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ABSTRACT: Incorporation of fibronectin into fibrin clots is important for the formation of a provisional
matrix that promotes cell adhesion and migration during wound healing. Previous studies revealed that
this incorporation occurs through noncovalent interaction between two NH2-terminal Fib-1 regions of
fibronectin (one on each chain) and theRC-regions of fibrin, and is further reinforced by factor XIIIa-
mediated covalent cross-linking of fibronectin to the fibrin matrix. To clarify the role of another pair of
fibrin-binding regions, Fib-2, located at the disulfide-linked COOH-terminal ends of fibronectin, we prepared
by limited proteolysis a dimeric 140 kDa (Fib-2)2 fragment containing both Fib-2 regions and tested its
interaction with recombinant fragments corresponding to theRC regions of fibrin(ogen). In both ELISA
and surface plasmon resonance (SPR) experiments 140 kDa (Fib-2)2 bound to the immobilized AR221-
610 RC-fragment. However, the affinity of binding was substantially lower than that for Fib-1. Ligand
blotting and ELISA established that the Fib-2 binding site is located in the connector part of theRC
region including residues AR221-391. Analysis of the SPR-detected binding of fibronectin to the
immobilized AR221-610 RC-fragment revealed two types of fibronectin-binding sites, one with high
affinity and another one with much lower affinity. Competition experiments revealed about 30% inhibition
of the Fib-2 mediated binding by increasing concentrations of Fib-1 fragment suggesting partial overlap
of the two sets of binding sites. Based on these results and our previous studies we propose a mechanism
of interaction of fibronectin with fibrin in which both Fib-1 and Fib-2 play a role.

Fibrinogen is a blood clotting protein that after thrombin-
mediated conversion into fibrin forms an insoluble fibrin clot
which prevents the loss of blood upon vascular injuries. The
fibrin clot also serves as a provisional matrix that participates
in subsequent wound healing and other processes through
the interaction with various plasma proteins and cell types.
Fibronectin is a multifunctional adhesive protein that interacts
with a number of macromolecules and surface receptors on
a variety of cells, including fibroblasts, neurons, phagocytes,
and bacteria. It is well-established that fibronectin can be
covalently incorporated into the fibrin clot through the
transglutaminase action of factor XIIIa (1-3). This incor-
poration appears to affect the adhesion to and migration of
cells at sites of fibrin deposition thereby contributing to
wound healing and other cell-dependent processes (4-7).

Both fibrinogen and fibronectin are complex multidomain
proteins. The fibronectin molecule consists of two subunits
linked together by two disulfide bonds (Figure 1A). Each

subunit is formed by a single polypeptide chain; the only
difference between the chains in plasma fibronectin is the
presence in one of them of a variable region due to alternative
splicing. Each chain consists of a number of homologous
modules of three types, type I (“finger” modules), type II,
and type III, which, in fact, represent independently folded
domains (8, 9). These domains are grouped into a number
of functional regions: fibrin-binding (Fib-1 and Fib-2),
collagen-binding, cell-binding, and heparin-binding. The
fibrinogen molecule is more complex (Figure 1B). It consists
of two identical disulfide-linked subunits, each of which is
formed by three nonidentical polypeptide chains, AR, Bâ,
andγ (10, 11). These chains assemble to form a number of
independently folded domains grouped into five structural
regions, the central E region, two identical terminal D
regions, and twoRC regions formed by the COOH-terminal
portion of the AR chains (12-15). The D-E-D regions
account for three nodules, central E and two terminal D,
observed by electron microscopy; a fourth nodule observed
in some molecules near the central nodule corresponds to
interactingRC regions, often being referred to asRC-domains
(16). X-ray analysis of fibrinogen crystals (14) revealed that
each terminal nodule actually consists of two elongated
structures connected to the central nodule by a triple helical
coiled coil connector made up of all three chains. Although
the three-dimensional structure of theRC regions is not
established yet, numerous studies suggest that eachRC region
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consists of a compactRC-domain attached to the bulk of
the molecule with a flexibleRC-connector (12, 13, 16-18).

Incorporation of fibronectin into a fibrin clot occurs by
noncovalent interaction between the two proteins through
specific binding sites, followed by their covalent cross-linking
with factor XIIIa. Each fibronectin subunit contains two
fibrin-binding regions, Fib-1 and Fib-2, located in its NH2-
and COOH-terminal portions, respectively (19, 20) (Figure
1A). The NH2-terminal Fib-1 region consists of the first five
type I (finger) domains, F1-F2-F3-F4-F5, while the COOH-
terminal Fib-2 region includes three such fingers, F10-F11-
F12. The noncovalent interaction of the Fib-1 region with
fibrin occurs through a pair of the Fib-1 fingers, F4-F5 (21-
23), and the fibrinRC regions (24, 25). The Fib-1 binding
site was further localized within the AR221-391 portion of
the RC region (3) corresponding to itsRC-connector (17).
This interaction occurs with a relatively high affinity (3, 26),
and is proposed to play a role in bringing fibronectin to fibrin
and providing proper orientation of the cross-linking sites
to facilitate the covalent stage of the interaction (3).

Less is known about the interaction of fibronectin with
fibrin through the Fib-2 region. Although binding experi-
ments established that fibronectin and its Fib-1 fragment
interact with fibrin through theRC regions of the latter (3),
there is no direct evidence for the involvement of Fib-2 in
this interaction. The data about the affinity of Fib-2 to fibrin
are also controversial. Our previous study (21) revealed that
the proteolytically isolated Fib-1 and Fib-2 fragments both
bound to fibrin-Sepharose and that Fib-2 was eluted at higher
concentration of the urea/NaCl eluting buffer suggesting that
its affinity to fibrin should be comparable to or even higher
than that of Fib-1. In contrast, Rostagno et al. (26) reported
that in ELISA1 experiments the Fib-2 fragment bound to
immobilized fibrin with much lower affinity than Fib-1.
Based on this finding they hypothesized that the NH2-

terminal site due to its higher affinity may provide primary
binding to fibrin, while the COOH-terminal site may serve
to subsequently strengthen the interaction (26). As an
alternative they proposed that the COOH-terminal fibrin-
binding site may be an artifact of enzymatic digestion and
may not have physiological function (26). Thus, while the
interaction of fibronectin with fibrin through the Fib-1 region
is well characterized and its role in the incorporation of
fibronectin into the fibrin clot is established, its interaction
through Fib-2 is still poorly understood and the role of this
interaction is not clear.

In this study, we prepared two Fib-2 containing fragments,
monomeric 19 kDa Fib-2 and dimeric 140 kDa (Fib-2)2, and
characterized their interaction with the recombinant fibrino-
gen RC region fragment and its subfragments. Direct
measurements established that Fib-2 containing fragments
interact with theRC region. The Fib-2 binding site was
further localized to the NH2-terminal half of this region, the
RC-connector. Experiments also confirmed that Fib-2 has
lower affinity to the RC region fragment than Fib-1, and
revealed that Fib-1 and Fib-2 bind mainly to different sites,
and that some of these sites may overlap. Based on these
and the previous results (3, 21, 23, 26) we propose a
mechanism of interaction of fibronectin with fibrin suggest-
ing a role for both Fib-1 and Fib-2.

EXPERIMENTAL PROCEDURES

Fibronectin and Its Fragments.Fibronectin was purified
from human plasma by affinity chromatography on gelatin-
Sepharose as described earlier (27). NH2-terminal 29 kDa
fibrin-binding fragment, Fib-1, and COOH-terminal 19 kDa
fibrin-binding fragment, Fib-2, were prepared from thermol-
ysin digests of fibronectin as described (21, 28). COOH-
terminal 140 kDa (Fib-2)2 fragment, representing a dimeric
disulfide-linked COOH-terminal portion of fibronectin which
include two Fib-2 regions (Figure 1A), was isolated from
the limited cathepsin D digest of fibronectin by affinity
chromatography on heparin-Sepharose, as described in ref
29. The dimeric structure of 140 kDa (Fib-2)2 was confirmed
by SDS-polyacrylamide gel electrophoresis analysis in

1 Abbreviations: ELISA, enzyme-link immunosorbent assay; SPR,
surface plasmon resonance; TBS, tris buffer saline (20 mM tris buffer,
pH 7.4, 150 mM NaCl); HBS, HEPES buffer containing 20 mM
HEPES, pH 7.4, 150 mM NaCl, 2 mM CaCl2.

FIGURE 1: Location of the complementary binding sites in fibronectin and fibrin(ogen). Panel A, schematic representation of the fibronectin
molecule consisting of two disulfide-linked subunits each of which is composed of type I (ovals), type II (circles), and type III (rectangles)
domains; the variable domain in one of the subunits is denoted by “v”. The type I “finger” domains involved in formation of the Fib-1
and Fib-2 fibrin binding regions are shown in blue. The region corresponding to the 140 kDa (Fib-2)2 fragment is highlighted by a broken
line. Panel B, ribbon diagram of fibrinogen based upon its crystal structure (14). The individual fibrinogen chains, AR, Bâ and γ, are
colored blue, green, and red, respectively; theRC-domains are shown as two spheres attached to the bulk of the molecule with the
flexible RC-connectors marked by arrows; the vertical lines denote approximate boundaries between the fibrinogen D and E regions. Panel
C, SDS-polyacrylamide gel electrophoresis analysis of the 140 kDa (Fib-2)2 fragment in nonreduced (lanes 1 and 2) and reduced (lanes
3 and 4) conditions; the right outer lane contains protein markers of the indicated molecular masses (SeeBlue Plus2 Prestained Standards,
Invitrogen).
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reduced conditions, which revealed two chains with apparent
molecular masses of 65 and 75 kDa (Figure 1C). In addition,
NH2-terminal sequence analysis of this fragment performed
with a Hewelett-Packard G1000A sequencer revealed two
sequences starting at Val1609 and Ala1614, which are located
at the end of 11th type III module.

RecombinantRC-Fragments andRC Oligomers. The
recombinant AR221-610 fragment, corresponding to the
human fibrinogenRC region, and its subfragments, AR221-
391 and AR392-610, corresponding to theRC-connector
andRC-domain, respectively, were produced inEscherichia
coli using the pET-20b expression vector as described earlier
(30). Soluble cross-linked oligomeric form of the AR221-
610 fragment (RC oligomers), mimicking the structure and
properties of theRC regions in cross-linked fibrin, was
prepared as described in ref31.

Enzymes and Antibodies.Proteolytic enzymes thermolysin
(protease type X) and cathepsin D, rabbit anti-fibronectin
polyclonal antibodies, and anti-rabbit IgG-horseradish con-
jugate were purchased from Sigma-Aldrich. Anti-Fib-2
polyclonal antibodies were prepared by affinity chromatog-
raphy of anti-fibronectin polyclonal antibodies on 19 kDa
Fib-2 fragment-Sepharose.

Solid-Phase Binding Assay.Solid-phase binding was
performed in plastic microtiter plates using an enzyme-link
immunosorbent assay, ELISA. Microtiter plate wells (Fisher)
were coated overnight with 100µL/well of 20 µg/mL
AR221-610RC-fragment or its subfragments, AR221-391
and AR392-610, in 100 mM NaHCO3, pH 8.3. The wells
were blocked with Casein Blocker (Pierce) for 1 h at 37°C.
Following washing with TBS-Tween-20 (20 mM Tris buffer,
pH 7.4, containing 150 mM NaCl and 0.05% Tween-20),
the indicated concentrations of the fibronectin Fib-2 or 140
kDa (Fib-2)2 fragments were added to the wells and
incubated for 2 h at 4°C. The bound fibronectin fragments
were detected by reaction with rabbit anti-fibronectin poly-
clonal antibodies, followed by peroxidase-conjugated anti-
rabbit IgG. A TMB Microwell Peroxidase Substrate (Kirken-
gaard & Perry Laboratories Inc.) was added to the wells,
and the amount of bound ligand was measured spectropho-
tometrically at 450 nm. Data were analyzed by nonlinear
regression analysis using eq 1,

where A represents absorbance of the oxidized substrate,
which is assumed to be proportional to the amount of ligand
bound,Amax is the concentration of ligand bound at saturation,
[L] is the molar concentration of free ligand, andKd is the
dissociation constant.

Ligand Blotting Assay.TheRC-fragment and subfragments
were subjected to SDS-polyacrylamide gel electrophoresis
using NuPAGE BisTris electrophoretic system (Invitrogen)
and then electrotransferred to a nitrocellulose membrane. To
check if the transfer was successful, the membrane was
stained with 0.5% Ponseau S for 1 min followed by washing
with deionized water and destaining with 5% acetic acid.
The membrane was blocked for 1 h with Casein Blocker
(Pierce), followed by incubation with 20µg/mL 140 kDa
(Fib-2)2 for 2 h at 4 °C. The bound 140 kDa (Fib-2)2

fragment was detected by reaction with rabbit anti-fibronectin
polyclonal antibodies and peroxidase-conjugated anti-rabbit

IgG. Visualization of the peroxidase-labeled protein bands
was performed by the procedure recommended by the
manufacturer using SuperSignal West Pico Chemilumines-
cent Substrate (Pierce).

Surface Plasmon Resonance Analysis.The interaction of
fibronectin and its fragments with the recombinant AR220-
610RC-fragment was studied by surface plasmon resonance
(SPR) using the IAsys biosensor (Fisons, Cambridge, U.K.).
The AR220-610 fragment was covalently coupled to the
activated carboxymethyldextran-coated sensor surface by the
procedure recommended by the manufacturer. Binding
experiments were performed in TBS containing 0.05%
Tween 20, 0.02% NaN3, and 0.1 mM PMSF (TBS binding
buffer) at room temperature. The association between the
immobilized RC-fragment and the added fibronectin or its
fragments was monitored as a change in the SPR response.
To regenerate the surface, complete dissociation of the
complex was achieved by adding 3 M guanidinium chloride
for 0.5 min, followed by re-equilibration with TBS binding
buffer. The data were analyzed using the FASTfit program
supplied with the instrument. This program uses an iterative
curve-fitting to derive the observed rate constant (termed on-
rate constant in FASTfit), and the maximum response at
equilibrium due to ligand binding at the particular ligand
concentration (termed Extent in FASTfit). The analysis was
performed as previously described in detail (32). Briefly, the
association curves at each concentration of ligand were fitted
to a pseudo-first-order equation to derive the observed rate
constant (kobs). Then the concentration dependence ofkobs

was fitted to eq 2,

to derive the association rate constant (kass) from the slope
and the dissociation rate constant (kdiss) from the intercept.
The equilibrium dissociation constant (Kd) was calculated
asKd ) kdiss/kass. Alternatively, the association curves were
used to derive the maximal response at the equilibrium for
each fibronectin concentration (Extent), which is actually
proportional to the bound fibronectin. The binding data
(Extent versus concentration plot) were used to construct
Scatchard plots and to determine the equilibrium dissociation
constants.

SPR experiments on interaction of fibronectin with the
oligomeric form of the AR221-610 fragment were per-
formed using the BIAcore 3000 biosensor (BIAcore AB,
Uppsala, Sweden). This form was covalently coupled to the
activated surface of a CM5 sensor chip using the amine
coupling kit (BIAcore AB), as specified by the manufacturer.
Binding experiments were performed in HBS buffer contain-
ing 20 mM HEPES, pH 7.4, 2 mM CaCl2, 150 mM NaCl,
0.005% Tween 20 (HBS binding buffer) at a flow rate of 20
µL/min and room temperature. Samples at different concen-
trations were injected in duplicate, and the association
between the immobilized AR220-610 fragment and the
added fibronectin was monitored as the change in the SPR
response. To regenerate the chip surface, complete dissocia-
tion of the complex was achieved by adding 3 M guani-
dinium chloride for 30 s followed by re-equilibration with
HBS binding buffer. Experimental data were analyzed as
described above using BIAevaluation 3.1 software supplied
with the instrument.

A ) Amax/(1 + Kd/[L]) (1)

kobs) kdiss+ kass[ligand] (2)
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RESULTS

Interaction between the RecombinantRC Region of Fibrin-
(ogen) and the Fib-2-Containing Fragments of Fibronectin.
It is well-established that fibrin interacts with fibronectin
through the NH2-terminal Fib-1 and COOH-terminal Fib-2
regions of the latter. Our previous study (3) revealed that
this interaction occurs through the fibrinRC regions and
localized the Fib-1 binding sites to theRC-connector portions
of these regions. In this study we focused on the interaction
mediated by the Fib-2 regions. First, we tested in direct
experiments whether the isolated Fib-2 fragment interacts
with the recombinantRC region. In ELISA, the proteolyti-
cally prepared monomeric 19 kDa Fib-2 fragment bound to
the immobilized recombinant AR221-610 fragment, which
corresponds to theRC region, in a dose-dependent manner
(Figure 2A). However, the affinity of this interaction (Kd )
3.1µM) was low (Table 1). Since proteolysis may influence
the properties of the Fib-2 region and since there are two
such regions in the parent molecule, we next prepared and

studied a dimeric 140 kDa (Fib-2)2 fragment corresponding
to the COOH-terminal portion of fibronectin with two Fib-2
regions (Figure 1A). This fragment bound to the immobilized
AR221-610 fragment with higher affinity (Kd ) 360 nM).
To further evaluate the affinities of these interactions, we
used another method, surface plasmon resonance (SPR).
When the AR221-610 fragment was immobilized to the
surface of a sensor chip, it bound both the Fib-2 monomer
and the 140 kDa (Fib-2)2 dimer in a dose-dependent manner
(Figure 3). TheKd values calculated using the observed rate
constants, as described in Experimental Procedures, were
found to be 2.5µM and 410 nM for the monomer and dimer,
respectively (Table 1). They are similar to those determined
by ELISA. These results indicate that the Fib-2 regions of
fibronectin interact with the fibrin(ogen)RC regions, and
that their affinity to this region is lower than that of Fib-1.
Since the Fib-2 region seems to be better preserved in 140
kDa (Fib-2)2, all further experiments have been performed
with this fragment.

Localization of the Fib-2 Binding Sites in the Fibrin(ogen)
RC-Connector.To further localize the Fib-2 binding sites
within the fibrin(ogen)RC region, we first used ligand
blotting assay. The recombinant AR221-610 fragment and
its subfragments, AR221-391 and AR392-610, correspond-
ing to theRC-connector andRC-domain, respectively (17),
were electrophoresed in 10% polyacrylamide gel, transferred
onto nitrocellulose membrane, and then probed with the 140
kDa (Fib-2)2 fragment. The experiment revealed that 140
kDa (Fib-2)2 bound to the AR221-610 fragment and its
AR221-391 subfragment, while no binding was observed
with the other subfragment, AR392-610 (Figure 4). This

FIGURE 2: Analysis of binding of the fibronectin fibrin-binding
fragments to the AR221-610 fragment by ELISA. Increasing
concentrations of the Fib-2 (panel A) or 140 kDa (Fib-2)2 (panel
B) fragments were incubated with the microtiter wells coated with
the AR221-610 fragment, and the bound fragments were detected
with anti-fibronectin polyclonal antibodies. The curves for each
fragment represent the best fit of the date to eq 1. Errors bars reflect
the standard deviation of duplicate experiments.

Table 1: Dissociation Constants (Kd) for the Interaction of the
Fibrin-Binding Fragments of Fibronectin with the Recombinant
AR221-610 RC-Fragment and Its Subfragmentsa

RC-fragments
Kd, nM
Fib-1

Kd, µM
19 kDa Fib-2

Kd, nM
140 kDa (Fib-2)2

AR221-610 36b 3.1( 0.4c 360( 70c

2.5( 0.3d 410( 60d

AR221-391 760( 80c

AR392-610 no bindingc

a Values are means( the standard deviation of at least three
independent experiments.b Obtained by SPR in the previous study (3).
c Obtained by ELISA.d Obtained by SPR.

FIGURE 3: Analysis of binding of the fibronectin fibrin-binding
fragments to the AR221-610 fragment by surface plasmon
resonance. Increasing concentrations of the Fib-2 (panel A) or 140
kDa (Fib-2)2 (panel B) fragments were added to the immobilized
AR221-610 fragment, and their association was monitored in real
time while registering the resonance signal (response) by IAsys
biosensor. The concentrations in panel A were 0.5, 1.0, 1.5, 2.0,
and 3.5µM, and those in panel B were 50, 100, 200, 300, 400,
600, and 800 nM, respectively. The inset in each panel shows a
plot of the values ofkobs determined for each association curve
versus ligand concentration to derivekassandkdissand thus determine
the dissociation equilibrium constant,Kd.
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suggests that the Fib-2 binding site is located within the
AR221-391 residues forming theRC-connector. However,
binding of 140 kDa (Fib-2)2 to the AR221-391 subfragment
seems to be relatively weak since the intensity of the band
corresponding to this subfragment was quite low (Figure 4C).
To further confirm this binding we tested the interaction
between these components by ELISA. When 140 kDa (Fib-
2)2 at increasing concentrations was incubated with im-
mobilized AR221-610 and its subfragments, it exhibited a
dose-dependent binding to AR221-610 and AR221-391,
while no binding to the AR392-610 subfragment was
observed (Figure 5). In contrast to the results of ligand
blotting, in this assay the binding of 140 kDa (Fib-2)2 to the
AR221-391 fragment (Kd ) 760 nM) was comparable with
its binding to the AR221-610 subfragment (Kd ) 360 nM)
(Table 1). Altogether these results indicate that the Fib-2
binding site is located in the fibrin(ogen)RC-connector
including residues AR221-391.

Competition Experiments.This and the previous study (3)
localized the Fib-1 and Fib-2 binding sites within the fibrin-
(ogen)RC-connector. Since both the Fib-1 and Fib-2 regions
consist of homologous repeats, type I (finger) domains, and
bind to the sameRC-connector, one might expect that they
share the same binding site(s). Alternatively, Fib-1 and Fib-2
may bind to different sites. To select between these alterna-
tives, we performed the following competition experiments.
In ELISA, when 140 kDa (Fib-2)2 at 0.25µM was incubated
with the immobilized AR221-610 fragment in the presence
of increasing concentrations of the Fib-1 fragment, the latter
inhibited binding of the former only moderately (Figure 6).
Even at the concentration of 5µM, which is more than 100-
fold higher than theKd value for the interaction of Fib-1
with the RC-fragment, the Fib-1 fragment inhibited the
binding by only about 30%. These results are in agreement
with the previous observation (23), in which the recombinant
F4-F5 fragment of the fibronectin Fib-1 region and the anti-
F4-F5 monoclonal antibody only partially inhibited binding
of fibronectin to immobilized fibrin. They also suggest that
the fibrin(ogen) RC-connector contains more than one
fibronectin binding site, and that the Fib-1 and Fib-2 regions
of fibronectin interact with theRC-connector mainly through
different sites, but that some of these sites may overlap.

SPR-Detected Interaction of Fibronectin with the AR221-
610 Fragment.The experiments with the isolated Fib-1 and
Fib-2 containing fragments performed here and before (3,
23, 26) suggest that there should be at least two types of
fibrin-binding sites in fibronectin, one of high affinity and
another one of lower affinity. At the same time, in the
previous studies (3, 23, 26) only the high affinity binding of
fibronectin to either immobilized fibrin or its recombinant
RC-fragments has been observed. To check if a lower affinity
binding between these proteins could also be detected, we
studied the interaction between fibronectin and the im-
mobilized AR221-610 fragment by SPR using a wide range
of fibronectin concentrations (Figure 7). When fibronectin
was added at low concentrations (2.5-25 nM), it exhibited
a dose-dependent interaction with AR221-610. TheKd value
calculated using the observed rate constants,kobs (see
Experimental Procedures), was found to be 13 nM (inset A
and Table 2). This value is comparable with that determined
earlier for the interaction between these species by the same

FIGURE 4: Analysis of binding of the 140 kDa (Fib-2)2 fragment
to the AR221-610 RC-fragment and its subfragments by ligand
blotting. The AR221-610 fragment and its subfragments, AR392-
610 and AR221-391 (lines 1, 2, and 3, respectively), were
electrophoresed in 10% polyacrylamide gels that were subsequently
stained with Coomassie Blue (panel A) or electrophoretically
transferred to nitrocellulose membrane, stained with Ponseau S
(panel B), and probed with the 140 kDa (Fib-2)2 fragment after
destaining (panel C). Bound 140 kDa (Fib-2)2 in panel C was
detected as described in Experimental Procedures. The right outer
lane in panel B contains molecular mass markers.

FIGURE 5: Analysis of binding of the 140 kDa (Fib-2)2 fragment
to the AR221-610 RC-fragment and its subfragments by ELISA.
Increasing concentrations of 140 kDa (Fib-2)2 were incubated with
microtiter wells coated with theRA221-610 fragment (open circle),
or its subfragments, AR221-391 (solid circle) and AR392-610
(triangles), and bound 140 kDa (Fib-2)2 was detected with anti-
fibronectin polyclonal antibodies. The curves for the AR221-610
and AR221-391 fragments represent the best fit of the date to eq
1. Error bars reflect the standard deviation of the duplicate
experiments.

FIGURE 6: Competition experiment on the binding of the Fib-1
and 140 kDa (Fib-2)2 fragments to the immobilized AR221-610
RC fragment performed by ELISA. The 140 kDa (Fib-2)2 fragment
at 0.25µM in the presence of increasing concentrations of the Fib-1
fragment was incubated with microtiter wells coated with 20µg/
mL AR221-610. Bound 140 kDa (Fib-2)2 was detected with anti-
Fib-2 polyclonal antibodies. Error bars reflect the standard deviation
of three independent experiments.
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method (3) (Table 1). When fibronectin was added at higher
concentrations (50-1000 nM), a substantial increase in
binding was observed, suggesting the presence of a lower
affinity binding site(s). TheKd value calculated from the
analysis of the binding curves obtained in this concentration
range was found to be 220 nM (inset B and Table 2). This
value is close to those calculated for the interaction of the
140 kDa (Fib-2)2 fragment with immobilized AR221-610
(Table 1). The presence in theRC region of two classes of
fibronectin-binding sites with different affinities is more
graphically illustrated by an alternative analysis of the
association curves presented in Figure 7. The curves were
employed to derive the maximal response at equilibrium
(Extent) for each fibronectin concentration, which is actually
proportional to the bound fibronectin. These data were used

to construct a Scatchard plot, which revealed two types of
binding sites with theKd values of 16 and 250 nM (inset C
and Table 2). The relative number of weak versus strong
sites was approximately 4:1. These data clearly indicate that
fibronectin interacts with the fibrin(ogen)RC regions through
two types of binding sites, high affinity and low affinity,
with a greater number of the latter.

Since fibronectin interacts only with fibrin (3), and since
in fibrin the RC regions formRC polymers (16), we next
studied binding of fibronectin to the immobilized cross-linked
oligomeric form of the AR221-610 fragment (RC oligo-
mers), which mimics such polymers (31, 33). The SPR
experiments performed in the same concentration range of
fibronectin as above (2.5-1000 nM) revealed that the
character of association of this protein with immobilizedRC
oligomers (Figure 8) was similar to that of fibronectin with
the AR221-610 monomer presented in Figure 7. TheKd

values calculated as described above using the observed rate
constants determined in the 2.5-25 nM and 50-1000 nM
concentration ranges were found to be 11 and 670 nM,
respectively (Table 2). The Scatchard plot (not shown) was

FIGURE 7: Binding of fibronectin to the AR221-610RC-fragment
detected by surface plasmon resonance. Fibronectin at the indicated
concentrations (2.5-25 nM includes 2.5, 5, 7.5, 10, 12.5, 15, 17.5,
20, 22.5, and 25 nM) was added to the immobilized AR221-610
fragment, and its association was monitored in real time while
registering the resonance signal (response) using the IAsys bio-
sensor. Insets A and B show plots of thekobsvalues determined for
each association curve in the 2.5-25 nM and 50-1000 nM
concentration ranges, respectively, versus ligand concentration to
derivekassandkdissand thus determine the dissociation equilibrium
constants (Kd) presented in Table 2. Error bars in both insets reflect
the standard deviation of four independent experiments. Inset C
shows an alternative analysis of the association data obtained in
the 2.5-1000 nM concentration range. The maximum responses
at equilibrium (Extent) expressed in response units (RU) were
plotted versus fibronectin concentration ([Fn]) to obtain the saturable
binding curve and to construct the Scatchard plot shown in the inset
and determine the equilibrium dissociation constants presented in
Table 2.

FIGURE 8: Binding of fibronectin toRC oligomers detected by
surface plasmon resonance. Fibronectin at the indicated concentra-
tions (2.5-25 nM includes 2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20, 22.5,
and 25 nM) was added to the immobilized oligomeric form of the
AR221-610 fragment, and its association was monitored in real
time while registering the resonance signal (response) using the
BIAcore 3000 biosensor. The data were analyzed as described in
the text to obtain theKd values shown in Table 2.

Table 2: Dissociation Constants (Kd) for the Interaction of
Fibronectin with the Recombinant AR221-610 RC-Fragment and
Its Cross-LinkedRC Oligomers Obtained by Analyses of the SPR
Dataa

fragment Kd1, nM Kd2, nM

RC monomer 13( 3b 220( 21c

16d 250d

RC oligomer 11( 2.5b 670( 85c

15d 550d

a Values are means( the standard deviation of 2-4 independent
experiments.b Obtained by the analysis of association data in the 2.5-
25 nM concentration range.c Obtained by the analysis of association
data in the 50-1000 nM concentration range.d Obtained by the
Scatchard analysis.

Fib-2 Mediated Interaction of Fibronectin with Fibrin Biochemistry, Vol. 46, No. 18, 20075423



similar to that in Figure 7, inset C, withKd values of 15 and
550 nM. These results further confirm that the interaction
of fibronectin with theRC regions occurs through two types
of binding sites, high affinity and low affinity. They also
suggest that the affinities of these sites do not change
substantially upon polymerization of these regions in fibrin.

DISCUSSION

Noncovalent binding of fibronectin to fibrin plays an
important role in the covalent incorporation of the former
into the fibrin clot. Previous studies identified two fibrin-
binding regions in fibronectin, Fib-1 and Fib-2 (19, 20), and
established the mechanism of the Fib-1 mediated interaction
(3, 21, 23). The major goal of the present study was to
characterize the interaction mediated by the Fib-2 region and
clarify its role in the incorporation of fibronectin into the
clot. The Fib-1 and Fib-2 fragments corresponding to the
fibrin-binding regions can be prepared by limited proteolysis
of fibronectin with various enzymes. Comparison of the
fibrin-binding properties of these fragments performed previ-
ously by two groups (21, 26) gave quite conflicting results.
While ELISA revealed that Fib-2 bound to immobilized
fibrin with a much lower affinity than Fib-1 (26), the results
of affinity chromatography experiments suggested that their
affinities may be comparable (21, 26). Such a discrepancy
may arise from several factors. First, the use of affinity
chromatography for comparison of relative affinities of
proteins may have some limitations, as discussed in ref26.
Second, although ELISA is widely used for determination
of equilibrium dissociation constants, their absolute values
are often dependent on experimental conditions (3, 34, 35).
Finally, the 14.4 kDa Fib-2 fragment used in the ELISA
experiments described in ref26 was prepared from a
subtilisin digest of fibronectin and contained proteolytic
cleavages in the F12 domain, which was shown to be
important for fibrin-binding. To minimize these factors, we
used the 19 kDa Fib-2 and 140 kDa (Fib-2)2 fragments
prepared from the thermolysin and cathepsin D digests of
fibronectin, respectively, which were devoid of the above-
mentioned cleavages; we also used a real-time binding assay,
SPR, in addition to a solid-phase binding assay, ELISA.

The present study confirmed our previous prediction (3)
that the Fib-2 region of fibronectin should interact with the
RC region of fibrin. The study also revealed that affinities
of Fib-2 containing fragments to theRC region depend on
their composition. Of the two tested Fib-2 containing
fragments, 140 kDa (Fib-2)2 and 19 kDa Fib-2, the former,
which being bivalent better mimics the Fib-2 regions of the
parent protein, had a higher affinity. At the same time, its
binding was still more than 10-fold weaker than that of the
Fib-1 fragment (Table 1). In agreement, SPR experiments
with whole fibronectin revealed two classes of binding sites
with dissociation constants comparable to those determined
for the Fib-1 and the 140 kDa (Fib-2)2 fragments (Tables 1
and 2). It should be noted that a similar difference between
the ELISA-determined dissociation constants for the interac-
tion of Fib-1 and Fib-2 with fibrin was reported in ref26.
Altogether, these results clearly indicate that affinity of the
Fib-2 region to theRC region is about 1 order of magnitude
lower than that of Fib-1.

Our binding experiments revealed that the amount of
fibronectin bound to immobilizedRC through the low affinity

sites (Fib-2 binding) is higher than that through the high
affinity ones (Fib-1 binding). This implies that eachRC
region contains several fibronectin binding sites and that there
are more sites for Fib-2 than for Fib-1. Although the data
did not allow calculating the absolute number of each type
of binding site, the Scatchard analysis suggests that the
number of Fib-2 sites exceeds that of Fib-1 by approxi-
mately 4-fold. Thus, if eachRC region contains one high
affinity Fib-1 site, it should have at least four additional low
affinity Fib-2 sites. Further, the competition experiments
revealed that at least one of the Fib-2 sites of theRC region
overlaps with the Fib-1 site. This implies that the interaction
of fibronectin through Fib-1 is more specific than through
Fib-2.

Previously, Rostagno et al. (21) hypothesized that the Fib-1
sites, due to their higher affinity, may provide primary
binding to fibrin, while the Fib-2 sites may serve to
subsequently strengthen the interaction. Since the primary
interaction is reinforced by covalent cross-linking of Fib-1
to theRC region, the strengthening role of the Fib-2 mediated
interaction might seem superfluous. In this case one can
propose an alternative hypothesis. Namely, since fibronectin
is a long multidomain flexible molecule and Fib-1 binding
anchors to fibrin only its NH2-terminal portions, Fib-2
binding may serve to additionally anchor the COOH-terminal
portions thereby immobilizing the entire molecule in a
particular conformation on the fibrin surface. It should be
noted that theRC regions in fibrin are located in close
proximity forming covalently cross-linkedRC polymers (16)
and that the length of the fibronectin molecule substantially
exceeds that of an individualRC region. This implies that
the Fib-1 and Fib-2 regions of the same fibronectin molecule
could be anchored to theRC regions of different fibrin
molecules.

In the present study, we found that the Fib-2 binding site,
like that of Fib-1 (3), is located within theRC-connector
portion of theRC region. This portion contains ten 13-residue
internal tandem repeats (36) and has a flexible extended
conformation (16, 17). Previous studies also established that
at least two adjacent finger domains are involved in the
binding of Fib-1 and Fib-2 to fibrin (21, 23, 26). These
findings indicate that the interaction of both Fib-1 and Fib-2
regions of fibronectin with theRC-connector occurs through
a combination of adjacent finger domains in each of the
former and flexible tandem repeats of the latter. This is
reminiscent of the interaction of the Fib-1 region with some
bacterial fibronectin-binding proteins (FnBPs) (37-41).
Recent NMR studies established that this interaction occurs
through a “tandemâ-zipper” mechanism whereby the
unstructured regions of the tandem repeats in FnBP form
additional antiparallelâ-strands at the edges of the triple-
strandedâ-sheets of adjacent finger domains of fibronectin
(38, 39). It is interesting that the length of two extendedRC-
connector repeats is similar to the length of the streptococcal
FnBP peptide B3 that associates with the bimodular fi-
bronectin fragment F1-F2 in the complex solved by NMR
(38). It is also comparable with the length of a staphylococcal
FnBP peptide that interacts with another bimodular fibronec-
tin fragment, F4-F5 (42). Further, our molecular modeling
revealed that a pair of theRC-connector repeats can be
accommodated on the FnBP-binding surface of the F4-F5
fragment (results not shown). All these facts suggest that
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the interaction of fibronectin with fibrin could also occur
through a “tandemâ-zipper” mechanism.

In summary, based on this and the previous studies (3,
21, 23, 26) one can suggest the following mechanism of
incorporation of fibronectin into fibrin clots. The primary
high affinity noncovalent interaction between fibronectin and
fibrin occurs through the NH2-terminal Fib-1 region (F4-F5
domains) of the former and theRC-connectors (tandem
repeats) of the latter. This interaction is highly specific and
should be sufficient to facilitate covalent cross-linking by
factor XIIIa, which further reinforces the complex. The Fib-1
mediated binding also increases the local concentration of
fibronectin thereby facilitating its Fib-2 mediated lower
affinity interaction with fibrin. This interaction is less
specific, may occur through any of several low affinity sites,
and serves most probably to anchor the COOH-terminal
portions of the fibronectin molecule to the fibrin clot. Such
anchoring may play an important role in immobilizing
fibronectin on a fibrin surface in a particular conformation,
perhaps exposing cryptic binding sites (43-45) and facilitat-
ing its interaction with various molecules and cell types
during hemostasis, wound healing, and other processes.
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