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Abstract

Fibronectin (Fn), discovered by Harvard’s Plasma Protein Program as plasma bcold-insoluble globulinQ in the 1940s, has attracted much

interest over the past three decades. One of the most interesting features of Fn is its ability to change shape in response to various

environmental conditions and interactions with other substances found in the extra-cellular space. Here we examine the potential of the

functional upstream domain (FUD) of Streptococcus pyogenes protein F1 to bring about changes in structure of Fn. In particular, we

investigate the accessibility of Fn’s 10th type III module that contains the integrin binding RGD motif. By use of monoclonal antibodies in a

competitive ELISA assay, we found that FUD interacts with the amino-terminal type I modules of Fn to unveil the cell-binding region of Fn.

This conformational change was achieved at sub-equimolar ratios of FUD/Fn monomer. We discuss the functional relevance of the

interaction for both Fn and S. pyogenes and correlate the results with a conformational model of Fn that arose out of a collaboration between

our laboratory and that of John Ferry.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Fibronectin (Fn) is a 500-kDa glycoprotein dimer found

in its soluble form in the blood plasma at concentrations

near 1 AM and in its insoluble form as a part of the extra-

cellular matrix (ECM). Plasma Fn was first described as

bcold-insoluble globulinQ by Morrison et al. [1] of the

Plasma Protein Program at the Department of Physical

Chemistry, Harvard Medical School, where John Ferry

began his pioneering work on fibrin assembly. Fn, as a

component of the ECM, impacts important cellular activities

such as migration, proliferation, differentiation, and apop-
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tosis [2,3]. Each Fn monomer is comprised of repeating

homologous sequences known as type I, II, and III modules.

Dimerization occurs via disulfide bonds at the extreme C-

terminus of each monomer. The nine type I modules are

about 45 residues long and contain a pair of disulfide bonds.

The two type II modules are about 60 residues long and

again contain two stabilizing disulfide bonds The majority

of Fn consists of 15–17 type III modules that contain about

90 residues and no disulfide bonds [4–6]. Thus, Fn has been

likened to a bstring of beads,Q the bbeadsQ being the 52–56

modules in each Fn dimer [7]. Fn is readily cleaved into

functional domains by controlled proteolysis [8]. These

functional domains retain binding activity for cells, ECM

proteins and bacteria [9].

Interestingly, proteolytic cleavage of Fn sometimes

unveils cryptic binding sites and activities [10–12]. Changes

in Fns structure/function, however, are not limited to

proteolytic cleavage. Fn can exist in many conformations
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depending on its environment. Mechanical forces can also

be used to change Fns function [13,14]. A variety of

techniques have shown that the modules of Fn can adopt

compact and extended conformations. Compact forms of Fn

are highly convoluted and fold upon themselves [15]. Type

III modules 12–14 have been shown to interact with type III

modules 2–3 to help stabilize compact structures [16]. In

addition to unraveling of module–module interactions, the

beta-strands of individual type III modules, which lack

stabilizing disulfides, can unravel increasing the overall

length of Fn and potentially exposing cryptic binding sites

within the protein [17–19]. These cryptic sites may allow Fn

to interact with different molecules and increase its avidity

for others including integrins.

It is not uncommon for bacterial pathogens to exploit Fn

as a means to adhere to, colonize, and invade host tissue

[20]. Among these is Streptococcus pyogenes, a group A

streptococcus (GAS) that causes a variety of infections of

the skin and soft tissue including impetigo, erysipelas,

cellulitis, necrotizing fasciitis, and toxic shock syndrome

[21]. GAS is capable of inducing its own entry into several

eukaryotic cell types in vitro [22–25]. Entry of GAS into

cells also occurs in vivo and may contribute to bacterial

avoidance of antibiotic therapy [26,27].

Many bacteria express cell surface proteins known as

microbial surface components recognizing adhesive matrix

molecules (MSCRAMMs) [20]. These MSCRAMMs serve

to link bacterial cells to host cells through ECM compo-

nents including Fn. Active sequences in MSCRAMMs tend

to be disordered and only acquire order upon binding to

their target matrix molecules [28]. Protein F1 (prtF1) [29] is

the most efficiently used MSCRAMM on S. pyogenes.

PrtF1’s structure typifies the organization of Fn binding

proteins found in other bacteria such as Staphylococcus

aureus [30]. It contains an amino-terminal signal sequence,

which targets it to the plasma membrane of the bacterium,

followed by two types of repeated domains (RD1 and

RD2), and a non-repetitive upstream fn binding domain

(UFBD) [31]. Two functional Fn binding domains exist

within the residues of the UFBD and RD2s. The first is

known as the functional repeated domain (FRD) and

includes 44 residues of two contiguous RD2 repeats

beginning and ending with the motif MGGQSES [32].

The second, known as the functional upstream domain

(FUD), includes the 43 residues of the UFBD and the

amino-terminal six residues of the first RD2 [32]. This

sequence interacts specifically with the amino-terminal

modules of Fn [33] in a way that blocks deposition of Fn

into ECM [34].

Here we show, using monoclonal antibodies in a

competitive ELISA assay, that Fn, upon binding FUD,

undergoes a conformational change unveiling the 10th type

III module. Since the module contains the integrin binding

RGD motif and based on the importance of interactions with

cells, this finding has implications for the physiology of

both Fn and S. pyogenes.
2. Materials and methods

2.1. Materials

Bovine serum albumin (BSA) and Tris were from Sigma

(St. Louis, MO). Salts were from Fisher (Hampton, NH).

Human plasma Fn was purified as described previously

[35]. Hybridoma cells expressing mAbIII-10 (clone 5A11)

previously described by Ugarova et al. [36] were a generous

gift from Ed Plow, Cleveland Clinic Research Foundation.

9D2, an antibody to Fn’s first type III module, was

generated in our laboratory [37]. Protein concentrations

were determined by absorbance at 280 nm using extinction

coefficients calculated from primary sequences.

2.1.1. Recombinant protein production

Because the pUR-4 plasmid [32] contains a cysteine

residue that causes dimerization of FUD [33], a thrombin

cleavage site was introduced into the plasmid encoding the

FUD peptide between the amino-terminal His-tag and the

beginning of the FUD peptide sequence. This was accom-

plished with using the following primers: 5V-AAAA GGA

TCC TTA GTG CCT CGC GGA AGC-3V; and 5V-TTTT
GGT ACC CTT GCT TCC GCG AGG CAC-3V. The

amplified product was digested with KpnI and BamHI and

inserted into appropriately digested pQE-30 expression

vector (Qiagen, Valencia, CA). FUD was purified on a

Ni2+ resin as reported previously [32]. Once purified, the

His tag was removed from FUD by thrombin cleavage.

Briefly, three units of biotinylated thrombin (EMD Bio-

sciences, Madison, WI) were added per mg peptide diluted

in thrombin cleavage buffer (20 mM Tris–HCl, pH 8.4, 150

mM NaCl, 2.5 mM CaCl2). Cleavage was allowed to

proceed for 16 h at room temperature in the presence of

0.05% sodium azide. After the cleavage reaction, the

biotinylated thrombin was captured by incubating the

reaction mixture twice (30 min at room temperature) with

streptavidin agarose (EMD Biosciences) (20 Al/unit of

thrombin). A final incubation with Ni-NTA agarose

(Qiagen) (150 Al resin/mg peptide) allowed for the removal

off the His-tag fragment and any uncleaved peptide.

Fn previously cloned into the baculovirus transfer vector

pAcGP67A.coco [38] was used as template for PCR-based

mutagenesis to remove the amino-terminal modules and

create a truncated molecule. A segment of DNA encoding

for Fn starting at the first type III module, residue 578 (Ser),

through the fourth type III module, residue 968 (Thr) was

amplified. The 5V primer (AT CCA CCC GGG AGT GGT

CCT GTC GAA GTA TTT ATC AC) added the restriction

site XmaI. The 3V primer (GT TGT CTG TTG AGC AGT

CAG AGG C) is located just down stream from a NcoI site

in the Fn sequence. This PCR product was digested with

XmaI and NcoI, and ligated into the Fn.coco plasmid

digested with these same enzymes. The resulting construct,

FNIII1-C EDa+.coco, which starts at Ser 578 and ends at the

natural C-terminus (plus a small linker and a six His tag)
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and contains the alternatively spliced EDa type III module

and the 89-residue version of the V-region (V89). In order to

create a protein more similar to plasma Fn, which lack the

EDa module, FNIII1-C EDa+.coco and DNA encoding Fn

without the EDa region [39] were digested with EcoRI. The

EcoRI fragment from the Fn without the EDa region was

ligated into the FNIII1-C construct resulting in FNIII1-C

EDa-.coco. Recombinant protein was produced using

recombinant baculovirus and purified as described [38].

2.1.2. Competitive inhibition ELISA

Competitive inhibition ELISAs were done in a similar

fashion as described previously [36]. Fn was mixed with

various concentrations of FUD in TBS-T (10 mM Tris, pH

7.4, 50 mM NaCl+0.05% Tween-20) for 30 min at room

temperature. mAbIII-10 or 9D2 was added to dilutions

which made it the limiting component in the assay

immediately before replicate aliquots (50 Al) were trans-

ferred to PRO-BINDk 96 well assay plates (Beckton

Dickinson, Franklin Lakes, NJ) which had been coated with

2 mg/ml Fn overnight at 4 8C, and blocked with 5% non-fat

dried milk+1%BSA for 1 h at room temperature. The plates

were incubated with primary antibody mixtures for 1.5 h at

room temperature and washed four times with TBS-T. After

washing, alkaline phosphatase conjugated donkey anti

mouse IgG (Jackson ImmunoResearch Laboratories, West

Grove, PA) was added (50 Al) was added and allowed to

incubated for 1 h at room temperature. The plate was

washed again four times in TBS-T prior to the addition of

50 Al Sigma 104R phosphatase substrate ( p-Nitrophenyl

Phosphate, disodium salt) (Sigma-Aldrich) diluted to 1 mg/
Fig. 1. Effect of FUD on the expression of the 10th type III module determined by

with FUD, 10 Ag/ml, for 30 min at room temperature. The Fn/FUD solution was

15:1.5, 5:0.5, 2:0.2, 0.5:0.05. mAbIII-10 was added at a dilution determined by E

immediately added to microtiter wells coated with Fn (2 Ag/ml). Binding of mA

absorbance (% of mAbIII-10 alone) versus concentration of Fn/FUD mixture (sho

shown as open circles. FUD alone (closed square) showed only slight inhibition.
ml in TBS pH 9.0. Color was allowed to develop at room

temperature and quantified at 405 nm on an EL 340 Bio

Kinetic Microplate Reader (Bio Tek Instruments, Winooski,

VT).
3. Results

The bstring of beadsQ structure of Fn evident early on by

electron micrographs of Fn and corroborated by John Ferry’s

analysis of the persistence length of Fn [40] has the potential

to facilitate interactions with other ECM proteins, bacteria,

and cells. Cellular interactions occur between integrin

receptors and several subsites within Fn [41]. Like many

functions of Fn, cell binding can be regulated through

structural changes. It has been shown, using competitive

ELISAs, that the adsorption of Fn to surfaces, incubation of

soluble Fn in high-salt, or interaction of soluble Fn with

heparin, heparan sulfate, gangliosides, or gelatin modulates

the expression of the cell-binding domain including the

RGDS containing 10th type III module [36]. Heparin,

gangliosides, and gelatin all interact with the amino-terminal

modules of Fn [9]. We therefore examined the potential of

the FUD of prtF1 to unveil the 10th type III module in a

similar fashion. Fig. 1 shows that increasing concentrations

of Fn compete with Fn deposited in microtiter wells for

mAbIII-10 binding. Preincubation of Fn with FUD greatly

enhances the competitive ability of Fn, FUD alone had no

effect on the binding of mAbIII-10 binding to deposited Fn.

These results suggest that FUD alters the conformation of Fn

in such a way that reveals the 10th type III module.
competitive ELISA. Fn was diluted to 100 Ag/ml in TBS-T and preincubated

then diluted to the following Fn/FUD concentrations (Ag/ml): 50:5, 30:3,

LISA to give maximal response, but still be limiting and the mixture was

bIII-10 to the Fn-coated plate was quantified by ELISA and plotted as the

wn as Fn concentration). Fn alone is plotted as closed circles, Fn+FUD is

Error bars represent the standard deviation.



Fig. 2. Effects of increasing FUD concentrations on epitope expression. Fn, 50 Ag/ml, was preincubated with FUD in TBS-T at the following molar ratios

(FUD/Fn monomer): 1:6, 1:3, 2:3, 3:3, and 5:3 for 30 min at room temperature. Competitive ELISAs were done as outlined in Materials and methods. Results

were normalized to Fns competitive ability. Error bars show standard error of three experiments.
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In Fig. 2, we show FUD’s ability to alter Fn’s

conformation at various stoichiometries. In the presence of

increasing molar ratios of FUD, Fn exhibited an enhance-

ment in its ability to compete with deposited Fn for mAbIII-

10 binding. This competitive ability was evident at FUD/Fn

monomer ratios as low as 1:6 and reached maximal levels

by a 2:3 ratio.

We next determined the specificity of FUDs effect on

epitope exposure of Fn. To do this, we used monoclonal

antibody 9D2 which recognizes an epitope in the first type

III module of Fn [37] in a competitive ELISA. The
Fig. 3. Competitive ELISA antibody control. Competitive ELISAs were done as in

on module III-1 of Fn. Results were plotted as the absorbance (% of 9D2 alone) ver

1. Fn alone is plotted as closed circles, Fn+FUD is shown as open circles. FUD al

standard deviation.
competitive ability of Fn for 9D2 was not enhanced by

FUD (Fig. 3). Moreover, the slope of the curve shows that

Fn in solution was able to compete at lower ratios and more

completely for 9D2 binding than it was for mAbIII-10.

These results show that the epitope recognized by 9D2 is

fully exposed in native Fn in solution. Furthermore, the

conformational changes induced by FUD have no effect on

this exposure.

We have shown that FUD binds the amino-terminal 70-

kDa region of Fn in a specific way independent of type III

modules [33]. With this in mind, we used FnIII1-C, a
Fig. 1 except for the use of the antibody 9D2, which recognizes an epitope

sus concentration of Fn/FUD mixture (shown as Fn concentration) as in Fig.

one (closed squares) showed only slight inhibition. Error bars represent the



Fig. 4. Exposure of the epitope for mAbIII-10 in a Fn construct lacking the amino-terminal type I modules. Competitive ELISAs were done as in Fig. 1, except

for the use of recombinant Fn fragment III1-C as the competitor. Results were plotted as the absorbance (% of mAbIII-10 alone) versus concentration of FnIII1-

C:FUD mixture (shown as FnIII1-C concentrations). Fn alone is shown as closed circles, FnIII1-C is plotted as closed boxes, FnIII1-C+FUD is shown as open

circles. Error bars show standard deviation.
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recombinant version of Fn that lacks the 70-kDa region, in a

competitive ELISA. FnIII1-C competed for mAbIII-10

binding much better than full-length Fn; and FUD did not

enhance its competitive ability (Fig. 4). These findings

indicate that the cell-binding region of FnIII1-C adopts, in

solution, a conformation similar to full-length Fn in the

presence of FUD.
4. Discussion

In this study, we show that the FUD region of prtF1 is

capable of augmenting the structure of Fn in such a way that

unveils the 10th type III module which contains the integrin

binding RGD motif. In contrast, use of monoclonal antibody

9D2 in the competitive ELISA showed that FUD did not

impact the structural conformation of all parts of Fn. This

structural change reported by mAbIII-10 has many impli-

cations for both Fn and S. pyogenes strains that express

prtF1. In this discussion, we explore these implications and

compare our findings to a previously reported model of Fn’s

structure.

Ugarova et al. [36] pioneered use of mAbIII-10 in similar

techniques as shown here to explore the potential of

structural changes in Fn due to ionic strength and

interactions with ECM components to impact the function

of cell binding. They found that antibodies recognizing

epitopes in the RGD containing 10th type III module

(mAbIII-10) and, to a lesser extent, the ninth type III

synergy site (mAbIII-9) were able to block cell adhesion to

wells coated with Fn. They used these data to argue that the

epitopes recognized by these antibodies are close to the sites
that are crucial for Fn’s integrin binding ability. The fact

FUD enhances Fn competitive ability to bind mAbIII-10

suggests that it also makes Fn more competent to interact

with integrin receptors. This feature of FUD may be

beneficial for bacterial interaction with host cells and

subsequent internalization; two key steps in bacterial

virulence and resistance to immune response and antibacte-

rial treatment.

FUD-induced exposure of the cell-binding region of Fn

was evident at molar ratios of FUD/Fn monomer as low as

1:6, and reached maximal levels by 2:3 ratios. It would seem

from these data that FUD binding with a single subunit of

Fn is sufficient to induce the structural changes in a Fn

dimer necessary to expose the cell-binding region. We have

shown that FUD interacts with amino-terminal fragments of

Fn with very high affinity [33]. This high affinity binding is

likely necessary for these structural changes to take place at

such low stoichiometric ratios.

The epitope for mAbIII-10 was fully unveiled in an Fn

construct lacking the amino-terminal portion of Fn. This is

in accord with the model proposed by Williams et al. [40]

on the basis of viscosity and light scattering experiments

done in collaboration with Paul Janmey and John Ferry.

Despite a lack of complete primary sequence data at the

time, it was proposed that Fn exists in a folded conformation

where the amino-terminal part of each subunit folds back

upon itself, while remaining elongated and flexible. High

pH or ionic strength and collagen binding were proposed to

disrupt this folding and further elongate Fn. Our data are

consistent with the amino-termini of Fn subunits folding

back upon the rest of the protein in such a way that occludes

the cell-binding domain. Previously, Ugarova et al. [36]
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showed that high ionic strength, heparin, heparan sulfate,

gangliosides, and gelatin also unveil the cell-binding

domain of Fn. Compared to these other substances, FUD

of S. pyogenes prtF1 is especially potent at inducing similar

conformational changes. To our knowledge, this is the first

instance of a bacterially derived peptide altering Fn function

by way of a conformational change. We are currently

working to further understand and clarify this change and

identifying the regions of FUD responsible for the effect.
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