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A B ST R A CT The binding of '251-von Willebrand factor
('25I-vWF) to platelets stimulated by thrombin, ADP,
and a combination of ADP+ epinephrine (EPI) is spe-
cific, saturable, and reversible. Active platelet metab-
olism and divalent cations are required for binding in-
duced by these stimuli, but not by ristocetin, suggesting
the existence of different mechanisms involved in the
vWF-platelet interaction. A monoclonal antibody di-
rected against an epitope of membrane glycoprotein
(GP) lb had no effect on the binding of '251-vWF to
normal platelets stimulated by thrombin or a combi-
nation of ADP+ EPI, but completely blocked risto-
cetin-induced binding. Binding induced by thrombin
to GPIb-blocked platelets was specific. Moreover,
thrombin-induced binding of 1251-vWF was increased,
rather than decreased, in two patients with the Ber-
nard-Soulier syndrome whose platelets lacked GPIb.
Conversely, monoclonal antibodies directed against
the GPIIb/IIIa complex had no effect on ristocetin-
induced binding of '251-vWF to normal platelets, but
blocked thrombin- and ADP+ EPI-induced binding.
To exclude effects mediated by the platelet Fc receptor,
a monoclonal IgG directed against an epitope present
on human B cells and monocytes, but not expressed on
resting or stimulated platelets, was used. It did not af-
fect '251-vWF binding induced by any of the stimuli.
These studies show that platelets have more than one
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binding site for vWF, and that
by different stimuli.

they may be exposed

INTRODUCTION

von Willebrand factor (vWF)' is a large multimeric
glycoprotein that circulates in blood complexed with
the Factor VIII procoagulant activity protein (1). It
plays an essential role in platelet function as shown by
the prolonged bleeding time in von Willebrand disease
(1). Specific binding sites for vWFare induced on the
platelet membrane by the antibiotic ristocetin (2), a
nonphysiologic agent, as well as by thrombin (3, 4) and
ADP (5). Platelet membrane glycoprotein (GP) lb is
considered to function as the surface receptor for vWF
(6). In the Bernard-Soulier syndrome, a congenital
bleeding disorder, platelets lack GPIb (7) and the ris-
tocetin-induced binding of vWF is decreased (8). On
the other hand, in Glanzmann thrombasthenia, another
congenital platelet abnormality, there is a marked de-
crease of the membrane GPcomplex Ilb/Illa but nor-
mal content of GPIb (9). The ristocetin-induced bind-
ing of vWF to thrombasthenic platelets has been re-
ported to be normal (8). In contrast, we have recently
shown that binding of vWFto thrombasthenic platelets
stimulated by thrombin is severely deficient (4). There-
fore, we postulated that different sites are involved in

' Abbreviations used in this paper: ADG, albumin density-
gradient; VIII:C, Factor VIII procoagulant activity; EPI, epi-
nephrine; GP, platelet membrane glycoprotein; PMSF, phen-
ylmethylsulfonyl fluoride; PRP, platelet-rich plasma; vWF,
von Willebrand factor.
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the binding of vWF induced by different stimuli (4).
In this report we provide evidence to confirm that hy-
pothesis.

METHODS
Patients and controls. Two patients fulfilled all the ac-

cepted criteria for the diagnosis of the Bernard-Soulier syn-
drome. They have been extensively characterized in a pre-
vious report (10). Blood from the two patients was drawn by
Dr. Margaret Johnson at Wilmington Medical Center, De-
laware, and shipped overnight to Milwaukee, where exper-
iments with Bernard-Soulier platelets were performed. Blood
from a normal control was drawn at the same time and
shipped similarly. All other experiments were performed in
Milan, using fresh blood from normal volunteers. All subjects
were aware of the experimental nature of these studies and
gave their informed consent, according to the Declaration
of Helsinki. They reported no intake of any drug for the week
preceding the studies.

Preparation of washed platelets. Blood was drawn
through 19-gauge needles into polypropylene syringes as one
part of acid/citrate/dextrose to five parts of blood and im-
mediately transferred into polypropylene tubes. Platelet-rich
plasma (PRP) of the Bernard-Soulier patients and the normal
control studied at the same time was separated from whole
blood by layering on top of a solution made of two parts of
dextran (4%, average Mr 500,000; Sigma Chemical Co.,
St. Louis, MO) and one part of sodium metrizoate (32.8%
wt/vol aqueous solution; Sigma Chemical Co.). Erythrocytes
settled out in -60-90 min, and the PRP remaining on top
of the dextran-sodium metrizoate solution was carefully re-
moved. Only the upper two-thirds were used to minimize
leukocyte contamination. PRP for all other experiments was
obtained by three successive differential centrifugation steps
at 1,200 g for 60 s. Each time PRP was removed and the
blood recentrifuged without mixing. Platelets were washed
free of plasma constituents by one or both of two methods,
the albumin density-gradient (ADG) technique of Walsh et
al. (11), or the gel-filtration technique described by Mar-
guerie et al. (12). The final platelet suspensions were all in
modified calcium-free Tyrode buffer, containing 137 mM
NaCI, 2 mMMgCI2, 0.42 mMNaH2PO4, 11.9 mMNaHCO3,
2.9 mMKCI, 5.5 mMglucose, 10 mMHepes, pH 7.35, and
20 mg/ml bovine serum albumin (Fraction V, Calbiochem-
Behring Corp., American Hoechst Corp., San Diego, CA).
Whenexperiments of serotonin release were performed, PRP
was labeled before washing by incubating 20 ml with 0.5
MCi of ['4C]serotonin (5-hydroxy[2-'4C]tryptamine creatinine
sulfate; Radiochemical Centre, Amersham, UK) for 40 min
at 37°C. At the end of the washing procedure all platelet
preparations responded with aggregation when stirred in the
aggregometer in the presence of 8 MMADP and fibrinogen
(3.3 ,M). However, ADG-washed platelets usually gave re-
versible aggregation to ADP and were unresponsive to epi-
nephrine (EPI). On the contrary, gel-filtered platelets always
gave irreversible aggregation to ADP, and responded to 20
MMEPI in the presence of fibrinogen (3.3 ,M) with a typical
two-wave aggregation. Contamination of plasma vWF in all
washed platelet preparations was below 5 X 10' U/dl (1 dl
of a normal plasma pool contains 1 X 102 U) as measured by
immunoradiometric assay (13). No agglutination of washed
platelets occurred in response to the addition of ristocetin
(1.5 mg/ml) unless vWFwas added to the suspension.

Preparation of apyrase. Apyrase was prepared by the
method of Molnar and Lorand (14). It was finally dissolved

in 0.15 M NaCl, and stored at -20°C until used. At a con-
centration of 9 ,Ml/ml, it caused 93% conversion of 9 MMADP
to AMPand adenosine in 2 min at 370C. Creatine phosphate
and creatine phosphokinase were obtained from Sigma
Chemical Co.

Purification of vWF. For a typical preparation, 20-30
bags of human plasma cryoprecipitate prepared by the
method of Pool et al. (15) were resuspended at 37°C in 200
ml of a buffer consisting of 20 mMTris, 20 mMsodium citrate
(tribasic), 20 mME-aminocaproic acid, pH 7, containing 0.5
mMphenylmethylsulfonyl fluoride (PMSF). The redissolved
cryoprecipitate was then adsorbed with Al(OH)3 (16). The
further purification steps were performed according to New-
man et al. (17), as modified by Switzer and McKee (18). Gel
filtration was performed on a 5 X 80-cm column of Sepharose
CL-4B (Pharmacia Fine Chemicals, Uppsala, Sweden) equil-
ibrated with a buffer consisting of 20 mMimidazole, 100 mM
NaCl, 10 mMsodium citrate (tribasic), 20 mMEACA, pH
6.5, and containing PMSFas indicated. vWFwas present in
the void volume protein peak along with Factor VIII pro-
coagulant activity (VIII:C). The fractions corresponding to
the ascending part of the peak were pooled and concentrated
by dialysis against polyethylene glycol (average Mr
= 40,000). The vWFpreparations used in these experiments
had a protein concentration of between 0.56 and 0.78 mg/
ml and a specific activity of 116-128 U of ristocetin cofactor
activity, 117-135 U of Factor VIII-related antigen, and 47-
52 U of VIII:C/mg of protein. The purity of the final product
was assessed by electrophoresis in 5% acrylamide-0.25% bis-
acrylamide disc gels, containing sodium dodecyl sulfate
(SDS), after reduction of the protein by dithiothreitol (19).
Some preparations of purified vWF were also treated with
rabbit anti-human fibrinogen IgG coupled to Sepharose 4B-
CL beads to remove trace contamination of fibrinogen. The
procedure used was that recently described by Fujimoto et
al. (3). The antiserum used was obtained from Beheringwerke
(Scopitto, Italy). Fibrinogen contamination was evaluated by
specific radioimmunoassay (kindly performed by Dr. Edward
F. Plow, Scripps Clinic and Research Foundation).

Radioiodination of purified vWF. This was accomplished
with 125I by the method of Fraker and Speck (20) to a specific
activity of between 0.48 and 0.89 mCi/mg. The preparations
of '251-vWF were characterized by electrophoretic analysis
in SDS agarose gels as described (21).

Preparation of monoclonal antibodies. BALB/c female
mice were given a primary intraperitoneal immunization
with I X 109 washed platelets (albumin was omitted from the
platelet suspension in this case) in 0.5 ml of Freund's com-
plete adjuvant. Three subsequent intraperitoneal immuni-
zations with 1 X 109 washed platelets suspended in 0.9%
saline were given at 2-wk intervals. 1 wk after the last in-
jection, the mice were given 2 X 109 platelets intravenously.
4 d later the mice were killed and their spleen cells used for
fusion. Hybridization was carried out using 2.5 x 108 spleen
cells mixed at a 1:1 ratio with P3-x-63Ag8-653 (nonsecretor)
myeloma cells, according to the method of Oi and Herzen-
burg (22), using 50% polyethylene glycol 1500. Positive hy-
bridomas were selected using partially purified platelet mem-
brane glycoproteins (GPIIb/IIIa complex and GPIb), as well
as a microtiter screening assay for the inhibition of ristocetin-
induced platelet aggregation (23). Selected hybrids were
cloned by limiting dilution. Clones were grown to sufficient
density and 5 X 105 cells injected intraperitoneally into "Pris-
tane primed" BALB/c X DBA/2 Fl mice. Mice were tapped
for ascites fluid usually after 2-3 wk. Monoclonal IgG were
prepared from the ascites fluid by three sequential 50% am-
monium sulfate precipitations, followed by dialysis against
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potassium phosphate buffer (0.01 M, pH 7.4) and affinity
purification using Protein A Sepharose (Pharmacia Fine
Chemicals). Elution from Protein A was achieved using a
Tris-glycine buffer, pH 2.6. Purified IgG were finally di-
alyzed against 0.05 MTris-HCI buffer, 0.1 MNaCl, pH 7.4.

Characterization of monoclonal antibodies. The speci-
ficity of monoclonal antibodies to platelet membrane gly-
coproteins was assessed after radiolabeling with 125I by the
chloramine-T method (24). The radiolabeled antibodies were
then used in the second dimension of crossed immunoelec-
trophoresis mixed with unlabeled rabbit antiplatelet antisera
(25). Triton X-100-solubilized platelets were electrophoresed
in the first dimension. The immunologic reactivity of the
monoclonal antibodies was substantiated by identification of
the platelet membrane glycoprotein immunoprecipitate pat-
terns (26). Alternatively, platelet membranes were radiola-
beled with 125I by the lactoperoxidase method (9), solubilized
with Nonidet-P40, and incubated with the monoclonal an-
tibodies. Antibody-bound membrane proteins were precipi-
tated with Protein A Sepharose, electrophoresed in SDS po-
lyacylamide gels and identified by autoradiography. Mono-
clonal antibody AP1 reacted with GPIb and was an IgGI.
AP2 and B59.2 reacted with GPIIb/IIIa and were IgGI and
IgG2a respectively. The control monoclonal antibody (B33.1)
was an IgG2a anti-HLA-DR common determinant and did
not react with platelets (27). API and AP2 were prepared
by one of us (Dr. Montgomery in collaboration with T. J.
Kunicki, Blood Center of S. E. Wisconsin, Milwaukee),
whereas B59.2 and B33.1 were obtained through the courtesy
of Dr. Bice Perussia and Dr. Giorgio Trinchieri, the Wistar
Institute, Philadelphia, PA.

Binding experiments. In all binding experiments platelets
were at a final concentration of 108/ml. Incubation with vary-
ing concentrations of '251I-vWF and the appropriate stimulus
was performed at room temperature (20°-25°C) and under
nonstirring conditions, for the indicated period of time, in
1 ml polypropylene tubes. Each stimulus was added from a
lOX stock solution freshly prepared and kept in ice until
used. In parallel mixtures, nonspecific binding was deter-
mined in the presence of a 50-fold excess of unlabeled vWF.
At the end of the incubation period, 50 Ml of the platelet
suspension (in duplicate for each experimental point) was
layered onto 400 Ml of 20% sucrose in the modified Tyrode
buffer, using 1-ml conical polypropylene tubes. The samples
were centrifuged for 4 min at 13,000 g at room temperature
in an Eppendorf microcentrifuge (Eppendorf, Hamburg,
FRG), the tips of the tubes containing the sedimented plate-
lets were cut with a scalpel, and the platelet-associated ra-
dioactivity was measured. In experiments where the effect
of monoclonal antibodies on '251-vWF binding was evaluated,
monoclonal IgG was added to the experimental mixtures at
the indicated final concentrations immediately before addi-
tion of radioligand and stimulus. In some experiments, plate-
lets were preincubated with the monoclonal IgG for 10-60
min at room temperature before addition of the other re-
agents. Analysis of bound ligand was performed after count-
ing the platelet pellets by lysing the platelets with 30 Al of
a buffer consisting of 10 mMTris-HCl and 1 mMEDTA, pH
8, containing 5% SDS. The samples were incubated for 20
min at 60°C and extracted '25I-vWF was analyzed by SDS
agarose electrophoresis (21). More than 80% of bound radio-
activity could be accounted for in the supernatant of lysed
platelets. The line best fitted to the experimental points of
each binding curve was obtained by means of a nonlinear fit
program utilizing a Hewlett-Packard model 85 desk-top com-
puter (Hewlett-Packard Co., Palo Alto, CA).

Platelet release studies. For serotonin release studies, 5

MMimipramine (Geigy S.p.A., Milan, Italy) was added to
washed platelets labeled with ['4C]serotonin (see above). Re-
lease of ['4C]serotonin was assessed after any indicated in-
cubation time period by determining in a liquid scintillation
spectrometer (Packard Instrument S.p.A., Milan, Italy) the
radioactivity of 5 ul of the supernatant obtained after spin-
ning out the platelets at 13,000 g for 1 min in the micro-
centrifuge. Release was expressed as percentage of the total
content measured in the same volume of platelet suspension
after lysis with 1% Triton X-100.

RESULTS

Characterization of purified vWF. The purified
vWFused in these experiments appeared homogeneous
on SDS polyacrylamide gel electrophoresis under re-
ducing conditions (Fig. 1). Possible fibrinogen contam-
ination was evaluated by radioimmunoassay and was
below the detection limit of the assay. Fibrinogen con-
tamination was, therefore, <5 Mg/mg of protein in the
purified vWFpreparations (<0.5% on a wt/wt basis).

Characterization of the binding assay. To evaluate
the efficacy of the method used to separate platelet-
bound from free ligand, '25I-vWF (8 X 105 cpm) was
layered onto 20% sucrose in modified Tyrode buffer
and centrifuged as described. In the absence of plate-
lets, <0.5% of the counts added was recovered in the
tube tip. Under the same conditions, platelet recovery
in the tube tip was >90% as measured by quantitation
of "C-labeled platelets. No release of [14C]serotonin
occurred during the centrifugation step.

Time course experiments. The time course of the
association of '25I-vWF to platelets stimulated with
thrombin (0.25 U/ml), ADP (20 gM), and a combi-
nation of ADP + EPI (20 MMeach) is shown in Fig.
2. In the presence of thrombin, platelets bound ap-
proximately two and four times more '25I-vWF than
with ADP+ EPI or ADPalone, respectively. No bind-
ing was observed with EPI alone, at concentrations up
to 100 MM. The binding to unstimulated platelets was
<10, 17, and 35% of the total binding to thrombin-,
ADP + EPI-, and ADP-stimulated platelets, respec-
tively. The binding to unstimulated platelets was not
time dependent, whereas the binding induced by the
different stimuli reached a plateau at between 30 and
40 min (Fig. 2). The binding to unstimulated platelets
corresponded to that observed with each one of the
stimuli when a 50-fold excess (wt/wt) of unlabeled
vWFwas added to the platelet suspension before 1251_
vWF. Therefore, nonspecific binding was the same
with all stimuli, and accounted for only a minor frac-
tion of the total '251-vWF bound to stimulated platelets.

When ristocetin (1.5 mg/ml final concentration) was
used as a stimulus, the results obtained were compa-
rable to those previously reported by others (2).

Specific binding induced by thrombin, ADP, or ADP
+ EPI was blocked by 5 mMEDTA, and did not occur

Two Distinct vWFBinding Sites on Platelets 3
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FIGURE 2 Time course of the association of '251-vWF with
platelets. Washed platelets at a final concentration of 108/ml
were mixed with 5.6 jig/ml '251-vWF at room temperature
(20°-25°C) and stimulated with 0.25 U/ml thrombin, 20
MuM ADP, or 20 MMADP + 20 ,M EPI for the indicated
period of time. In unstimulated platelets, Tyrode buffer was
used instead of the stimulus. Phase separation of bound from
free ligand was achieved by centrifugation at 13,000 g for
4 min through 20% sucrose in modified Tyrode buffer. Total
binding values are reported without subtraction of nonspe-
cific binding. Note that binding to unstimulated platelets was
not time dependent.

Affinity of labeled and unlabeled vWF. The affin-
ities of unlabeled and radiolabeled vWFfor thrombin-
stimulated platelets were comparable (Fig. 3). This was
determined by measuring the binding of 1251-vWF in
mixtures in which the final concentration of the ligand
was kept constant but the proportion of labeled and
unlabeled ligand was varied. A linear relationship was
found between the percentage of 1251-vWF in the mix-
tures and the amount bound (Fig. 3).

FICURE 1 Electrophoretic analysis of purified vWF. The
sample from a purified vWFpreparation was analyzed after
reduction with 50 mMdithiothreitol at 56°C for 4 h in the
presence of 1% SDS. Approximately 40 Mg of protein was
applied to a 5% acrylamide-0.25% bis-acrylamide disc gel
(see reference 19 for details on electrophoretic conditions).
The gel was stained with Coomassie Blue R250. Cathode at
the top.

with formalin-fixed platelets. However, bindi-ng in-
duced by ristocetin was observed using formalin-fixed
platelets and in the presence of EDTA.

2D

co4

0 20 40 60 80 100
'251vWF Added 1% of Total)

FIGURE 3 Relative binding of '25I-vWF and unlabeled vWF
to thrombin-stimulated platelets. The total vWFconcentra-
tion in the mixtures was kept constant (12 Mg/ml), but the
proportion of labeled and unlabeled vWFwas varied as in-
dicated. Platelets were stimulated with 0.25 U/ml of throm-
bin and binding was measured after incubation for 30 min
at room temperature.
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Effect of agonist concentration on 125I-vWF bind-
ing and platelet release reaction. The relationship
between the dose of each stimulus required to support
'251-vWF binding and induce platelet release of ["4C]-
serotonin was investigated using thrombin-, ADP-, or
ADP+ EPI-stimulated platelets (Fig. 4). When throm-
bin was used, specific binding occurred in parallel with
the release reaction. Thrombin concentrations as low
as 0.0125 U/ml were effective in this regard. A plateau
in the thrombin dose-response curve was observed at
0.5 U/ml, with no further increase in binding at con-
centrations as high as 2 U/ml (Fig. 4). Thrombin stim-
ulation of platelets followed by thrombin neutralization
with a fourfold (U/U) excess of hirudin (obtained from
Pentapharma, Basel, Switzerland) before addition of
the radioligand resulted in binding similar to that ob-
served with thrombin and radioligand added simulta-

1.0-

0.5-

la.0 0I

o-

= 1
3c

i-

ADP+ Epinephnne

ADP
er*

1E _A_ __- __- __ft _ _- _ _- _.t _I FL _O_4 ,i_^_ O- _^_ _

4 16 64
ADP Concentration (#AM)

o.oos d.oi 0.1

Thrombin Concentration (Ulml)

-25
256

-50

-25

TT
.2 I

L-75 .S1
[Cs

CooF.
O~

-25

uI .
I n

i i

FIGURE 4 '251-vWF binding and serotonin release as a func-
tion of stimulus concentration. Platelets were labeled with
["4C]serotonin as indicated in the Method section, and then
washed. vWFwas added at a concentration of 5.6 Mg/ml to
108 platelets/ml, followed by the appropriate concentration
of stimulus (lower panel: thrombin; upper panel: ADP) taken
from a 1OX stock solution. In the case of ADP + EPI com-
bination, ADP concentration was varied as indicated, and
EPI was 20 MM in all mixtures. Unlabeled vWF was added
to mixtures where serotonin release was measured, and 125I-
vWF to mixtures where binding was measured. Binding and
release were measured after a 30-min incubation at room

temperature. Release was expressed as percentage of total
[I4C] serotonin content. Binding values shown represent spe-
cific binding, obtained after subtracting from total measured
the nonspecific binding observed in the presence of a 50-fold
excess of unlabeled vWF. In the experiments performed to
evaluate the effect of apyrase on thrombin-induced binding
(lower panel), apyrase was added at a concentration of 9
Ai/ml (Methods) 5 min before the addition of thrombin.

neously to platelets. Therefore, the binding observed
was not related to any action of thrombin on the ligand,
but rather to thrombin stimulation of platelets. Addi-
tion of an ADP scavenger (apyrase at a concentration
of 9 ul/ml; see Methods) to the mixture before throm-
bin caused a decrease of specific binding to -30-40%
of the binding observed in the absence of the ADP
scavenger (Fig. 4). Similar results were obtained with
the addition of creatine phosphate (7.5 mM) and cre-
atine phosphokinase (12 U/ml) instead of apyrase. At
variance with thrombin, ADP- or ADP+ EPI-induced
binding was independent of the platelet release reac-
tion. The latter was not observed with these two stimuli
under the experimental conditions used (Fig. 4). The
dose-dependency of ristocetin-induced binding was
comparable to that previously reported by others (2).

Specificity of binding. Competition experiments
were performed to demonstrate the specificity of the
association of '251-vWF to thrombin-stimulated plate-
lets. As shown in Table I, human fibronectin, transfer-
rin, and IgM at >100-fold excess (wt/wt) were not
effective in displacing the binding of '251-vWF signif-
icantly. In addition, the serum from three patients with
severe von Willebrand disease (Factor VIII-related
antigen in plasma < 1 X 10-4 U/ml) had a minimal
effect on binding of '251-vWF, whereas serum from
three normal individuals had an inhibitory effect (Ta-
ble I).

Dissociation of bound 1251-vWF from platelets.
The capacity of unlabeled vWF to displace '251-vWF
bound to thrombin-stimulated platelets was analyzed.
Displacement of bound '251-vWF was dependent upon
the time of addition of unlabeled vWF (Fig. 5). When
a 50-fold excess (wt/wt) of the latter was added before

TABLE I
Specificity of the Binding of '25I-vWF to

Thrombin-stimulated Platelets

Final concentration Percent inhibition
Competing component in the mixtures of 251-vWF binding

Transferrin 2 mg/ml 12
IgM 1 mg/ml 9
Fibronectin 0.5 mg/ml 14
Severe vWd serum 75% 13-18
Normal serum 75% 58-61
Unlabeled vWF 0.26 mg/ml 88

The final concentrations of the other components in the mixtures
were: '25I-vWF, 2.6 Ag/ml; platelets, 1 X 108/ml; thrombin, 0.25
U/ml. In the experiments with serum, samples from three different
normals or patients with severe von Willebrand disease were used,
and the results indicate the range of values observed. The percent
inhibition was calculated relative to total binding of lssI-vWF. Note
that in the case of normal serum, if one assumes an average vWF
concentration of 10 Mg/ml, then unlabeled vWF is at an approx-
imate threefold excess over lssI-vWF.

Two Distinct vWFBinding Sites on Platelets
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FIGURE 5 Displacement of platelet-bound '25I-vWF by di-
lution or addition of a 50-fold excess of unlabeled vWF. Plate-
lets (108/ml) were resuspended in modified Tyrode buffer,
and mixed with 5.6 ,ug/ml 1251-vWF and 0.25 U/ml thrombin.
Samples were taken at various times to measure bound 1251_
vWF. After incubation for 10 min (lower panel) or 30 min
(upper panel) at room temperature, unlabeled vWF was
added at a 50-fold excess (0). At the same time, parallel
incubation mixtures were diluted with the same amount of
modified Tyrode buffer (A). A third series of mixture was left
undiluted as a control (0). Samples were taken from each
mixture at various times after these additions and bound 1251_
vWFwas determined. Nonspecific binding was measured in
the presence of a 50-fold excess of unlabeled vWF added
before the addition of thrombin (shown in the lower panel)
(O). Note that nonspecific binding was not time dependent.

the binding of '25I-vWF had reached maximal levels,
no further increase in binding of the radiolabeled li-
gand occurred during continued incubation. On the
contrary, a progressive dissociation of the bound ra-
dioligand was observed, but was incomplete. Appar-
ently irreversible binding corresponded to -30-50%
of maximal binding (Fig. 5). When excess unlabeled
vWFwas added to the mixtures after maximal binding
had been reached, a more rapid dissociation of the
bound radioligand was observed, but was again incom-
plete (Fig. 5). Appropriate controls were included to
take into account the dilution effect of the addition of
unlabeled vWF (Fig. 5). In control mixtures incubated
in the absence of excess unlabeled vWF, a slow, spon-
taneous dissociation of bound '25I-vWF followed the
plateau of binding. Even in this case, apparently ir-

reversible binding corresponded to 30-50% of maximal
binding (Fig. 5). This apparently irreversible binding
was not related to internalization of vWF molecules,
since washing of platelets in the presence of EDTA
after maximal binding had been reached resulted in
removal of 99% of the radioactivity previously asso-
ciated to platelets.

Saturation of binding. The binding of '25I-vWF to
thrombin-stimulated platelets (Fig. 6), as well as ADP-
or ADP + EPI-stimulated platelets (data not shown),
was saturable. This was evident after subtraction of
nonspecific from total measured binding in mixtures
that had been incubated with increasing concentrations
of '25I-vWF and constant platelet number for 30 min.
This incubation time was selected on the basis of the
results shown in Figs. 2 and 5. Although binding of
1251-vWF was not strictly at equilibrium, a relatively
stable plateau of binding was always observed between
-20 and 40 min of incubation. Nonspecific binding
increased linearly with increasing concentrations of
'25I-vWF and was therefore nonsaturable (Fig. 6). Non-
specific binding was the same at any concentration of
any of the stimuli used, when measured in the presence
of a 50-fold excess of unlabeled vWF, and corre-
sponded to the binding to unstimulated platelets.

Effect of monoclonal antibodies on the binding of
125I-vWF. Different monoclonal antibodies directed
against specific platelet membrane glycoproteins were
evaluated for their effect on the platelet binding of 1251_
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X4-
SPECIFIC

o-b3- -

S 2-/
0

NON-SPECIFIC

0 ,P

0 5 10 15 20
l25l-vWF Added ({,gIml)

FIGURE 6 Binding of '251-vWF to thrombin-stimulated plate-
lets as a function of '251-vWF concentration. Washed platelets
(108/ml) were mixed with increasing concentrations of 1251_
vWF and stimulated with 0.5 U/ml of thrombin. After in-
cubation for 30 min at room temperature, the amount of 1251_
vWFbound to platelets was measured. Nonspecific binding
was measured in parallel mixtures where a 50-fold excess of
unlabeled vWFwas added before the addition of thrombin.
The nonspecific binding measured in this way was identical
to that observed when platelets were incubated with 12511
vWFalone in the absence of thrombin stimulation. Specific
binding was calculated by subtracting nonspecific from total
measured binding.
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vWFinduced by different stimuli. To exclude possible
nonspecific effects, a monoclonal antibody (B33.1) di-
rected against an epitope expressed on B cells and
monocytes, but not on unstimulated or stimulated
platelets, was first tested. The '25I-vWF binding to
thrombin-stimulated platelets in the presence of 435
jtg/ml of this antibody was identical to that observed
when monoclonal IgG was substituted for by Tyrode
buffer. In preliminary experiments it was also dem-
onstrated that '25I-labeled monoclonal IgG prepared
from antibody AP1 (anti-GPIb) bound to thrombin-
stimulated platelets in a manner identical to that ob-
served with unstimulated platelets. This demonstrated
that possible membrane changes induced by thrombin
did not affect the reactivity of membrane glycoproteins
with their specific monoclonal antibodies. The addition
of 2 or 5 mMCa21 to the experimental mixtures did
not change the binding of 1251-vWF to thrombin- or

ADP + EPI-stimulated platelets, nor did it affect the
results observed in the presence of the monoclonal an-

tibodies. Preincubation of platelets with the mono-

clonal IgG for up to 60 min gave results similar to those
observed when the antibody was added to the exper-

imental mixture just before 1251-vWF and the appro-

priate stimulus.
In three separate experiments performed with dif-

ferent platelet and '251-vWF preparations, the specific
binding induced by thrombin and ADP+ EPI was not

as

Go

4-

significantly affected by the anti-GPIb antibody (API)
at a concentration that completely blocked ristocetin-
induced binding. In contrast, one of the anti-GPIIb/
IlIa antibodies (B59.2) inhibited thrombin- and ADP
+ EPI-induced binding by 48-62 and 58-63%, respec-
tively. This inhibitory effect on thrombin-induced
binding was present at all thrombin concentrations
tested, from 0.05 to 0.5 U/ml. The other anti-GPIIb/
Illa antibody (AP2) was tested only for its effect on
thrombin-induced binding, and it was found to cause
>80% inhibition. When binding studies were per-
formed with purified vWF that had been passed
through an antifibrinogen column, the same results
were obtained. Both antibodies to GPIIb/IIIa had no

significant effect on ristocetin-induced binding of 1251_
vWF (experiments with AP2 were performed by D.
Pidard, R. R. Montgomery, and T. J. Kunicki, personal
communication). The results of one such experiment
are shown in Fig. 7. The monoclonal IgG concentration
that gave maximal inhibition was determined in dose-
response studies. Higher concentrations than those here
reported (Fig. 7) did not increase the extent of inhi-
bition. Control binding isotherms were obtained in the
presence of the control monoclonal IgG (B33.1) at a

concentration well in excess of that used with any spe-
cific monoclonal IgG (Fig. 7). In some experiments,
control and specific IgG, or anti-GIb and anti-GPIIb/
IIIa IgG, were added together in the same mixtures.

30

I noTnFrT1si

10 15 20 25
2'11-vWF Added (pglml)

FIGURE 7 The effect of monoclonal antibodies against platelet membrane GPIb or HIb/IIIa on
the specific binding of '251-vWF induced by thrombin (left panel), ristocetin (middle panel),
or a combination of ADP + EPI (right panel). Platelets (108/ml) were mixed with '25I-vWF
(as indicated on the abscissa) and monoclonal IgG in the following concentrations: control
(B33.1; anti-HLA-DR common determinant) = 435 gg/ml; anti-GPIb (API) = 11.6 gg/ml;
anti-GP HIb/IIIa (B59.2) = 298 gg/ml. The appropriate agonist (thrombin, 0.5 U/ml; ristocetin
1.5 mg/ml; ADP+ EPI, 20 uM each) was then added, and after incubation for 30 min at room
temperature, binding was determined. All experimental points are the average of duplicates.
Nonspecific binding was always <15% of total, and was subtracted from data shown. The
binding isotherms each represent the best fitted line for all experimental points obtained by
computer analysis. Note that the difference in thrombin-induced binding, as compared to Fig.
6, is within the range for different normal platelets (see reference 4).
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Ristocetin-induced binding of '251-vWF to platelets
was inhibited only when anti-GPIb antibody was pres-
ent, and thrombin-induced binding when anti-GPIIb/
IlIa antibody was present, irrespective of the other
monoclonal IgG added.

Binding to Bernard-Soulier platelets. In the two
related patients with the Bernard-Soulier syndrome
studied, specific thrombin-induced binding of 125I1
vWF to ADG-washed platelets was increased, rather
than decreased, when compared with normal platelets
prepared under identical conditions (Fig. 8). Prelim-
inary studies had shown that these platelets isolated
in a similar manner failed to agglutinate to and bind
vWF in response to ristocetin.

Characterization of bound 125_-vWF. Analysis by
SDS agarose electrophoresis of the bound ligand ex-
tracted from the platelet pellets after phase separation
showed that all multimers of '251-vWF bound to plate-
lets stimulated with the three different agonists (Fig.
9). Moreover, decreased thrombin- and ADP + EPI-
induced binding in the presence of anti-GPIIb/IIIa
antibody was represented by a parallel decrease of all
multimers bound and not a specific subset of them
(Fig. 9).

DISCUSSION

Specific binding sites for vWFexist on human platelets
and are expressed by different platelet agonists (2-5).
In this study we demonstrate that the ristocetin-in-
duced binding of vWF (2) involves different sites than
the thrombin- (3, 4), ADP- (5), or ADP+ EPI-induced
binding.

The concept that ristocetin induces specific binding
sites for vWFon platelets is generally accepted. There-

BERNARD-SOULIER2

CD*5-
° 4- / / BERNARO-SOULIER1

t3
,_ 2/ ~~~~~~~~NORMAL

0 5 10 15 20
"'lIlvWF Added (Mg/ml)

FIGURE 8 Specific binding of '251-vWF to thrombin (0.5 U/
ml)-stimulated platelets in two Bernard-Soulier patients and
a normal control. Experimental conditions are as described
in the legend to Fig. 7, with the exception that Tyrode buffer
was added instead of control monoclonal IgG. Results shown
are not corrected for the increased volume of Bernard-Soulier
platelets.

fore, our purpose for these studies was to verify that
our binding assay with ristocetin could reproduce the
results already reported in the literature (2), as indeed
it did. The demonstration that thrombin (3, 4) and ADP
(5) also induce binding of vWF to platelets is more
recent. Therefore, we thought it appropriate to char-
acterize extensively the binding assay performed with
these agonists in order to demonstrate that the site in-
duced fulfills the criteria for a specific binding site. The
conclusion that this is the case is supported by the dem-
onstration that the binding of vWF induced by throm-
bin, ADP, and ADP+ EPI is time dependent, specific,
and saturable. Specificity of binding is indicated by
(a) the capacity of unlabeled vWFto inhibit compet-
itively the binding of '251-vWF with the same apparent
affinity; (b) the failure of other proteins, and notable
all the proteins in severe von Willebrand disease serum,
to compete for binding; and (c) the identification of
bound material as a multimeric protein with the typical
structure of plasma vWF (21).

Fibrinogen is a likely contaminant of purified vWF
preparations. Weobtained direct evidence that this was
not the case for the purified vWFused in these studies
by demonstrating the absence of any measurable fi-
brinogen using a sensitive radioimmunoassay. More-
over, several observations provide indirect evidence
that possible fibrinogen or fibronectin contamination
cannot explain the binding observed with our purified
vWF preparations. (a) EPI-stimulated platelets bind
fibrinogen (28), but not fibronectin (29) nor vWF.
ADP-stimulated platelets bind fibrinogen (12) and
vWF, but not fibronectin (29). Thrombin is the only
effective stimulus to induce platelet binding of fibro-
nectin (29). (b) A combination of ADP+ EPI increases
the binding of vWFover that observed with ADPalone.
Thrombin-induced binding, however, is more than
double that observed with the combination of ADP
+ EPI. Thrombin-induced binding of fibrinogen, on
the contrary, occurs at levels similar to those observed
with ADP or ADP + EPI stimulation (30). (c) The
stoichiometries of vWF and fibrinogen binding are
clearly different. Half saturation of binding occurs at
-5 jg/ml of added vWF, as opposed to -60 sg/ml
of added fibrinogen (12, 28, 30). The fraction of added
fibrinogen that binds to platelets corresponds to 2-3%
at best (12, 28, 30), whereas it can be as high as 50%
in the case of vWFbinding. It is important to note that
the parameters of vWF binding cannot be expressed
in molar terms because of the heterogeneous nature of
the molecule and the uncertainty about the molecular
weight of the different multimers that interact with
platelets (21).

When thrombin was used to induce vWF binding,
the capacity to support specific binding and induce
platelet secretion of serotonin were closely parallel
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FIGURE 9 SDSagarose gel electrophoresis of free and bound '"I-vWF. Lane 1, free '"I-vWF
used as ligand in the experimental mixtures; lanes 2 to 4, 1251-vWF bound in the presence of
thrombin (0.5 U/ml), ristocetin (1.5 mg/ml), and ADP + EPI (20 AM each), respectively, and
extracted from the platelet pellets after phase separation; lane 5, '"I-vWF bound in the presence
of thrombin and an anti-GPIIb/IIIa monoclonal antibody (B59.2). The same amount of 1251.
vWFwas added to all experimental mixtures. All bands detected in lane 1 correspond to mul-
timers of vWF as they are observed in plasma after reaction with specific antibodies (see ref-
erence 21). The relative increase of the fastest moving band observed in bound ligand (lanes
2 and 3) was not a constant finding. It is possibly related to partial disaggregation of the larger
multimers after platelet lysis.

events. On the contrary, when ADP or ADP + EPI
were used as agonists, binding of vWF was indepen-
dent of the platelet release reaction. In the presence
of an ADP scavenger, thrombin-induced binding of
vWF was reduced by approximately two-thirds. This
suggests that endogenous ADP released from platelets
is necessary for maximal expression of vWF binding
sites induced by thrombin. A specific thrombin action
must be postulated, however, as binding induced by
exogenous ADPor the combination of ADP+ EPI was
always significantly less than that observed with throm-
bin. This action of thrombin must occur on platelets
and not on the ligand, as the same results are observed
when thrombin is incubated with platelets and then

neutralized by hirudin before addition of the ligand.
The thrombin concentration necessary to induce sig-
nificant vWFbinding to platelets was as low as 20-50
mU/ml. Since experiments were performed at low
platelet concentration, in the absence of stirring, and
at room temperature, the concentrations of thrombin
may be higher than those actually required in vivo to
induce vWFbinding sites.

The interaction of vWFwith the thrombin-induced
binding site is reversible. However, if unlabeled vWF
was added after binding of I25I-vWF had occurred,
displacement was incomplete. Thus, a certain propor-
tion of the bound molecules had adopted a stable in-
teraction with platelets. It is interesting to observe that
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the binding of vWF to the ristocetin-induced binding
site is also only partially reversible (2). Similar results
have also been observed for fibrinogen interaction with
platelets (31). Another characteristic of vWFbinding
to the thrombin-induced site is its partial spontaneous
reversibility upon prolonged incubation. Since the lev-
els of cyclic AMPhave been shown to be important in
regulating vWFbinding to thrombin-stimulated plate-
lets (3), but not to ristocetin-treated platelets (32), our
findings might be related to fluctuations of intraplatelet
cyclic AMPfollowing platelet stimulation.

After extensive characterization of the platelet vWF
binding site induced by thrombin, ADP, and ADP
+ EPI, our purpose was to evaluate whether this bind-
ing site corresponded to that induced by ristocetin. The
suggestion that this might not be the case derived from
(a) the different metabolic and divalent cation require-
ments for expression and/or function of these binding
sites, as observed during the course of these studies and
by others (3); (b) our recent observation that thrombin-
induced binding of vWF is deficient in Glanzmann
thrombasthenia (4), whereas ristocetin-induced bind-
ing is normal (8).

There is ample evidence that GPIb functions as the
platelet binding site for vWF in the presence of the
antibiotic ristocetin (2, 6-8). Indeed, this conclusion
is supported by the results here reported that dem-
onstrate complete suppression of ristocetin-induced
binding of vWF by a specific monoclonal antibody
directed against GPIb. This monoclonal antibody (API)
is different from that reported by Ruan et al. (33) that
inhibited only 50% of ristocetin-induced vWFbinding
to fixed platelets. API inhibits >98% of vWF platelet
binding induced by ristocetin. Since both antibodies
are monoclonal, the epitopes recognized on the GPIb
molecule are probably different. API appears to be
directed against or very close to the specific epitope
involved in vWFbinding. Recently, Coller et al. (34)
have also reported studies with a different monoclonal
antibody to GPIb that completely blocks ristocetin-in-
duced binding of vWF to platelets. It is evident, how-
ever, that GPIb, or at least the epitope recognized by
the antibody used in these studies and essential for
ristocetin-induced binding, is not involved as part of
the vWFbinding site exposed on platelets stimulated
by thrombin or ADP+ EPI. This conclusion is further
substantiated by the finding that thrombin-induced
binding was increased, rather than decreased, in two
Bernard-Soulier patients whose platelets had been
shown in previous studies to have extremely low levels
of GPIb (10). Bernard-Soulier platelets adhere poorly
to subendothelium (35) and are severely defective in
their capacity of binding vWFmultimers in the pres-
ence of ristocetin (8). Hence, it has been postulated
that the vWF binding sites exposed by ristocetin are

involved in subendothelium-platelet interaction me-
diated by vWF. Following this hypothesis, the throm-
bin-induced binding sites for vWFare likely to be less
important in this interaction, as they are normally ex-
pressed on Bernard-Soulier platelets.

We have recently described the severely deficient
thrombin-induced binding of vWF to thrombasthenic
platelets and suggested that the GPIIb/IIIa complex
may be a component of the binding site for vWF ex-
posed on thrombin-stimulated platelets (4). Such an
hypothesis is further supported by the studies here re-
ported. In fact, blocking of GPIIb/IIIa by monoclonal
antibodies results in reduced thrombin-induced as well
as ADP+ EPI-induced binding of vWF. These results
suggest the existence of common mechanisms leading
to the expression of vWFbinding sites on platelets stim-
ulated by these three physiological agonists, but not by
ristocetin.

One of the anti-GPIIb/IIIa antibodies tested only
partially blocked the platelet binding of vWF induced
by thrombin, but the other was more effective in this
regard. The less effective antibody might recognize an
epitope of the GPIIb/IIIa complex not directly related
to the binding site, and therefore interfere with vWF
binding only by steric hindrance, whereas the other
might recognize an epitope more closely related or
correspondent to the vWF binding site.

Appropriate controls were performed to demonstrate
that the effect of the monoclonal antibodies was on
specific binding of vWF. This was shown by the fact
that the addition of excess monoclonal IgG directed
against an epitope not present on platelets had no effect
on the results, thus ruling out the possibility of non-
specific effects related to interaction with the Fc re-
ceptor on platelets. Moreover, the vWF binding to
thrombin-stimulated platelets in the presence of the
anti-GPIb antibody corresponded to the binding that
could be completely suppressed by excess unlabeled
vWF. This, together with the demonstrated time-de-
pendence and saturability, shows that thrombin-in-
duced binding of vWFin the presence of blocked GPIb
is specific. The possibility that the blocking effect of
anti-GPIIb/IIIa antibodies was on the binding of con-
taminants present in the vWFpreparations, rather than
on the binding of vWF itself, is unlikely as shown by
(a) the lack of any detectable contaminant, and notably
fibrinogen, in the vWFpreparations used; and (b) the
direct demonstration that decreased binding of radio-
labeled ligand in the presence of anti-GPIIb/IIIa an-
tibodies was accompanied by a decrease in vWFmul-
timers bound to platelets, as detected by SDS agarose
electrophoresis and autoradiography after solubiliza-
tion of >80% of bound ligand.

In conclusion, these studies, as well as the results
previously obtained in Glanzmann thrombasthenia (4),
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demonstrate that the platelet membrane GPIIb/IIIa
complex, but not GPIb, is involved in the expression
of vWF binding sites on thrombin- and ADP + EPI-
stimulated platelets. Ristocetin-indVced binding of
vWF, on the contrary, is GPIb-dependent but GPIIb/
Ila-independent. Therefore, distinct binding sites for
vWFare exposed on the platelet surface by different
stimuli. Although the physiological significance of
thrombin-induced binding of vWF to platelets is still
unclear, the recent demonstration that thrombin in-
creases the membrane expression of platelet-released
vWF (36, 37) suggests a possible role for the GPIIb/
IlIa-related binding site in this mechanism.
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