadasivan, C.; Yamaguchi, M.; Kawabata, S.; Ponnuraj, K.
Streptococcus pneumoniae surface protein PfbA is a versatile multidomain and multiligand-binding adhesin
employing different binding mechanisms. FEBS |. 2017, 284, 3404-3421. [CrossRef] [PubMed]

Papasergi, S.; Garibaldi, M.; Tuscano, G.; Signorino, G.; Ricci, S.; Peppoloni, S.; Pernice, I.; Lo Passo, C.;
Teti, G.; Felici, F; et al. Plasminogen- and fibronectin-binding protein B is involved in the adherence of
Streptococcus pneumoniae to human epithelial cells. J. Biol. Chem. 2010, 285, 7517-7524. [CrossRef]

Izoré, T.; Contreras-Martel, C.; El Mortaji, L.; Manzano, C.; Terrasse, R.; Vernet, T.; Di Guilmi, A.M.; Dessen, A.
Structural basis of host cell recognition by the pilus adhesin from Streptococcus pneumoniae. Structure 2010,
18, 106-115. [CrossRef]

Nelson, A.L.; Ries, J.; Bagnoli, F.; Dahlberg, S.; Félker, S.; Rounioja, S.; Tschop, J.; Morfeldt, E.; Ferlenghi, I.;
Hilleringmann, M.; et al. RrgA is a pilus-associated adhesin in Streptococcus pneumoniae. Mol. Microbiol.
2007, 66, 329-340. [CrossRef]

Hilleringmann, M.; Giusti, F; Baudner, B.C.; Masignani, V.; Covacci, A.; Rappuoli, R.; Barocchi, M.A;
Ferlenghi, I. Pneumococcal pili are composed of protofilaments exposing adhesive clusters of Rrg A.
PLoS Pathog. 2008, 4, e1000026. [CrossRef]

Becke, T.D.; Ness, S.; Giirster, R.; Schilling, A.F; di Guilmi, AM.; Sudhop, S.; Hilleringmann, M.;
Clausen-Schaumann, H. Single Molecule Force Spectroscopy Reveals Two-Domain Binding Mode of Pilus-1
Tip Protein RrgA of Streptococcus pneumoniae to Fibronectin. ACS Nano 2018, 12, 549-558. [CrossRef]
[PubMed]

Rosan, B.; Lamont, R.J. Dental plaque formation. Microbes. Infect. 2000, 2, 1599-1607. [CrossRef]

Christie, J.; McNab, R.; Jenkinson, H.E. Expression of fibronectin-binding protein FbpA modulates adhesion
in Streptococcus gordonii. Microbiology 2002, 148, 1615-1625. [CrossRef] [PubMed]

Giomarelli, B.; Visai, L.; Hijazi, K.; Rindi, S.; Ponzio, M.; Iannelli, F.; Speziale, P.; Pozzi, G. Binding of
Streptococcus gordonii to extracellular matrix proteins. FEMS Microbiol. Lett. 2006, 265, 172-177. [CrossRef]
[PubMed]

McNab, R.; Jenkinson, H.E; Loach, D.M.; Tannock, G.W. Cell-surface-associated polypeptides CshA and
CshB of high molecular mass are colonization determinants in the oral bacterium Streptococcus gordonii.
Mol. Microbiol. 1994, 14, 743-754. [CrossRef] [PubMed]

McNab, R.; Holmes, A.R.; Clarke, ].M.; Tannock, G.W.; Jenkinson, H.F. Cell surface polypeptide CshA mediates
binding of Streptococcus gordonii to other oral bacteria and to immobilized fibronectin. Infect. Immun. 1996,
64, 4204-4210. [PubMed]

Back, C.R.; Sztukowska, M.N.; Till, M.; Lamont, R.J.; Jenkinson, H.F.; Nobbs, A.H.; Rac, PR. The Streptococcus
gordonii Adhesin CshA Protein Binds Host Fibronectin via a Catch-Clamp Mechanism. J. Biol. Chem. 2017,
292, 1538-1549. [CrossRef]

Miller-Torbert, T.A.; Sharma, S.; Holt, R.G. Inactivation of a gene for a fibronectin-binding protein of the
oral bacterium Streptococcus mutans partially impairs its adherence to fibronectin. Microb. Pathog. 2008, 45,
53-59. [CrossRef]

Staats, J.J.; Feder, I.; Okwumabua, O.; Chengappa, M.M. Streptococcus suis: Past and present. Vet. Res.
Commun. 1997, 21, 381-407. [CrossRef]

de Greeff, A.; Buys, H.; Verhaar, R.; Dijkstra, ].; van Alphen, L.; Smith, H.E. Contribution of fibronectin-binding
protein to pathogenesis of Streptococcus suis serotype 2. Infect. Immun. 2002, 70, 1319-1325. [CrossRef]
Sun, L.Y.; Fan, H.J.; Lu, C.P. Determination of fibronectin-binding region of FBPS of Streptococcus suis type 2.
Wei Sheng Wu Xue Bao 2005, 45, 753-756. [PubMed]


http://dx.doi.org/10.1074/jbc.M114.623876
http://www.ncbi.nlm.nih.gov/pubmed/25897078
http://dx.doi.org/10.1111/mmi.13740
http://www.ncbi.nlm.nih.gov/pubmed/28657670
http://dx.doi.org/10.1074/jbc.M807087200
http://dx.doi.org/10.1111/febs.14200
http://www.ncbi.nlm.nih.gov/pubmed/28815910
http://dx.doi.org/10.1074/jbc.M109.062075
http://dx.doi.org/10.1016/j.str.2009.10.019
http://dx.doi.org/10.1111/j.1365-2958.2007.05908.x
http://dx.doi.org/10.1371/journal.ppat.1000026
http://dx.doi.org/10.1021/acsnano.7b07247
http://www.ncbi.nlm.nih.gov/pubmed/29298375
http://dx.doi.org/10.1016/S1286-4579(00)01316-2
http://dx.doi.org/10.1099/00221287-148-6-1615
http://www.ncbi.nlm.nih.gov/pubmed/12055283
http://dx.doi.org/10.1111/j.1574-6968.2006.00479.x
http://www.ncbi.nlm.nih.gov/pubmed/17038048
http://dx.doi.org/10.1111/j.1365-2958.1994.tb01311.x
http://www.ncbi.nlm.nih.gov/pubmed/7891560
http://www.ncbi.nlm.nih.gov/pubmed/8926089
http://dx.doi.org/10.1074/jbc.M116.760975
http://dx.doi.org/10.1016/j.micpath.2008.02.001
http://dx.doi.org/10.1023/A:1005870317757
http://dx.doi.org/10.1128/IAI.70.3.1319-1325.2002
http://www.ncbi.nlm.nih.gov/pubmed/16342770

Cells 2019, 8, 1516 21 of 24

113.

114.

115.

116.

117.

118.

119.
120.

121.

122.

123.

124.
125.

126.

127.

128.

129.

130.

Esgleas, M,; Li, Y.; Hancock, M. A.; Harel, J.; Dubreuil, J.D.; Gottschalk, M. Isolation and characterization of
alpha-enolase, a novel fibronectin-binding protein from Streptococcus suis. Microbiology 2008, 154, 2668-2679.
[CrossRef] [PubMed]

Baums, C.G.; Kaim, U.; Fulde, M.; Ramachandran, G.; Goethe, R.; Valentin-Weigand, P. Identification of a
novel virulence determinant with serum opacification activity in Streptococcus suis. Infect. Immun. 2006, 74,
6154-6162. [CrossRef] [PubMed]

Brown, C.K.; Gu, Z.Y.; Matsuka, Y.V,; Purushothaman, S.S.; Winter, L.A.; Cleary, PP; Olmsted, S.B.;
Ohlendorf, D.H.; Earhart, C.A. Structure of the streptococcal cell wall C5a peptidase. Proc. Natl. Acad.
Sci. USA 2005, 102, 18391-18396. [CrossRef] [PubMed]

Cheng, Q.; Stafslien, D.; Purushothaman, S.S.; Cleary, P. The group B streptococcal C5a peptidase is both a
specific protease and an invasin. Infect. Immun. 2002, 70, 2408-2413. [CrossRef] [PubMed]

Hull, J.R.; Tamura, G.S.; Castner, D.G. Interactions of the streptococcal Cba peptidase with human fibronectin.
Acta Biomater. 2008, 4, 504-513. [CrossRef]

Tamura, G.S.; Hull, J.R.; Oberg, M.D.; Castner, D.G. High-affinity interaction between fibronectin and the
group B streptococcal C5a peptidase is unaffected by a naturally occurring four-amino-acid deletion that
eliminates peptidase activity. Infect. Immun. 2006, 74, 5739-5746. [CrossRef]

Murray, B.E. Vancomycin-resistant enterococcal infections. N. Engl. . Med. 2000, 342, 710-721. [CrossRef]
Teng, F.; Kawalec, M.; Weinstock, G.M.; Hryniewicz, W.; Murray, B.E. An Enterococcus faecium secreted
antigen, SagA, exhibits broad-spectrum binding to extracellular matrix proteins and appears essential for E.
faecium growth. Infect. Immun. 2003, 71, 5033-5041. [CrossRef]

Somarajan, S.R.; La Rosa, S.L.; Singh, K.V.; Roh, ].H.; Ho6k, M.; Murray, B.E. The fibronectin-binding protein
Fnm contributes to adherence to extracellular matrix components and virulence of Enterococcus faecium.
Infect. Immun. 2015, 83, 4653—4661. [CrossRef]

Galloway-Pefia, ].R,; Liang, X.; Singh, K.V.; Yadav, P.; Chang, C.; La Rosa, S.L.; Shelburne, S.; Ton-That, H.;
Hook, M.; Murray, B.E. The identification and functional characterization of WxL proteins from Enterococcus
faecium reveal surface proteins involved in extracellular matrix interactions. J. Bacteriol. 2015, 197, 882-892.
[CrossRef] [PubMed]

Guzman Prieto, A.M.; Urbanus, R.T.; Zhang, X.; Bierschenk, D.; Koekman, C.A.; van Luit-Asbroek, M.;
Ouwerkerk, ].P,; Pape, M.; Paganelli, EL.; Wobser, D.; et al. The N-terminal domain of the thermo-regulated
surface protein PrpA of Enterococcus faecium binds to fibrinogen, fibronectin and platelets. Sci Rep. 2015, 5,
18255. [CrossRef]

Murray, B.E. The life and times of the Enterococcus. Clin. Microbiol. Rev. 1990, 3, 46-65. [CrossRef] [PubMed]
Mohamed, J.A.; Teng, F.; Nallapareddy, S.R.; Murray, B.E. Pleiotrophic effects of 2 Enterococcus faecalis
sagA-like genes, salA and salB, which encode proteins that are antigenic during human infection, on biofilm
formation and binding to collagen type i and fibronectin. J. Infect. Dis. 2006, 193, 231-240. [CrossRef]
Torelli, R.; Serror, P.; Bugli, E; Paroni Sterbini, F.; Florio, A.R.; Stringaro, A.; Colone, M.; De Carolis, E.;
Martini, C.; Giard, J.C.; et al. The PavA-like fibronectin-binding protein of Enterococcus faecalis, EfbA, is
important for virulence in a mouse model of ascending urinary tract infection. J. Infect. Dis. 2012, 206,
952-960. [CrossRef]

Singh, K.V,; La Rosa, S.L.; Somarajan, S.R.; Roh, J.H.; Murray, B.E. The fibronectin-binding protein EfbA
contributes to pathogenesis and protects against infective endocarditis caused by Enterococcus faecalis.
Infect. Immun. 2015, 83, 4487-4494. [CrossRef]

Peake, P.; Gooley, A.; Britton, W.]. Mechanism of interaction of the 85B secreted protein of Mycobacterium
bovis with fibronectin. Infect. Immun. 1993, 61, 4828-4834. [PubMed]

Naito, M.; Fukuda, T.; Sekiguchi, K.; Yamada, T. The domains of human fibronectin mediating the binding of
alpha antigen, the most immunopotent antigen of mycobacteria that induces protective immunity against
mycobacterial infection. Biochem. |. 2000, 347 Pt 3, 725-731. [CrossRef]

Ohara, N.; Kitaura, H.; Hotokezaka, H.; Nishiyama, T.; Wada, N.; Matsumoto, S.; Matsuo, T.; Naito, M.;
Yamada, T. Characterization of the gene encoding the MPB51, one of the major secreted protein antigens
of Mycobacterium bovis BCG, and identification of the secreted protein closely related to the fibronectin
binding 85 complex. Scand J. Immunol. 1995, 41, 433-442. [CrossRef]


http://dx.doi.org/10.1099/mic.0.2008/017145-0
http://www.ncbi.nlm.nih.gov/pubmed/18757800
http://dx.doi.org/10.1128/IAI.00359-06
http://www.ncbi.nlm.nih.gov/pubmed/17057090
http://dx.doi.org/10.1073/pnas.0504954102
http://www.ncbi.nlm.nih.gov/pubmed/16344483
http://dx.doi.org/10.1128/IAI.70.5.2408-2413.2002
http://www.ncbi.nlm.nih.gov/pubmed/11953377
http://dx.doi.org/10.1016/j.actbio.2008.01.009
http://dx.doi.org/10.1128/IAI.00241-06
http://dx.doi.org/10.1056/NEJM200003093421007
http://dx.doi.org/10.1128/IAI.71.9.5033-5041.2003
http://dx.doi.org/10.1128/IAI.00885-15
http://dx.doi.org/10.1128/JB.02288-14
http://www.ncbi.nlm.nih.gov/pubmed/25512313
http://dx.doi.org/10.1038/srep18255
http://dx.doi.org/10.1128/CMR.3.1.46
http://www.ncbi.nlm.nih.gov/pubmed/2404568
http://dx.doi.org/10.1086/498871
http://dx.doi.org/10.1093/infdis/jis440
http://dx.doi.org/10.1128/IAI.00884-15
http://www.ncbi.nlm.nih.gov/pubmed/8406884
http://dx.doi.org/10.1042/bj3470725
http://dx.doi.org/10.1111/j.1365-3083.1995.tb03589.x

Cells 2019, 8, 1516 22 of 24

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Schorey, J.S.; Li, Q.; McCourt, D.W.; Bong-Mastek, M.; Clark-Curtiss, J.E.; Ratliff, T.L.; Brown, E.J.
A Mycobacterium leprae gene encoding a fibronectin binding protein is used for efficient invasion of
epithelial cells and Schwann cells. Infect. Immun. 1995, 63, 2652-2657.

Schorey, ].S.; Holsti, M.A ; Ratliff, T.L.; Allen, PM.; Brown, E.]. Characterization of the fibronectin-attachment
protein of Mycobacterium avium reveals a fibronectin-binding motif conserved among mycobacteria.
Mol. Microbiol. 1996, 21, 321-329. [CrossRef] [PubMed]

Zhao, W.; Schorey, J.S.; Groger, R.; Allen, PM.; Brown, E.J.; Ratliff, T.L. Characterization of the fibronectin
binding motif for a unique mycobacterial fibronectin attachment protein, FAP. ]. Biol. Chem. 1999, 274,
4521-4526. [CrossRef] [PubMed]

Kinhikar, A.G.; Vargas, D.; Li, H.; Mahaffey, S.B.; Hinds, L.; Belisle, ].T.; Laal, S. Mycobacterium tuberculosis
malate synthase is a laminin-binding adhesin. Mol. Microbiol. 2006, 60, 999-1013. [CrossRef] [PubMed]
Gilot, P.; André, P,; Content, J. Listeria monocytogenes possesses adhesins for fibronectin. Infect. Immun.
1999, 67, 6698-6701.

Gilot, P; Jossin, Y.; Content, J. Cloning, sequencing and characterisation of a Listeria monocytogenes gene
encoding a fibronectin-binding protein. J. Med. Microbiol. 2000, 49, 887-896. [CrossRef]

Dramsi, S.; Bourdichon, F; Cabanes, D.; Lecuit, M.; Fsihi, H.; Cossart, P. FbpA, a novel multifunctional
Listeria monocytogenes virulence factor. Mol. Microbiol. 2004, 53, 639-649. [CrossRef]

Hennequin, C.; Janoir, C.; Barc, M.C.; Collignon, A.; Karjalainen, T. Identification and characterization of a
fibronectin-binding protein from Clostridium difficile. Microbiology 2003, 149, 2779-2787. [CrossRef]
Katayama, S.; Nozu, N.; Okuda, M.; Hirota, S.; Yamasaki, T.; Hitsumoto, Y. Characterization of two putative
fibronectin-binding proteins of Clostridium perfringens. Anaerobe 2009, 15, 155-159. [CrossRef]

Katayama, S.; Tagomori, M.; Morita, N.; Yamasaki, T.; Nariya, H.; Okada, M.; Watanabe, M.; Hitsumoto, Y.
Determination of the Clostridium perfringens-binding site on fibronectin. Anaerobe 2015, 34, 174-181.
[CrossRef]

Froman, G.; Switalski, L.M.; Faris, A.; Wadstrom, T.; Ho0k, M. Binding of Escherichia coli to fibronectin.
A mechanism of tissue adherence. J. Biol. Chem. 1984, 259, 14899-14905.

Sokurenko, E.V.; Courtney, H.S.; Ohman, D.E.; Klemm, P.; Hasty, D.L. FimH family of type 1 fimbrial
adhesins: Functional heterogeneity due to minor sequence variations among fimH genes. J. Bacteriol. 1994,
176, 748-755. [CrossRef] [PubMed]

Valle, J.; Mabbett, A.N.; Ulett, G.C.; Toledo-Arana, A.; Wecker, K.; Totsika, M.; Schembri, M.A.; Ghigo, ] M.;
Beloin, C. UpaG, a new member of the trimeric autotransporter family of adhesins in uropathogenic
Escherichia coli. J. Bacteriol. 2008, 190, 4147—-4161. [CrossRef] [PubMed]

Gophna, U.; hlaeger, T.A.; Hacker, J.; Ron, E.Z. Role of fibronectin in curli-mediated internalization.
FEMS Microbiol. Lett. 2002, 212, 55-58. [CrossRef] [PubMed]

Xicohtencatl-Cortes, J.; Monteiro-Neto, V.; Saldafia, Z.; Ledesma, M. A ; Puente, ].L.; Girén, ].A. The type 4
pili of enterohemorrhagic Escherichia coli O157:H7 are multipurpose structures with pathogenic attributes.
J. Bacteriol. 2009, 191, 411-421. [CrossRef] [PubMed]

Konkel, M.E.; Christensen, J.E.; Keech, A.M.; Monteville, M.R.; Klena, ]J.D.; Garvis, S.G. Identification of
a fibronectin-binding domain within the Campylobacter jejuni CadF protein. Mol. Microbiol. 2005, 57,
1022-1035. [CrossRef] [PubMed]

Flanagan, R.C.; Neal-McKinney, ].M.; Dhillon, A.S.; Miller, W.G.; Konkel, M.E. Examination of Campylobacter
jejuni putative adhesins leads to the identification of a new protein, designated FlpA, required for chicken
colonization. Infect. Immun. 2009, 77, 2399-2407. [CrossRef]

Konkel, M.E; Larson, C.L.; Flanagan, R.C. Campylobacter jejuni FlpA binds fibronectin and is required for
maximal host cell adherence. J. Bacteriol. 2010, 192, 68-76. [CrossRef]

Eucker, T.P; Konkel, M.E. The cooperative action of bacterial fibronectin-binding proteins and secreted
proteins promote maximal Campylobacter jejuni invasion of host cells by stimulating membrane ruffling.
Cell Microbiol. 2012, 14, 226-238. [CrossRef]

Kingsley, R.A.; Santos, R.L.; Keestra, A.M.; Adams, L.G.; Baumler, A.J. Salmonella enterica serotype
Typhimurium ShdA is an outer membrane fibronectin-binding protein that is expressed in the intestine.
Mol. Microbiol. 2002, 43, 895-905. [CrossRef]


http://dx.doi.org/10.1046/j.1365-2958.1996.6381353.x
http://www.ncbi.nlm.nih.gov/pubmed/8858587
http://dx.doi.org/10.1074/jbc.274.8.4521
http://www.ncbi.nlm.nih.gov/pubmed/9988684
http://dx.doi.org/10.1111/j.1365-2958.2006.05151.x
http://www.ncbi.nlm.nih.gov/pubmed/16677310
http://dx.doi.org/10.1099/0022-1317-49-10-887
http://dx.doi.org/10.1111/j.1365-2958.2004.04138.x
http://dx.doi.org/10.1099/mic.0.26145-0
http://dx.doi.org/10.1016/j.anaerobe.2009.03.001
http://dx.doi.org/10.1016/j.anaerobe.2014.11.007
http://dx.doi.org/10.1128/jb.176.3.748-755.1994
http://www.ncbi.nlm.nih.gov/pubmed/7905476
http://dx.doi.org/10.1128/JB.00122-08
http://www.ncbi.nlm.nih.gov/pubmed/18424525
http://dx.doi.org/10.1111/j.1574-6968.2002.tb11244.x
http://www.ncbi.nlm.nih.gov/pubmed/12076787
http://dx.doi.org/10.1128/JB.01306-08
http://www.ncbi.nlm.nih.gov/pubmed/18952791
http://dx.doi.org/10.1111/j.1365-2958.2005.04744.x
http://www.ncbi.nlm.nih.gov/pubmed/16091041
http://dx.doi.org/10.1128/IAI.01266-08
http://dx.doi.org/10.1128/JB.00969-09
http://dx.doi.org/10.1111/j.1462-5822.2011.01714.x
http://dx.doi.org/10.1046/j.1365-2958.2002.02805.x

Cells 2019, 8, 1516 23 of 24

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Kingsley, R.A.; Abi Ghanem, D.; Puebla-Osorio, N.; Keestra, A.M.; Berghman, L.; Biumler, A.]. Fibronectin
binding to the Salmonella enterica serotype Typhimurium ShdA autotransporter protein is inhibited by a
monoclonal antibody recognizing the A3 repeat. J. Bacteriol. 2004, 186, 4931-4939. [CrossRef]

Kingsley, R.A.; Keestra, A.M.; de Zoete, M.R.; Baumler, A.]. The ShdA adhesin binds to the cationic cradle of
the fibronectin 13FnlII repeat module: Evidence for molecular mimicry of heparin binding. Mol. Microbiol.
2004, 52, 345-355. [CrossRef] [PubMed]

Dorsey, C.W.; Laarakker, M.C.; Humphries, A.D.; Weening, E.H.; Baumler, A.]. Salmonella enterica serotype
Typhimurium MisL is an intestinal colonization factor that binds fibronectin. Mol. Microbiol. 2005, 57,
196-211. [CrossRef] [PubMed]

Stanek, G.; Wormser, G.P; Gray, J.; Strle, F. Lyme borreliosis. Lancet 2012, 379, 461-473. [CrossRef]

Radolf, J.D.; Caimano, M.].; Stevenson, B.; Hu, L.T. Of ticks, mice and men: Understanding the dual-host
lifestyle of Lyme disease spirochaetes. Nat. Rev. Microbiol. 2012, 10, 87-99. [CrossRef]

Hyde, J.A.; Weening, E.H.; Chang, M.; Trzeciakowski, J.P.; Ho6k, M.; Cirillo, J.D.; Skare, J.T. Bioluminescent
imaging of Borrelia burgdorferi in vivo demonstrates that the fibronectin-binding protein BBK32 is required
for optimal infectivity. Mol. Microbiol. 2011, 82, 99-113. [CrossRef]

Caine, J.A.; Coburn, J. Multifunctional and Redundant Roles of Borrelia burgdorferi Outer Surface Proteins
in Tissue Adhesion, Colonization, and Complement Evasion. Front. Immunol. 2016, 7, 442. [CrossRef]
Kim, J.H.; Singvall, J.; Schwarz-Linek, U.; Johnson, B.]J.; Potts, ].R.; Ho6k, M. BBK32, a fibronectin binding
MSCRAMM from Borrelia burgdorferi, contains a disordered region that undergoes a conformational change
on ligand binding. . Biol. Chem. 2004, 279, 41706-41714. [CrossRef]

Prabhakaran, S.; Liang, X.; Skare, J.T.; Potts, ].R.; Ho6k, M. A novel fibronectin binding motif in MSCRAMMSs
targets F3 modules. PLoS ONE 2009, 4, e5412. [CrossRef]

Wu, ].; Weening, E.H.; Faske, ].B.; Hook, M.; Skare, ].T. Invasion of eukaryotic cells by Borrelia burgdorferi
requires 3(1) integrins and Src kinase activity. Infect. Immun. 2011, 79, 1338-1348. [CrossRef]

Gaultney, R.A.; Gonzalez, T.; Floden, A.M.; Brissette, C.A. BB0347, from the lyme disease spirochete Borrelia
burgdorferi, is surface exposed and interacts with the CS1 heparin-binding domain of human fibronectin.
PLoS ONE 2013, 8, €75643. [CrossRef]

Floden, A.M.; Gonzalez, T.; Gaultney, R.A.; Brissette, C.A. Evaluation of RevA, a fibronectin-binding protein
of Borrelia burgdorferi, as a potential vaccine candidate for lyme disease. Clin. Vaccine Immunol. 2013, 20,
892-899. [CrossRef]

Kuypers, ].M.; Proctor, R.A. Reduced adherence to traumatized rat heart valves by a low-fibronectin-binding
mutant of Staphylococcus aureus. Infect. Immun. 1989, 57, 2306-2312.

Que, Y.A,; Frangois, P.; Haefliger, J.A.; Entenza, ] M.; Vaudaux, P.; Moreillon, P. Reassessing the role of
Staphylococcus aureus clumping factor and fibronectin-binding protein by expression in Lactococcus lactis.
Infect. Immun. 2001, 69, 6296-6302. [CrossRef]

Heying, R.; van de Gevel, J.; Que, Y.A.; Moreillon, P.; Beekhuizen, H. Fibronectin-binding proteins and
clumping factor A in Staphylococcus aureus experimental endocarditis: FnBPA is sufficient to activate
human endothelial cells. Thromb. Haemost. 2007, 97, 617-626. [CrossRef]

Piroth, L.; Que, Y.A.; Widmer, E.; Panchaud, A.; Piu, S.; Entenza, ]. M.; Moreillon, P. The fibrinogen- and
fibronectin-binding domains of Staphylococcus aureus fibronectin-binding protein A synergistically promote
endothelial invasion and experimental endocarditis. Infect. Immun. 2008, 76, 3824-3831. [CrossRef]
Heying, R.; van de Gevel, ].; Que, Y.A,; Piroth, L.; Moreillon, P.; Beekhuizen, H. Contribution of (sub)domains
of Staphylococcus aureus fibronectin-binding protein to the proinflammatory and procoagulant response of
human vascular endothelial cells. Thromb. Haemost. 2009, 101, 495-504. [CrossRef]

Courtney, H.S.; Hasty, D.L.; Li, Y,; Chiang, H.C.; Thacker, ].L.; Dale, ].B. Serum opacity factor is a major
fibronectin-binding protein and a virulence determinant of M type 2 Streptococcus pyogenes. Mol. Microbiol.
1999, 32, 89-98. [CrossRef]

Lowrance, ].H.; Baddour, L.M.; Simpson, W.A. The role of fibronectin binding in the rat model of experimental
endocarditis caused by Streptococcus sanguis. J. Clin. Investig. 1990, 86, 7-13. [CrossRef]

Seshu, ]J.; Esteve-Gassent, M.D.; Labandeira-Rey, M.; Kim, ].H.; Trzeciakowski, J.P.; Hook, M.; Skare, J.T.
Inactivation of the fibronectin-binding adhesin gene bbk32 significantly attenuates the infectivity potential
of Borrelia burgdorferi. Mol. Microbiol. 2006, 59, 1591-1601. [CrossRef]


http://dx.doi.org/10.1128/JB.186.15.4931-4939.2004
http://dx.doi.org/10.1111/j.1365-2958.2004.03995.x
http://www.ncbi.nlm.nih.gov/pubmed/15066025
http://dx.doi.org/10.1111/j.1365-2958.2005.04666.x
http://www.ncbi.nlm.nih.gov/pubmed/15948960
http://dx.doi.org/10.1016/S0140-6736(11)60103-7
http://dx.doi.org/10.1038/nrmicro2714
http://dx.doi.org/10.1111/j.1365-2958.2011.07801.x
http://dx.doi.org/10.3389/fimmu.2016.00442
http://dx.doi.org/10.1074/jbc.M401691200
http://dx.doi.org/10.1371/journal.pone.0005412
http://dx.doi.org/10.1128/IAI.01188-10
http://dx.doi.org/10.1371/journal.pone.0075643
http://dx.doi.org/10.1128/CVI.00758-12
http://dx.doi.org/10.1128/IAI.69.10.6296-6302.2001
http://dx.doi.org/10.1160/TH06-11-0640
http://dx.doi.org/10.1128/IAI.00405-08
http://dx.doi.org/10.1160/TH08-06-0395
http://dx.doi.org/10.1046/j.1365-2958.1999.01328.x
http://dx.doi.org/10.1172/JCI114717
http://dx.doi.org/10.1111/j.1365-2958.2005.05042.x

Cells 2019, 8, 1516 24 of 24

171.

172.

173.

174.

175.

176.

177.

178.

179.

Arciola, C.R;; Radin, L.; Alvergna, P.; Cenni, E.; Pizzoferrato, A. Heparin surface treatment of
poly(methylmethacrylate) alters adhesion of a Staphylococcus aureus strain: Utility of bacterial fatty acid
analysis. Biomaterials 1993, 14, 1161-1164. [CrossRef]

Arciola, C.R.; Bustanji, Y.; Conti, M.; Campoccia, D.; Baldassarri, L.; Samori, B.; Montanaro, L. Staphylococcus
epidermidis-fibronectin binding and its inhibition by heparin. Biomaterials 2003, 24, 3013-3019. [CrossRef]
Arciola, C.R.; Campoccia, D.; Gamberini, S.; Baldassarri, L.; Montanaro, L. Prevalence of cna, fnbA and fnbB
adhesin genes among Staphylococcus aureus isolates from orthopedic infections associated to different types
of implant. FEMS Microbiol. Lett. 2005, 246, 81-86. [CrossRef]

Arciola, C.R.; Campoccia, D.; Montanaro, L. Implant infections: Adhesion, biofilm formation and immune
evasion. Nat. Rev. Microbiol. 2018, 16, 397-409. [CrossRef]

Guzman, C.A,; Talay, S.R.; Molinari, G.; Medina, E.; Chhatwal, G.S. Protective immune response against
Streptococcus pyogenes in mice after intranasal vaccination with the fibronectin-binding protein Sfbl. J. Infect.
Dis. 1999, 179, 901-906. [CrossRef]

Kawabata, S.; Kunitomo, E.; Terao, Y.; Nakagawa, I.; Kikuchi, K.; Totsuka, K.; Hamada, S. Systemic and
mucosal immunizations with fibronectin-binding protein FBP54 induce protective immune responses against
Streptococcus pyogenes challenge in mice. Infect. Immun. 2001, 69, 924-930. [CrossRef]

Casolini, F,; Visai, L.; Joh, D.; Conaldi, P.G.; Toniolo, A.; H66k, M.; Speziale, P. Antibody response to
fibronectin-binding adhesin FnbpA in patients with Staphylococcus aureus infections. Infect. Immun. 1998,
66,5433-5442.

Brown, E.L.; Kim, J.H.; Reisenbichler, E.S.; H66k, M. Multicomponent Lyme vaccine: Three is not a crowd.
Vaccine 2005, 23, 3687-3696. [CrossRef]

Abd El Ghany, M.; Jansen, A.; Clare, S.; Hall, L.; Pickard, D.; Kingsley, R.A.; Dougan, G. Candidate
live, attenuated Salmonella enterica serotype Typhimurium vaccines with reduced fecal shedding are
immunogenic and effective oral vaccines. Infect. Immun. 2007, 75, 1835-1842. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/0142-9612(93)90161-T
http://dx.doi.org/10.1016/S0142-9612(03)00133-9
http://dx.doi.org/10.1016/j.femsle.2005.03.035
http://dx.doi.org/10.1038/s41579-018-0019-y
http://dx.doi.org/10.1086/314655
http://dx.doi.org/10.1128/IAI.69.2.924-930.2001
http://dx.doi.org/10.1016/j.vaccine.2005.02.006
http://dx.doi.org/10.1128/IAI.01655-06
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Functional and Structural Properties of Fn 
	Properties of Bacterial Fn-Binding Proteins 
	Fn-Binding Proteins from Staphylococcus aureus as a Prototype of a Wide Class of Bacterial Adhesins 
	Fibronectin-Binding Proteins from Streptococci 
	Fn-Binding Proteins from Streptococcus pyogenes 
	Fn-Binding Proteins from Other Streptococcal Species 

	Fn-Binding Proteins from Other Gram-Positive Bacteria 
	Enterococci 
	Mycobacteria 
	Listeria Monocytogenes 
	Clostridia 

	Fn-Binding Proteins from Other Gram Negative-Bacteria 
	Escherichia coli 
	Campilobacter Jejuni 
	Salmonella enterica Serotype Typhimurium 
	Borrelia burgdorferi 


	Fn-Binding Proteins as Virulence Factors 
	Targeting Fn-Binding Proteins as a Means of Infection Control 
	Concluding Remarks and Outlook 
	References

