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Fibronectin (FN), a dimeric adhesive glycoprotein, which is present both in plasma and the extracellular matrix
can interact with platelets and thus contribute to platelet adhesion and aggregation. It has been shown that FN
can decrease platelet aggregation but enhance platelet adhesion, suggesting a dual role of FN in haemostasis.
The prevalent function(s) of FN may be determined by its fibril form. To explore the suggested dual role of this
adhesive protein for haemostasis in further detail, we now tested for any differences of adherent and suspended
platelets with regard to their effect to unfold and assemble FN upon interaction. Platelet aggregation and
adhesion assays were performed using washed platelets in the presence of exogenous FN. Addition of plasma
FN reduced platelet aggregation in response to collagen or PMA by 50% or 25% but enhanced platelet adhesion
onto immobilized collagen, as compared to control experiments. Analyses by fluorescence resonance energy
transfer (FRET) demonstrated that adherent platelets but not suspended platelets were capable of unfolding
FN during 3 h incubation. Fluorescence microscopy and deoxycholate (DOC) solubility assays demonstrated
that FN fibrils formed only on the surfaces of adherent platelets. In addition, platelets adherent onto FN revealed
a significantly higher activity of specific Src phosphorylation (pY418) than platelets in suspension. These data
suggest (1) that the function of FN in haemostasis is prevalent to its assembly, unfolding and subsequent fibril
formation on the surface of adherent platelets and (2) that outside-in signaling contributes to the interaction
of platelets and FN.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Platelet adhesion and subsequent aggregation are the crucial steps in
preventing blood loss after vascular injury. These processes are highly
regulated by interactions between platelets and extracellular matrix
and/or plasma proteins. Fibronectin (FN) is a dimeric glycoprotein of
230 to 250 kDa subunits which is present in soluble form in plasma
and in insoluble form in the extracellular matrix [1,2]. Plasma FN has
been suggested to contribute to platelet adhesion and aggregation
[3–5]. However, various studies have reported controversial results
about the nature of its role during these processes [6–12]. Defining the
adenosine diphosphate; PMA,
sonance energy transfer; DOC,
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role of plasma FN in platelet adhesion and aggregation will lead to a
better understanding of platelet biology and pathology.

Plasma FN has a compact conformation that contains several buried
protein binding sites for interactingwith cell surface receptors, collagen,
proteoglycans, or other FNmolecules. Many of them are involved in the
assembly of FN into fibrillar matrix that supports cell adhesion, growth,
migration and differentiation [13]. Previous studies have reported that
fibril assembly is dependent on the interaction of FN with integrins
[14–17]. Upon interacting with integrins, the FN molecule becomes un-
foldedwith subsequent exposure of the buried binding sites. Interaction
of FN with integrins can also induce receptor clustering, which in turn,
brings together bound and unfolded FN to promote fibril assembly. FN
is then organized into detergent insoluble fibrils which are formed by
the overlapping of unfolded FN dimers. These fibrils were reported to
contribute to platelet adhesion and aggregation [18]. In general,
unfolding is a cell-dependent process that turns FN into its active fibrilar
form [19].

Binding of FN to cell surface integrins is necessary for the FN assem-
bly process but is not sufficient. Instead, cellsmust generate intracellular
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signals to induce reorganization of the cytoskeleton which exerts the
biomechanical forces via integrins to promote FN unfolding and fibril
assembly [20,21]. Integrins activate several protein kinases including
protein tyrosine kinases (focal adhesion kinase, FAK, Src family kinases,
Abelson tyrosine kinase, Abl) [22,23]. Src family tyrosine kinases are
reported to control signaling pathways involved in cytoskeletal reorga-
nization indirectly through binding to FAK or directly through binding
to the β cytoplasmic tails of integrins [24].

In the present study, we examined the effect of soluble plasma FN on
platelet adhesion and aggregation in vitro. We observed that plasma FN
can play a dual effect in platelet adhesion and aggregation. To explore
the nature of the two opposite effects, we examined conformational
changes of FNwhen interactingwith platelets in suspension or adherent
platelets. Moreover, we tested for any differences in specific Src
phosphorylation of adherent platelets and platelets in suspension.

2. Materials and Methods

2.1. Materials

Gelatin-sepharose and collagen type I were purchased from Sigma
Aldrich (Hamburg, Germany). Sephadex G-25 gel filtration columns
were obtained from Amersham Pharmacia (GE Healthcare, Munich,
Germany). Alexa Fluor® 488 succinimidyl ester (AF488), Alexa Fluor®
546 maleimide (AF546) and CellTrackerTM Green CMFDA were from
Molecular Probes (Darmstadt, Germany). Rotilabo® PMMA disposable
cuvettes were purchased from Carl Roth GmbH (Karlsruhe, Germany).
All other chemicals were from major suppliers.

2.2. Isolation and Fluorescent Labeling of FN

2.2.1. Isolation of Plasma FN
Human plasma FN was isolated by a modified procedure using

gelatin-sepharose chromatography [25]. Briefly, frozen human plasma
obtained from Heinrich Heine University Blood Center in Dusseldorf
was thawed at 37 °C and supplemented with 10 mM ethylenediamine-
tetraacetic acid (EDTA) and 0.02% sodium azide (NaN3). Plasma was
then applied to a gelatin-sepharose packed column. The column was
washed with 50 mM Tris pH 7.4 until there was no detectable protein
in the eluant (absorbance at 280 nm). Washing was continued with
1 M NaCl followed by 1 M urea. Finally, FN was eluted by 3 M urea
and immediately subjected to dialysis against PBS pH 7.3 containing
10% glycerol overnight at 4 °C. Fractions were analyzed by SDS-PAGE
(6% gel). Purity was further confirmed by dot blot experiments using
specific monoclonal antibodies directed against FN, PLG, or FG. Protein
concentrations were determined by absorbance at 280 nm using E1
mg/mL = 1.28.

2.2.2. FN Labeling for FRET (Fluorescence Resonance Energy Transfer)
Isolated plasma FN was doubly labeled with AF488 (donor) and

AF546 (acceptor) for FRET experiments, as previously described [26].
Briefly, isolated FN was denatured by 4 M GdnHCl to expose the two
cryptic free cysteine residues. AF546 was then added to the protein
solution at a molar ratio of 30:1 (dye/FN molecule) to label the four
free cysteine residues in the FN dimer specifically. The incubation was
performed in dark for 1 h at room temperature with gentle rotation.
After that, unbound dyes were removed by dialysis against PBS pH 7.3
overnight. AF546-conjugated FN (FN546) protein was collected, and
the concentration was measured by reading the absorption at 280 nm.
Next, 0.1M sodiumbicarbonate pH 8.7was added to the FN546 solution
for amine labeling according to the user manual. Labeling was
performed by adding AF488 in an 80-foldmolar excess to the FN546 so-
lution. The mixture was incubated for 1 h in dark at room temperature
with gentle rotation. Free dyes were again removed by dialysis against
PBS pH 7.3 overnight. Concentrations and corresponding conjugation
ratios (dye/FN molecule) were determined by reading the absorption
at 280 nm, 496 nm, and 556 nm, respectively. The calculation was
performed according to the user manual. Batches of doubly labeled FN
conjugated with 3–4 acceptors and 6–9 donors were chosen for further
experiments.

2.2.3. Sensitivity of FRET to Changes in FN Conformation
To examine the sensitivity of FRET signals indicative of changes in FN

conformation, labeled FN was exposed to solutions of GdnHCl at step-
wise increasing concentrations (0 through 4 M). Fluorescence signals
were recorded at 517 nm (donor emission wavelength) and 570 nm
(acceptor emission wavelength) with an excitation wavelength at
488 nm using a LS55 fluorescence spectrometer (Perkin Elmer, Rodgau,
Germany). FRET signals were determined as ratio of acceptor fluores-
cence intensity to donor fluorescence intensity (IA/ID). Highest FRET
signals of soluble FN in solution without GdnHCl were shown as 100%.

2.2.4. Platelet Preparation
Citrated bloodwas collected fromhealthy volunteers,whohad given

informed consent according to the Helsinki declaration. Washed plate-
lets were prepared from PRP as previously described [27]. The platelets
were finally resuspended in HEPES Tyrode buffer (NaCl 136.5 mM, KCl
2.7 mM, MgCl2.6H2O 2 mM, NaH2PO4.H2O 3.3 mM, HEPES 10 mM,
dextrose 5.5mMand fatty acid-free albumin 1 g/L, pH 7.4). Platelet sus-
pension was adjusted to a final concentration of 2.5 × 108 platelets/mL.
The platelet suspensionwas supplementedwith 2mMCaCl2 whichwas
added immediately before the experiments.

2.2.5. Platelet Aggregation Assay
Washed platelets (2.5 × 108/mL) were mixed with 300 μg/mL

plasma FN. Aggregation was induced by 10 μg/mL collagen or 40 nM
PMA. For control experiments, washed platelets were tested for aggre-
gation in the absence of exogenous plasma FN and/or agonists. Platelet
aggregation was monitored by recording changes in light transmission
over 5 min using aggregometer (DiaSys Greiner, Flacht, Germany).

2.2.6. Platelet Adhesion Assay
Wells of a 96-well plate were coatedwith collagen type I (50 μg/mL)

or FN (50 μg/mL) and subsequently blockedwith 1% bovine serum albu-
min (BSA). Washed platelets (5 × 108/mL) were labeled with 10 μM
CMFDA for 1 h at room temperature. HEPES Tyrode buffer (200 μL)
containing 107 CMFDA-labeled platelets and 2 mM CaCl2 was added
and incubated for 30 min at 37 °C in the absence or presence of added
plasma FN (300 μg/mL). In parallel experiments, platelet adhesion was
performed in the presence of 10 μM ADP. Nonadherent platelets were
washed away. Adherent platelets were quantified by fluorescence
intensity of CMFDA recorded by a microplate fluorometer (Fluoroskan
Acent, Thermo Scientific (Langenselbold, Germany).

2.2.7. Unfolding of FN by Platelets Assessed by FRET
Labeled FN was mixed with 10-fold excess of unlabeled FN to

prevent energy transfer between adjacent protein molecules. For
experiments with platelets in suspension, PMMA cuvettes were
coated with 1% BSA at 37 °C for 1 h to prevent any possible interac-
tion of platelets with PMMA. A 10 μg/mL of FN mixture (labeled FN:
unlabeled FN, 1:10 ratio) was added to cuvettes containing washed
platelets (106/mL) in 2 mL HEPES Tyrode buffer supplemented with
2 mM CaCl2 and 40 nM PMA. Gentle stirring was applied to ensure
that platelets were kept in suspension. For experiments with adher-
ent platelets, washed platelets (108/mL) in 2 mL of HEPES Tyrode
buffer supplemented with 2 mM CaCl2 were allowed to adhere for
1 h at 37 °C onto PMMA cuvette surfaces precoated with FN (50
μg/mL). Unbound platelets were washed away and 10 μg/mL of FN
mixture with 40 nM PMAwas added to the cuvettes. In both settings,
FRET signals were recorded after 0 h, 1 h, 2 h and 3 h of incubation.
For control, FRET signals of a FN mixture without platelets were
recorded.
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2.2.8. Fluorescence Measurement of Deposited FN Fibrils on Platelets
For suspended platelets, PMMA cuvettes were coatedwith 1% BSA at

37 °C for 1 h. FN488 (60 μg/mL) was mixed with suspension of washed
platelets (106/mL) in HEPES Tyrode buffer supplemented with 2 mM
CaCl2 and 10 μM ADP. The samples (2 mL) were then applied into BSA
pre-coated cuvettes and incubated for 0–3 h. For adherent platelets,
PMMA cuvettes were coated with FN (50 μg/mL) and blocked with 1%
BSA at 37 °C for 1 h. Washed platelets (108/mL) in HEPES Tyrode buffer
containing 2mMCaCl2were allowed to adhere onto FN-coated cuvettes
at 37 °C for 1 h. Nonadherent platelets were washed away. Subsequent-
ly, FN488 (60 μg/mL) inHEPES Tyrode buffer containing 2mMCaCl2 and
10 μM ADP was added. In parallel experiments, 40 nM PMA was used
instead of 10 μMADP. After 0–3 h of incubation, unbound FNmolecules
and platelets were removed by three rinses. Platelets in suspension and
adherent platelets were subsequently lysed with 2% deoxycholate
(DOC) buffer. Protein concentrations of lysed materials were deter-
mined by Bradford assay. The DOC-insoluble pellets containing FN
fibrils were isolated by centrifugation at 13,500 rpm (16,100 × g) for
20 min. Pellets were solubilized by 1% SDS buffer. Equal amounts of
insoluble samples (based on total protein concentrations) were loaded
onto 96-well microplates. Fluorescence intensities of FN488 of samples
were recorded by using Fluoroskan microplate reader to compare the
amount of FN assembly.

2.2.9. Microscopic Analysis of DOC-extractability of Deposited FN488 on
Platelets

Platelets adherent onto FN-coated coverslips were incubated for
0–3 h with FN488 (60 μg/mL) in the presence or absence of agonists
(10 μM ADP or 40 nM PMA) in HEPES Tyrode buffer containing 2 mM
CaCl2. After three rinses, fluorescent microscopy was performed using
a laser-scan microscope (Axiovert 100 M, Carl-Zeiss, Jena, Germany).
Adherent platelets were then washed with 2% DOC for 2 min and
processed again for microscopy.

For experimentswith platelets in suspension,washed plateletswere
incubated for 0–3 h with similar concentration of FN488 and buffer
composition as described for adherent platelets. After incubation with
FN488, FN488-bound platelets were allowed to adhere onto FN-coated
coverslips for 15 min followed by three washing steps. Processing for
microscopy and washing with 2% DOC were also performed, as
described for adherent platelets.

2.2.10. Western Blot Analysis of Src Phosphorylation (pY418 Src) in
Platelets

For experiments with adherent platelets, washed platelets were
allowed to adhere for 30 min at 37 °C onto wells pre-coated with 50
μg/mL FN or 1% BSA (control experiments). For experiments with
suspended platelets, washed platelets in suspension were incubated
with soluble FN (50 μg/mL) or soluble BSA (1%) for 30 min at 37 °C.

In another set of experiments, the pY418 Src activities of suspended
platelets and adherent platelets upon their interactionwith FNwere ex-
amined in the presence of agonists (10 μMADP, 40 nM PMA, or 0.5 mM
MnCl2) and/or inhibitors (10 μM PP1 or 1 U/mL apyrase, respectively).

After incubation with ligand (FN or BSA) and/or agonists (ADP, PMA,
MnCl2) followed by three washing steps, platelets in suspension or
adherent platelets were lysed with ice-cold lysis buffer (final concentra-
tions: 20 mM Tris pH 7.4, 1% Triton X-100, 0.5% DOC, 5 mM EDTA,
145mMNaCl, 1mMNa3VO4, 0.1mMNaF, protease inhibitor cocktail tab-
let (Roche, Mannheim, Germany). The extracted protein concentration
was determined by Bradford assay. Equal amounts of protein (60 μg)
were applied on a 6% SDS-PAGE gel, transferred to PVDF membranes,
and probed with anti- pY418 Src antibody (Invitrogen, Darmstadt,
Germany) or with anti-β3 antibody (Santa Cruz, Heidelberg, Germany)
for β3 (reference protein). Membranes were further incubated with
anti-rabbit secondary antibody and signals were developed using
Supersignal West Dura system (Thermo Scientific, Langenselbold,
Germany). The signals were scanned with Bio-Rad VersaDoc imaging
system, and the densitometric quantitation was performed by using
Quantity One software (Bio-Rad GmbH, Munich, Germany)

2.2.11. Statistical Analysis
Data from at least three different experiments were analyzed using

GraphPad Quickcals (San Diego, USA). To test for statistical differences,
Student’s t-test was used. A p-value of b 0.05was considered statistical-
ly significant.

3. Results

3.1. Plasma FN Decreased Platelet Aggregation but Enhanced Platelet
Adhesion

The concentration of FN in plasma is about 300–400 μg/mL [28]. To
test for the effect of plasma FN on platelet aggregation, isolated plasma
FN (300 μg/mL)was added to a suspension ofwashed platelets followed
by the addition of 40 nM PMA or 10 μg/mL collagen to induce platelet
aggregation. ADP, another commonly used agonist to induce platelet
aggregation, was not chosen in our experiments because FN does not
bind to ADP-stimulated platelets in suspension [29]. As shown in
Fig. 1(A-B), addition of FN to washed platelets resulted in a delay in
the kinetic and a reduction in platelet aggregation by 50% or 25% upon
stimulation with collagen or PMA, respectively.

To examine the effect of FN on platelet adhesion, CMFDA-labeled
platelets were allowed to adhere onto immobilized collagen or FN in
the presence of 300 μg/mL plasma Fn. In parallel experiments, platelet
adhesionwas performed in the presence of added 10 μMADP to support
platelet activation by additional inside-out signaling. As also depicted in
Fig. 1(C-D), addition of exogenous soluble FN significantly increased the
rate of platelet adhesion onto both immobilized ligands, as compared to
adhesion experiments without added FN. These observations were
found to be independent on the presence of added ADP (10 μM).

3.2. Sensitivity of FRET to Conformational Changes of FN under Denaturing
Conditions

Our in vitro experiments demonstrated that FN can play a dual effect
in platelet adhesion and aggregation (Fig. 1). Since unfolding is crucial
for the function of FN, we hypothesized that the dual effect of FN is
due to the difference in FN unfolding upon interacting with suspended
platelets or adherent platelets. Hence, FRET was used as a tool to assess
unfolding of FN in vitro. Isolated FN was doubly labeled with AF488 and
AF546 for FRET analyses (Fig. 2A). In principle,when FN is in its compact
structure, the average intramolecular distance between donors and
acceptors attached to FN is the shortest and causes the highest FRET
signal. As FN becomes unfolded, the intramolecular distance between
donors and acceptors increases leading to a concomitant decrease in
FRET signal (Fig. 2B).

To evaluate the sensitivity of FRET indicative of the unfolding of FN,
labeled FN was exposed to increasing concentrations of GdnHCl
(1–4 M) and FRET signals were recorded. FRET signals decreased over
the range of GdnHCl concentrations, as shown in Fig. 2(C-D) indicating
conformational changes in the FN molecule from its compact to the
unfolded state. FRET signals of FN in its compact conformation (0 M
GdnHCl) were set at 100% and decreased to 64%, as the FN molecule
extended in 1 M GdnHCl solution. Further unfolding of FN at 2 M, 3 M
and 4 M concentrations of GdnHCl reduced the FRET signals to 50%,
44% and 40%, respectively.

3.3. Adherent Platelets but not Platelets in Suspension Progressively
Unfolded FN

To examine any difference in FN unfolding by adherent and
suspended platelets, labeled FN was incubated with PMA-stimulated
platelets in suspension or platelets adherent onto immobilized FN.



Fig. 1. Dual effect of FN on platelet adhesion and aggregation. Washed platelets were stimulated with 10 μg/mL collagen (A) or 40 nM PMA (B) in the absence or presence of 300 μg/mL
plasma FN. Platelets aggregation was measured by using aggregometer. Resting platelets did not aggregate without treatment with agonist (data not shown). 200 μL of CMFDA-labeled
platelets (5 × 107/mL) without or with 300 μg/mL plasma FN in HEPES Tyrode’s buffer containing 2 mM CaCl2 were placed on collagen- (C) or FN-coated wells (D) of 96-well plate
and incubated for 30 min at 37 °C. In parallel experiments, platelets were allowed to adhere onto immobilized ligand in the presence of 10 μM ADP. Adhesion was quantified by fluores-
cence intensity of CMFDA as described in “Materials and methods”. Values represent the mean ± SD of three individual experiments. (*) p b 0.05.

Fig. 2. Fluorescence conjugation and characterization of labeled FN.
(A) Schematic sketch of the putative positions of fluorophores conjugated to FNmolecule for FRET. FNwas doubly labeledwith AF 488 (donor) and AF546 (acceptor) as described in

“Materials and methods”.
(B) Schematic sketch of FN conformations in GdnHCl solutions correlatedwith FRET. FN in solution of 0MGdnHCl is in a compact structure so that it exhibits highest FRET signal. As

GdnHCl concentration in solution increases to N 1 M or N 4 M causing FN to partially unfolded or unfolded, respectively, FRET signal decreases.
(C) Fluorescence emission spectra of doubly labeled FN exposed to solutions with increasing concentrations of GdnHCl. Spectra have been normalized to the donor peak so that

changes in FRET are indicated solely by changes in the acceptor peak.
(D) Reference curve probing FN unfolding in GdnHCl solutions. Labeled FNwas exposed to 0–4 M GdnHCl and fluorescence intensities of donors and acceptors were recorded. FRET

was calculated as ratio of IA/ID. FRET of FN in 0 M GdnHCl solution was shown as 100%.
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Changes in FRET signals were recordedwithin 3 h. FNmixtures (labeled
FN: unlabeled FN, 1:10 ratio) at a final concentration of 10 μg/mL were
incubated with adherent or suspended platelets. Prolonged incubation
times were chosen because of the presumably slow decrease of FRET
signals due to the excessive addition of unlabeled FN and secreted FN
from platelet α-granules. When labeled FN was incubated with adher-
ent platelets, FRET signals decreased in a time-dependent manner by
4 ± 1.3% at 1 h, 5 ± 1.5% at 2 h and 6 ± 1.1% at 3 h (Fig. 3A-B). The
same effect was observed in experiments with other agonists such as
LPA or ADP. In addition, adherent platelets in the absence of agonists
also caused a decrease in FRET signal but to a smaller extent of 4%
after 3 h incubation (K. Huynh, unpublished data, 2012). To confirm
that changes in FRET signals are caused by adherent platelets on the
inner wall of cuvettes, after 3 h of incubation, bulk solutions were
transferred to new cuvettes and FRET signals were measured again.
FRET signals of those bulk solutions showed only 2-3% differences
compared to those at the starting point suggesting that the adherent
platelets on the inner walls of cuvettes are involved in causing changes
in FRET. In contrast, there was no significant decrease in FRET signals of
labeled FN alone or FN incubated with suspended platelets over 3 h.

3.4. Deoxycholate (DOC) Extractability of Bound FN488 to Platelets in
Suspension and Adherent Platelets

Over a period of 1–6 h, intact FN bound to platelets spread on
laminin is progressively converted to fibrils which were reported to
persist an extraction with 2% DOC whereas a bound 70 kDa fragment
was shown to remain soluble in DOC [30]. Therefore, DOC-solubility of
Fig. 3. FN unfolding and assembly by platelets monitored by FRET analysis and DOC-solubility
(A) FN unfolding by suspended and adherent platelets monitored by FRET. Labeled FN w

adjacent protein molecules. FN mixtures (10 μg/mL) were incubated for 3 h at r
immobilized FN (50 μg/mL). In both settings, platelets were stimulated by 40 nM P

(B) Representativefluorescence emission spectra of labeled FN incubatedwith adherent
are indicated solely by changes in the acceptor peak.

(C) & (D) Fluorescencemeasurement of deposited FN fibrils on platelets. Platelets in suspensio
presence of ADP (C) or PMA (D). DOC-solubility assays were performed to compar
Methods”.
Values represent the mean ± SD of three individual experiments. (*) p b 0.05.
intact FN488 bound to platelets in suspension or platelets spread on
FNwasmeasured by fluorescence intensity. After 3 h incubation and ex-
traction with 2% DOC, there were no insoluble fibrils detectable from
ADP-activated suspended platelets since these platelets did not interact
with FN (Fig. 3C). The same observation wasmade in experiments with
PMA-activated platelets in suspension (Fig. 3D), although these plate-
lets interacted with FN (Fig. 4B). In contrast, there was a significantly
high amount of insoluble fibrils detectable on adherent platelets after
incubation (Fig. 3C-D). Consistent with this observation, bound FN488
was detected by microscopy to form a DOC-insoluble fibrillar matrix
at the periphery of adherent platelets. The fibril formation was
enhanced on spread platelets upon addition of ADP or PMA (Fig. 4A).
In contrast, FN488 bound to PMA-stimulated platelets in suspension
for 3 h of incubation remained extractable by 2% DOC (Fig. 4B). These
data suggest that adherent platelets can progressively unfold and
assemble FN into fibril during incubation, whereas suspended platelets
do not.

3.5. Adherent Platelets Showed a Higher Degree of Specific Phosphorylation
of Src (pY418 Src) than Suspended Platelets

To examine the different effects of platelets in suspension and
adherent platelets on their interaction with FN in more detail, we
studied the impact of inside-out and outside-in signaling, as caused by
platelet agonists or as a consequence of ligand binding, respectively,
on the specific phosphorylation activity of Src (pY418) in both platelet
preparations. ADP and PMA were chosen as a weak and strong agonist,
to induce inside-out signaling while Mn2+ was chosen to stimulate
assay.
as mixed with at least 10 fold excess of unlabeled FN to prevent energy transfer between

oom temperature with washed platelets in suspension or with platelets adherent onto
MA. For control, FRET signals of FN mixtures without platelets were recorded.
platelets over 3 h. Spectra have been normalized to the donor peak so that changes in FRET

n or adherent onto immobilized FNwere incubatedwith FN488 (60 μg/mL) for 1–3 h in the
ed the amount of FN fibrils deposition on platelet surfaces as described in “Materials and



Fig. 4.Microscopy analysis of DOC extractability of deposited FN488 on adherent platelets (A) or suspended platelets (B).
(A) Platelets adherent to immobilized FN were incubated with FN488 (60 μg/mL) in the presence or absence of 10 μM ADP or 40 nM PMA for 3 h. After three rinses, samples were

processed for microscopy. Adherent platelets were then extracted with 2% DOC for 2 min and processed again for microscopy.
(B) Platelets in suspension were incubated with FN488 (60 μg/mL) in the presence or absence of 10 μM ADP or 40 nM PMA for 3 h. FN488 bound-platelets were then allowed to

adhere on immobilized FN for 15 min. After three rinses, samples were processed for microscopy. Platelets were then extracted with 2% DOC for 2 min and processed again
for microscopy.
Bar = 10 μm.

.
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outside-in signaling. Adhesion of platelets onto immobilized FN signifi-
cantly increased the activity of pY418 Src compared to the platelets
incubated over immobilized BSA (Fig. 5A-B). The increase in Src phos-
phorylation of platelets adherent onto FN was further enhanced by ad-
dition of ADP, PMA, or Mn2+. In contrast, suspended platelets in the
presence of soluble FN did not increase specific Src phosphorylation,
as compared to platelets incubated with soluble BSA. An increase in
the activity of pY418 Src of suspended platelets was seen when ADP
or PMA was added. Mn2+ was shown to induce integrin activation
and binding to soluble FG both of which contribute to pY418 Src activi-
ty [31,32]. Our data showed that addingMn2+ increased the specific Src
phosphorylation of suspended platelets incubated with soluble FN.
However, the levels of pY418 Src detected in adherent platelets were
significantly higher than those in suspended platelets under all applied
conditions. Treatment with PP1 significantly diminished the difference
in pY418 Src level between suspended and adherent platelets. In
contrast, apryrase did not significantly affect the Src phosphorylation
either in FN-adherent platelets or in suspended platelets.

4. Discussion

Several observations suggest FN as one of the important players in
platelet adhesion and aggregation [6,7,9,11,12,18,33–37]. However,
conflicting findings have been reported. To understand the nature of
its role in these processes, several questions need to be answered in-
cluding (1)what is the precise role of FN in haemostasis and thrombosis
and (2) is the conformational change and assembly of FN really related
to its role and function?



Fig. 5.Western blot analysis of pY418Src of adherent and suspended platelets upon interactingwith FN.Western blot analysis (upper panel) and quantification (lower panel) of Src pY416
of adherent platelets and suspended platelets upon adherent onto immobilized FN or interaction with soluble FN, respectively, as described in detail in “Materials andMethods”. For con-
trol experiments, suspended platelets interacting with or adhering onto 1% BSA were used (A). In another set of experiments, Src phosphorylations of adherent and suspended platelets
were analyzed in the presence of agonists (ADP, PMA andMn2+) and/or inhibitors (apyrase and PP1). Control experiments were performed in the absence of agonists and inhibitors (B).
Values represent the mean ± SD of three individual experiments. (*) p b 0.05.
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Regarding the question (1), FN has been studied for its effect on
platelet adhesion and aggregation. Controversial reports have been
published regarding to the role of FN in platelet aggregation. Addition
of plasma FN reduces platelet aggregation induced by thrombin, colla-
gen, or ionophore A23187 [8,9,11]. Moreover, a study using mice with
a triple depletion of FG/VWF/FN showed that platelet aggregation and
thrombus formation were enhanced in comparison with FG/VWF
double-depleted mice [12]. However, two monoclonal antibodies
against FN (A3.3 and anti-FN2) were shown to reduce platelet aggrega-
tion which in turn indicates the supportive effect of FN in this process.
The monoclonal antibody A3.3 reduces the aggregation of platelets
induced by thrombin or the ionophore A23187, while the anti-FN2
antibody partially inhibits platelet aggregation in response to ADP or
arachidonic acid [10,11,38]. To date, it remains unclear whether the
negative effects of the two monoclonal antibodies are caused by recog-
nition of functional epitopes on platelet surface molecules or on FN se-
creted from plateletα-granules or caused by recognition of epitopes on
plasma FN. Our in vitro results showed that FN reduced platelet
aggregation in response to PMA or collagen (Fig. 1). This observation
is consistent with the contention of a suppressive effect by FN in this
process.

The supportive effect of plasma FN on platelet adhesion has been
demonstrated in several studies. Platelet adhesion onto collagen-
coated surfaces is reduced when using FN-free plasma but is restored
when various concentrations of plasma FN are added [35]. In addition,
plasma FN has been shown to deposit in developing thrombi under
high shear conditons using FN-coated beads [33]. Therefore, the results
presented here are consistent with those previous reports demonstrat-
ing an enhancement of platelet adhesion onto immobilized ligands
upon addition of plasma FN to the platelets (Fig. 1). Taken together,
our data demonstrate that FN plays indeed a dual role in haemostasis
by decreasing platelet aggregation but enhancing platelet adhesion.
This finding is consistent with observations by other groups [12,18].

How can plasma FN have two oppositional effects in platelet adhe-
sion and aggregation? Recently, Wang et al. established two double de-
ficient mouse strains: plasma FN−/− FG−/− and plasma FN−/−VWF−/−
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to study the role of plasma FN in haemostasis. By researching on those
conditional transgenic mice, they found that plasma FN switches its
function in platelet aggregation based on the presence or absence of fi-
brin [39]. To provide another explanation for the oppositional effects of
plasma FN in haemostasis, we focused on the structural change leading
to fibril assembly of plasma FN upon interactingwith platelets. A model
of the role of FN in platelet adhesion and aggregation has been proposed
that adherent platelets assemble FN into fibrils which link with fibrin
and consequently can connect platelets-molecules and platelets-
platelets to enhance and stabilize thrombus formation. In support of
thismodel, several reports have demonstrated the detection of FNfibrils
on adherent platelets spread onto thrombogenic surfaces. Moreover,
increased platelet thrombogenicitiywas shown in the presence of exog-
enous FN under flow conditions [18]. For instance, FN fibrils were
detected on collagen adherent platelets; and platelet thrombus forma-
tion onto collagen under moderate high shear of 1250 s−1 was
enhanced in the presence of FN suggesting the supportive effect of FN
assembly on thrombus formation [40]. However, plasma FN in solution
folds into a compact structure that does not undergo fibril formation
[14,41–43]. Therefore, FN has to become unfolded by binding to
integrins to promote the assembly process. The ability of integrins to
unfold FN is tightly influenced by outside-in and inside-out signaling
both of which regulate conformational changes of integrin and the reor-
ganization of the actin cytoskeleton [27,32,44,45]. We observed that
platelets in suspension and adherent platelets exhibit differences in
the signaling pathway when interacting with FG as well as being
activated by agonists (Fig. 5). Based on this observation, we hypothe-
sized that adherent platelets but not platelets in suspension are able
to unfold and assemble FN into active fibrils. If this is true, it may answer
the question (2) and explain why FN has a supportive effect on platelet
adhesion but a reducing effect on platelet aggregation. There are obser-
vations that support this hypothesis. Firstly, to our knowledge, although
FN interacts with activated platelets in suspension, there is no study
reporting the assembly of FN on these platelets [44]. Secondly, FN
does not bind to ADP-stimulated platelets in suspension but interacts
and assembles on ADP-stimulated adherent platelets [14,44]. Thirdly,
Fig. 6. Depiction of the effect of FN unfolding in platelet adhesion and aggregation. Plasma FN i
actionwith othermolecules are inaccessible. Uponbinding to activated adherent platelets, FNbe
platelet surface and subsequently enhances platelet-platelet interaction. However, when bindin
acts as a competitor with other molecules which are important for platelet aggregation such a
as described above, as compared to platelets in suspension, adherent
platelets reveal a significantly higher intracellular signaling (Fig. 5A-B).

To confirm the hypothesis, a suitable tool to observe FN unfolding
in vitro had to be achieved. FRET has been successfully used in previous
studies to observe changes in the conformation of FN in the extracellular
matrix as well as after absorbing to different surfaces [26,46]. Using
fluorescently labeled FN and FRET technique, we now demonstrate
that adherent platelets but not suspended platelets can progressively
unfold FN during interaction (Fig. 3A-B). Moreover, the results of
DOC-solubility assays of FN fibrils on platelet surfaces may further
strengthen our observation (Figs. 3C-D, 4A-B). Taken together, we
conclude that FN inhibits aggregation of platelets in suspension but
supports platelet adhesion and thrombus formation onto thrombogenic
surfaces. This oppositional effect can be explained by the fact that only
adherent platelets can unfold and assemble FN. Folded FN may act as a
competitor for the binding sites of FG or other plasma proteins on plate-
lets in suspension, while the unfolded form can be a bridge to connect
platelets-ligands and promote platelet-to-platelet interaction, thereby
enhancing adhesion and thrombus formation (Fig. 6).

There are two models of conformational changes of FN that can be
detected by FRET measurement: compact-to-extended conformation
(arm separation) without loss of secondary structure or compact-to-
unfolded conformation changes [26]. Due to the experimental design,
the observed decrease of about 6% in FRET signals in the present study
does not provide any information about the exact conformational
changes in the FN molecule. However, based on studies reporting the
detection of FN fibrils on adherent platelets, it can be noted that the
observed conformational changes is not simply a process of opening
arms of FN. Indeed, it is a compact-to-extended process in the modules
of FN which is required for FN fibril formation. It has been reported that
adherent platelets on different thrombogenic surfaces show different
abilities in assembling FN fibrils on their surfaces [47]. Here, we demon-
strate that FN assembly is also dependent on the adhesion of platelets.

Signaling molecules regulating actin polymerization play an essen-
tial role in controlling FN unfolding and assembly by fibroblasts [19].
In addition, Src, a tyrosine kinase, plays a crucial role in integrin-
s a compact dimeric protein in which the cryptic binding sites for self-assembly and inter-
comesunfolding, exposes the cryptic binding sites leads to the formation of activefibrils on
g to activated suspended platelets, FN can not be unfolded to form fibrils. The compact FN
s FG and therefore, decreases platelet aggregation.
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dependent outside-in signaling [32]. Our results demonstrate that
platelets adherent onto FN have a significantly higher activity of
pY418 Src than platelets in suspension under all applied conditions.
The difference in Src phosphorylation between adherent platelets and
suspended platelets can also observed in experimentswith immobilized
FG or soluble FG, respectively (M. Gyenes, unpublished data). This
difference in Src phosphorylation between suspended and adherent
platelets is significantly reduced after adding PP1 but not apyrase to
platelets. Hence, the increase in Src phosphorylation is dependent on
the adhesion of platelets onto immobilized ligand. A previous report
suggests that Src is required to initiate cytoskeletal eventswhich are im-
portant for generating the required biomechanical forces to unfold FN
[32]. Thus, we conclude that a high level of Src phosphorylation is one
of the intracellular mechanism of adherent platelets to unfold and
assemble FN.

In summary, our studies show that FN plays a dual role in
haemostasis. Using fluorescence techniques and DOC-solubility assays,
we demonstrate that differences in structural changes of FN, when
interacting with suspended and adherent platelets, may explain its
dual role in platelet adhesion and aggregation. Adherent platelets can
unfold and hence, induce FN fibril assembly to enhance adhesion,
whereas FN cannot be unfolded by suspended platelets and therefore,
reduces platelet aggregation. This contention is supported by quantita-
tive differences in Src signaling seen in resuspended and adherent
platelets.
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