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Abstract

We have studied the interaction of the congenitally abnormal
type IIA and IIB von Willebrand factor (vWF) molecules, both
lacking the larger multimeric forms, with the two vWF binding
sites on platelets, the glycoprotein (GP) Ib-IX and GP IIb-Illa
complexes. Variant as well as normal (N) vWF were purified
from plasma. Estimates for binding of subunit molecules per
platelet at saturation (B,,,) and dissociation constant in
moles/liter (K;), respectively, were obtained from binding iso-
therms of '**I-labeled vWF, with the following results. In the
presence of ristocetin (binding to GP Ib-IX): N, 25,693 and 0.5
X 10783; IIA, both parameters not measurable; IIB, 17,708 and
0.87 X 1078, After thrombin stimulation (binding to GP IIb-
Ila): N, 17,059 and 1.12 X 1075, IIA, 23,751 and 4.87 X 10°%
IIB, 19,890 and 2.52 X 107%. Distinct experiments based on
measuring the ability of the variant species (from the same
patients and one additional IIB patient) to inhibit the binding
of normal >I-vWF to platelets gave results in agreement with
those reported above. Other studies showed that only IIB vWF
bound to platelets in the absence of any mediating substance
(K4 = 5.21 X 107® mol/liter and B, = 9,599 subunits per
platelet) and induced aggregation at a concentration of 10
pg/ml (3.6 X 10~® M). Thus, IIB vWF binds to GP Ib-IX with
high affinity and induces platelet aggregation, whether with or
without ristocetin, in spite of the absence of larger multimers.
In contrast, the binding of IIA vWF to GP Ib-IX occurs with
very decreased affinity, and this defective function may result
from specific structural abnormalities rather than just being a
reflection of the absence of larger multimeric forms. Both IIA
and IIB vWF exhibit decreased affinity for GP IIb-Illa. In this
case, the extent of the defect correlates with the absence of
larger multimers. (J. Clin. Invest. 1990. 86:785-792.) Key
words: glycoprotein « platelet « von Willebrand disease ¢ von
Willebrand factor
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Introduction

The multimeric structure of von Willebrand factor (vWF)' is
considered important for providing high-affinity binding to
the platelet membrane (1, 2). This occurs by means of func-
tional domains present in each subunit and having recognition
specificity for one of two known platelet sites, the glycoprotein
(GP) Ib-IX complex and the GP IIb-Illa complex (3-5). Thus,
one large vVWF multimer may interact in a multivalent manner
with several binding sites on one platelet. The occurrence of
bleeding, both in congenital von Willebrand disease and in
acquired abnormalities of vVWF, is correlated to the absence of
larger multimers even in patients with normal total concen-
tration of vWF (1). The two most common congenital variants
of von Willebrand disease with abnormalities of multimeric
structure are type IIA and type IIB (6, 7). The current concepts
of pathophysiology suggest that, in the former, vWF fails to
polymerize normally or the larger multimers are structurally
unstable (8); in the latter, vWF has increased affinity for plate-
lets and, consequently, the larger multimers are removed from
the circulation as a result of platelet binding (7, 9-11). To date,
however, there is no detailed information on the modalities of
interaction of IIA and IIB vWF with the corresponding bind-
ing sites on platelets.

The association of vWF with both GP Ib-IX and GP IIb-
Illa appears to be important in thrombus formation (12, 13),
and knowledge of the molecular mechanisms responsible for it
is likely to provide useful information for understanding the
processes involved in normal hemostasis as well as pathologi-
cal vascular occlusion. In this regard, the study of molecular
variants of von Willebrand disease is of particular interest if
the existence of specific molecular defects can be correlated to
relevant abnormalities of interaction with platelets. To address
these issues, we have purified the congenitally abnormal vWF
molecule from the plasma of patients with type IIA and IIB
von Willebrand disease, and evaluated in a quantitative man-
ner the interaction with GP Ib-IX and GP IIb-IIla. Our find-
ings demonstrate that IIB vWF can bind to GP Ib-IX in the
absence of any mediating or activating molecule, suggesting
the existence of a molecular defect resulting in increased affin-
ity for this platelet site. Such increased affinity is also evident
in the presence of ristocetin, in spite of the absence of larger
multimers. In contrast, IIA vWF interacts with GP Ib-IX with
extremely reduced affinity. The severity of this abnormality
may reflect the existence of specific structural alterations af-

1. Abbreviations used in this paper: Bns,, number of molecules bound
at saturation; GP, platelet membrane glycoprotein; vWF, von Wille-
brand factor.
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fecting the GP Ib-binding site in IIA vWF, in addition to the
derangement of multimeric structure typical of these patients.
Finally, both variant forms of vWF bind to the GP IIb-Illa
complex on activated platelets with decreased affinity. In this
case, the extent of the abnormality appears to correlate essen-
tially with the decrease of larger multimers (14).

Methods

All blood samples were obtained from patients and normal volunteers
with their informed consent and in accordance with the declaration of
Helsinki. They had taken no medications for at least 2 wk.

Purification of proteins. The purification of vWF was performed as
reported (9, 10) with the only modification of adding to the starting
plasma aprotinin (Sigma Chemical Co., St. Louis, MO) and EDTA,
200 U/ml and 5 mM final concentrations, respectively. Two different
preparations of IIB vWF were obtained from (a) 1,500 ml of plasma
from one patient (D.Z.) previously described in detail (9, 10) and (b)
2,000 ml of plasma from patient C.A., who fulfilled the criteria for the
diagnosis of IIB von Willebrand disease (7). One preparation of IIA
vWF was obtained from 2,300 ml of plasma from patient D.M., who
fulfilled the criteria for the diagnosis of IIA von Willebrand disease (6).
In addition, normal vWF was purified from ~ 1 liter of plasma either
obtained from a single volunteer or pooled from four different donors.
Purified vWF was contained in the first protein peak (detected by light
absorbance at 280 nm) eluting at the void volume of a 2.5 X 80-cm gel
filtration column of Sepharose 4B-CL (Pharmacia LKB Biotechnology
Inc., Piscataway, NJ). The peaks of IIA and IIB vWF appeared in the
same position as that of normal vWF, but their maximal height was
smaller because of the lower content of vWF, and the area corre-
sponding to the larger multimers was less represented. The final yields,
based on recovery of total ristocetin cofactor activity units as percent-
age of those present in the starting plasma, were 20-25% for normals,
3.5% for patient D.Z., 5.2% for patient C.A., and 4% for patient D.M.
In the latter, the ristocetin cofactor activity in plasma was 0.12 U/ml (1
U/ml is the activity of “standard” normal plasma); the specific risto-
cetin cofactor activity of purified vVWF was 14.7 U/mg of protein (as
opposed to 155 U/mg for normal vWF). The reported ristocetin co-
factor activity of IIB vWF is between 48 and 68 U/mg (10). The final
yield of patient vVWF was lower than normal because, in agreement
with previous findings (9, 10), the decreased concentration of larger
multimers determines a lower recovery of vWF in the initial cryopre-
cipitation step.

Analysis of the purified vWF on reduced polyacrylamide gels
showed a major band with apparent mobility of 220 kD in both nor-
mals and patients and some smaller bands, owing to proteolytic degra-
dation, which were slightly increased in patient D.M. (15). All the
bands stained with Coomassie Blue were identified as vWF by im-
munoblotting with specific monoclonal antibodies (16). Purified nor-
mal, IIB, and IIA vWF were stored in 0.02 M Tris-HCl, 0.15 M NaCl,
pH 7.3 (Tris buffer), and kept at —70°C. The concentration of VWF
was measured by the method of Lowry et al. (17).

Sialic acid measurement. The sialic acid content of vVWF was mea-
sured according to the method of Warren (18) after incubating purified
vWF with 0.1 N H,SO, for 60 min at 100°C. Samples were tested in
duplicate or triplicate. N-acetyl-neuraminic acid was used as a stan-
dard.

Radioiodination of vWF. This was performed with '>*I using Iodo-
gen (Pierce Chemical Co., Rockford, IL) according to the method of
Fraker and Speck (19). The specific activity of normal, IIA, and IIB
vWF was between 0.3 and 0.6 mCi/mg.

Monoclonal antibodies. Monoclonal antibodies against GP Ib and
the GP IIb-Illa complex were prepared and characterized as described
(20, 21). The antibodies used were LJ-Ibl, specific for GP Ib, and
LJ-PS and LJ-CP8 directed against the GP IIb-Illa complex. LJ-Ibl
inhibits VWF binding to GP Ib; LJ-P5 inhibits vVWF but not fibrinogen
or fibronectin binding to GP IIb-IIla; LJ-CP8 inhibits binding of all
adhesive proteins that interact with GP IIb-IIla. Purified IgG and

monovalent Fab' were prepared as reported (22, 23) and kept in Tris
buffer.

Aggregation studies. Citrated platelet-rich plasma from a severe
afibrinogenemic patient was prepared as described from blood con-
taining 0.011 mol/liter of trisodium citrate (24). All aggregation studies
were performed with a Chronolog aggregometer (Chronolog Corp.,
Haverton, PA) in siliconized glass cuvettes at 37°C with a constant
stirring at 1,200 rpm and a platelet count of 2.5 X 10® ml. Washed
platelets were prepared according to a modification of the albumin
density gradient technique (25) as reported elsewhere (5).

Binding experiments. Binding of '2’I-labeled normal, IIA, and IIB
(patient C.A.) VWF to washed normal platelets in the presence of
ristocetin (binding to GP Ib-IX) or after stimulation with a-thrombin
(binding to GP IIb-I1la) was measured as previously reported in detail
(5). In brief, platelets at the final count of 1.44 X 10%/ml were incu-
bated with '?’I-labeled vWF at concentrations between 0.27 and 25
ug/ml, in the presence of ristocetin (1.2 mg/ml) or after stimulation
with a-thrombin (0.8 NIH U/ml; a gift of Dr. J. W. Fenton II, Griffin
Laboratories, New York State Department of Health, Albany, NY).
All incubations were carried out in polypropylene tubes, at 22-25°C
for 30 min, after which separation of platelet-bound radioactivity from
free ligand was achieved by centrifugation through 20% sucrose, as
reported (5). Radioactivity was counted in a y-scintillation spectrome-
ter (Packard Instrument Co., Laguna Hills, CA), and the amount of
vWF bound to platelets was calculated taking into account the specific
activity of the radiolabeled molecule. In some experiments, the bind-
ing of normal and IIB vWF to thrombin-stimulated platelets was mea-
sured in the presence of the anti-GP Ib monoclonal antibody LJ-Ibl.
This was done to prevent the direct binding of IIB vWF to GP Ib-IX
(see below) and to evaluate whether interaction with this site could
affect the parameters of binding to GP IIb-Illa. Experiments based on
inhibition of binding were performed using a fixed amount of '*I-la-
beled normal vWF (1.2 ug/ml) and increasing concentrations of unla-
beled normal, IIA or IIB vWF, between 0.33 and 80 ug/ml. In this case,
unlabeled and labeled ligands were added to platelets in rapid succes-
sion one after the other, either in the presence of ristocetin or after
stimulation with a-thrombin, as described above. The rest of the pro-
cedure was performed as described above for the generation of binding
isotherms with labeled ligands at varying concentrations. Direct bind-
ing of '*I-labeled normal or IIB vWF (patient C.A.) was measured
using normal platelet-rich plasma in the absence of any inducing mole-
cule, as previously described for asialo vWF (26). The final platelet
count was 2.5 X 10%/ml, and the vWF concentration varied between
1.6 and 35 pg/ml. The incubation mixtures were kept at room temper-
ature (22-25°C) or at 37°C, as specified, without stirring for 30 min,
after which separation of platelet bound from free ligand was achieved
by centrifugation through 20% sucrose, as previously described (5),
followed by measurement of the bound radioactivity.

The binding parameters were calculated using the computer-as-
sisted program LIGAND (27), assuming a subunit molecular mass of
275 kD for each of the purified VWF preparations. Direct binding
isotherms were analyzed using the “Hot” option of the program,
whereas inhibition curves were analyzed using the “Drug” option.
Nonspecific (nonsaturable) binding was calculated as a fitted parame-
ter. The values obtained in this manner were in close agreement with
those measured in the presence of monoclonal antibodies that inhibit
binding to either GP Ib-IX or GP IIb-IIla. The antibodies used were
LJ-Ib! and LJ-CPS8, respectively, used at a concentration (120 ug/ml)
in excess of that necessary to obtain saturation of the corresponding
epitopes and maximal inhibitory activity (20, 28). It was not possible to
measure nonsaturable binding in the presence of excess amount of
unlabeled ligands because of the limited quantities of purified patient
VvWEF available.

Results

Characterization of purified IIA and IIB vWF. The distribu-
tion of multimeric forms in purified IIA and IIB vWF was
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comparable to that seen in the plasma of the same patients
before purification. In particular, the decrease in multimers of
intermediate size was more pronounced in IIA than IIB vWF,
but both preparations lacked the larger multimers of normal
plasma (Fig. 1). Purified IIB vWF from patient D.Z. induced
platelet aggregation when added to citrated platelet-rich
plasma at concentrations as low as 5-7 ug/ml, whereas vVWF
from patient C.A. induced aggregation at 10 ug/ml. No aggre-
gation was seen with IIA or normal vWF at concentrations up
to 300 ug/ml. The sialic acid content of purified IIA and IIB
vWF was within normal values (Table I).

Binding studies. The interaction of purified vWF with the
platelet GP Ib-IX and GP IIb-IlIa binding sites was evaluated
either in the presence of ristocetin or after platelet activation
with a-thrombin, respectively. In a first set of experiments,
binding was measured using '*’I-labeled purified vWF. The
dose-dependent association of normal, IIA, and IIB vWF
(from patient C.A.) with GP Ib-IX is shown in Fig. 2. Scat-
chard-type analysis of the binding isotherms using the com-
puter-assisted program LIGAND (27) demonstrated that nor-
mal and IIB vWF bound in a saturable manner, whereas no
regression could be obtained for IIA vWF (Fig. 2). Neverthe-
less, an anti-GP Ib monoclonal antibody could inhibit about
two-thirds of the total binding measured at each concentration
of IIA vWF tested, suggesting that a specific interaction oc-
curred, although the affinity was too low to be calculated from
the data points available. The limiting factor for testing higher
concentrations was, in this case, the amount of purified IIA
vWF that could be obtained from the patient. The values of
Brax and K calculated for the ristocetin-dependent vWF bind-
ing to GP Ib are reported in Table II. No estimates could be
obtained for IIA vWF, whereas IIB vWF exhibited binding
parameters not dissimilar from normal. In particular, the Ky

<Origin

b <—Dye Front

PP Pu Pl Pu Pl Pu
N 1A ]3]

Figure 1. Multimeric composition of purified vVWF preparations.
Each lane contains 20 ul of citrated platelet-poor plasma (P!) or
5-10 ng of purified vVWF (Pu) from either a normal control (N) or
patients with type IIA (patient D.M.) or type IIB (patient C.A.) von
Willebrand disease. Electrophoresis was performed in an agarose gel
containing sodium dodecyl sulfate, and vWF multimers were de-
tected by autoradiography after reaction with a radiolabeled specific
anti-vWF antibody (29). The arrow at the top indicates the interface
between stacking and running gel, the one at the bottom indicates
the dye front. Cathode was at the top. Note the abnormal multimeric
structure in the samples from the patients, with absence or marked
decrease of large and intermediate multimers both in plasma and in
the purified preparations.

Table I. Sialic Acid Content of Purified 114 and IIB vWF

Source Sialic acid
nmol/mg of vVWF
Patient D.M. (IIA vWF) 159
Patient D.Z. (IIB vWF) 170
Patient C.A. (IIB vWF) 160
Normal (n = 4) 158+17

Results in normal represent the mean+1 SD of four different prepa-
rations.

values were approximately the same, in spite of the absence of
larger multimers in IIB vWF. As discussed below, this means
that the affinity of IIB vWF for GP Ib-IX is greater than
normal.

The binding isotherms obtained for the thrombin-induced
binding of vWF to GP IIb-IIIa are shown in Fig. 3. In this case,
Scatchard-type analysis demonstrated saturable binding for all
three types of vVWF tested. As summarized in Table II, both IIA
and IIB vWF exhibited similar Bp,, but higher K, values than
normal vWF. The affinity of interaction was lower for IIA than
IIB vWF, in accordance with the more pronounced defect in
multimeric structure.

A different experimental approach was used to confirm the
characteristics of the interaction of IIA and IIB vWF with .

25 Figure 2. Binding iso-

N therms for vWF interac-
° tion with GP Ib-IX in

- the presence of ristoce-

tin. Purified, '*I-la-

beled vWF, either from

a normal individual

(top), a IIB von Wille-

125 F

8 brand disease patient
0 + 4 : : ' (C.A.; middle), or a IIA
25 —IIB von Willebrand disease
patient (D.M.; bottom),

was incubated at the in-
dicated concentrations
with washed normal
platelets (1.44 X 10%/
ml) in the presence of
1.2 mg/ml of ristocetin.
0 After 30 min of incuba-
tion at 22-25°C, the
%5 ﬂm amount of bound vWF
. ) was determined as de-
scribed in Methods.
The points reported in
these graphs represent
specific binding, after
subtraction of the non-
saturable binding calcu-
lated as a fitted parame-
ter from total binding
(27). The insets show
the computer-generated
Scatchard-type analysis of the experimental data (27). Note the lack
of linear regression for IIA vWF.
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Table II. Parameters of Radiolabeled 114

and IIB vWF Interaction with GP Ib-1X (Ristocetin-mediated)
and GP IIb-1Ila (Thrombin-induced) Calculated

from Binding Isotherms

Ristocetin (1.2 mg/ml) Thrombin (0.8 U/ml)
Ky Buax Ky Bumax
X107 M X107 M
IIA vWF (D.M.) NM NM 4.87£1.02 23,751+4,368
IIB vWF (C.A)) 0.87+0.12  17,708+5,000 2.52+0.25 19,890+1,449
Normal (n = 3) 0.5+0.18  25,963+4,323  1.12+0.30  17,059+2,408

Washed platelets (final platelet count 1.44 X 10%/ml) were incubated for 30
min at room temperature with increasing concentrations of radiolabeled nor-
mal or variant vVWF (0.27-25 ug/ml final concentration) either in the presence
of ristocetin or after stimulation with a-thrombin. Binding parameters were
calculated using the computer-assisted program LIGAND (27). The values re-
ported for the patients represent the estimated parameter + the SE of the esti-
mate (27). The values reported for the normal controls are the mean of three
independent estimates + 1 SD. Patient samples were tested twice and the re-
sults obtained were in good agreement. Only the results from one experiment
are reported here. NM, not measurable, i.e., no defined value could be ob-
tained by analysis of the binding isotherm.

platelets. In this second set of experiments, the binding of a
constant amount of normal '*’I-labeled vWF, corresponding
approximately to its Ky (1.2 ug/ml), was measured in the pres-
ence of varying amounts of unlabeled normal, IIA, or IIB
vWF. By using the computer-assisted program LIGAND (27),
estimates for the Bna and Ky values of the competing unla-

18r

Figure 3. Binding iso-
,  therms for vWF interac-

tion with GP IIb-Illa
181 after thrombin stimula-
8 tion of platelets. The
same samples and ex-
perimental conditions
described in the legend
to Fig. 2 were used for
these experiments, ex-
cept that, instead of
adding ristocetin, plate-
lets were stimulated
18 ¢ with 0.8 NIH U/ml of
m a-thrombin before the
addition of labeled li-
gands. Evaluation of the
experimental data was
as described in the leg-
end to Fig. 2. Note that,
in this case, a linear re-

125|.yWF Bound (Molecules/Platelet x 10°3)

gression was obtained
by Scatchard-type anal-
0 5 10 15 20 25 ysis (ShOWl'l in the
insets) for all three
125.yWF Added (ugiml) types of vWF tested.

beled species were derived from the dose-dependent inhibition
curves, assuming that labeled and unlabeled species bound to
the same sites, and using as estimated: Ky of the labeled ligand
the value derived from the binding isotherms of normal vWF
shown above.

As shown in Table III, unlabeled normal and IIB vWF
inhibited the binding of normal '*’I-vWF to GP Ib-IX, and the
estimated binding parameters were in good agreement with
those obtained from binding of the corresponding radiolabeled
species (Table II). It should be noted that two different samples
of purified IIB vWF were tested in these experiments, and the
results were similar. In particular, both samples of IIB vWF
showed a lower K value (greater affinity) than normal vWF, in
spite of the absence of larger multimers in the IIB vWF prepa-
rations. These results are different from those observed with
normal vWF preparations lacking the larger multimers. As
reported by Federici et al. (14) in a separate study performed
with the same experimental approach, the K, value for binding
to GP Ib-IX in the presence of ristocetin was 0.46 X 10~ M for
fractions of normal vWF containing larger multimers, as op-
posed to 6.17 X 1078 M for fractions containing smaller mul-
timers. Thus, the affinity of IIB vWF for GP Ib-IX is much
greater than that of normal multimers of equivalent size. Op-
posite findings were obtained with IIA vWF. In accordance
with the results of direct binding experiments, it was not possi-
ble to estimate binding parameters for the interaction of unla-
beled IIA vWF with GP Ib-IX in the presence of ristocetin,
since there was only minimal inhibition of normal vWF bind-
ing with this purified molecule. Even when used at a 70-fold
excess concentration over radiolabeled normal vWF, IIA vWF
inhibited < 50% of binding. Instead, inhibition of normal
vWF binding to GP IIb-Illa was effectively achieved with all
the samples tested. The parameters estimated for IIA and IIB
vWEF (Table III) were in good agreement with those obtained
from isotherms of the corresponding radiolabeled species

Table I11. Parameters of 1A and IIB vWF Interaction
with GP Ib-1X (Ristocetin-mediated)

and GP IIb-111a (Thrombin-induced) Calculated
from Inhibition of Normal vWF Binding

Ristocetin (1.2 mg/ml) Thrombin (0.8 U/ml)
Ka B Ky Buu
X102 M X107 M
1IA vWF (D.M.) NM NM 8.90+2.24  16,900+1,276
IIB vWF (C.A)) 0.55+£0.06 18,747+1,674 2.41+0.63 22,574+4,831
IIB vWF (D.Z.) 0.28+0.08 19,675+5,025 3.01+0.09 15,678+1,483
Normal (n = 3) 0.78+0.19  15,384+2,474 1.37+0.40 18,553%+1,933

Washed platelets (final platelet count 1.44 X 10®/ml) were incubated with a
fixed concentration of radiolabeled normal vWF (1.2 ug/ml final concentra-
tion) and increasing concentrations of either unlabeled normal vWF or IIA
vWF (patient D.M.) or IIB vWF (patients C.A. and D.Z.). The final concentra-
tion of unlabeled vWF was between 0.33 and 80 ug/ml. The K4 and Bpax
values for the competing unlabeled species were calculated using the “Drug”
option of the computer-assisted program LIGAND (27). The values reported for
the patients represent the estimated parameter + the standard error of the esti-
mate (27). The values reported for the normal controls are the mean of three
independent estimates + 1 SD. Samples from patients D.M. and C.A. were
tested twice, but only the results of one experiment are reported here. Both ex-
periments gave values in good agreement. NM, not measurable, i.e., no defined
value could be obtained by analysis of the inhibition curves.
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(Table II), and both variant molecules exhibited lower affinity
than normal vWF for binding to GP IIb-IIla. Again, the defect
was more pronounced for IIA vWF. In this case, the results are
in good agreement with those obtained by Federici et al. (14)
using fractions of normal vWF enriched in either larger or
smaller multimers, suggesting a similar behavior for normal as
well as IIA and IIB vWF multimers of equivalent size.

Only IIB vWF exhibited a measurable interaction with un-
stimulated platelets in the absence of any inducing substance.
In citrated platelet-rich plasma, binding occurred in a satura-
ble manner, with an estimated K value of 5.21 X 10~ M and
estimated By, of 9,599 vWF subunit molecules bound per
platelet (Fig. 4). This interaction was abolished by the anti-GP
Ib monoclonal antibody, LJ-Ibl, known to block the binding
of vWF to platelets in the presence of ristocetin, thus demon-
strating that the site involved in binding IIB vWF to unstimu-
lated platelets is primarily the GP Ib-IX complex.

The ability of IIB vWF to bind directly to GP Ib-IX had a
minimal effect on the interaction of the molecule with throm-
bin-stimulated platelets. This was tested by measuring binding
of '*I-labeled IIB vWF to activated platelets in the presence or
absence of the anti-GP Ib antibody LJ-Ibl, which abolishes
the binding function of this site. Whereas Bp,,, was basically
unchanged (19,890 without, and 21,915 with antibody), the K
showed a modest increase (2.52 X 10~® M without, and 3.68
X 1078 M with antibody), suggesting that binding to GP Ib
may lead to a slight overestimation of the affinity of IIB vWF
for GP IIb-IIla. The anti-GP Ib antibody had no effect on the
binding of normal vWF to thrombin-stimulated platelets.

Aggregation studies. The purpose of these experiments was
to evaluate whether purified IIA vWF, which had the lowest
affinity for GP IIb-IIla of all the species tested, could support
platelet aggregation induced by ADP. This was tested in afi-
brinogenemic citrated platelet-rich plasma, in which aggrega-
tion in response to ADP is observed when supra-normal con-
centrations of purified vWF are added (24). Aggregation oc-
curred with IIA vWF, but to a lesser extent than with
equivalent concentrations of normal vWF (Fig. 5). In either
case, aggregation was inhibited by the monoclonal antibody
LJ-P5, which is known to selectively block vWF binding GP
IIb-IIIa (21), demonstrating that this interaction is necessary

10¢

125\.yWF Bound (Molecules/Platelet x 10°3)

for aggregation under the conditions tested (Fig. 5). The lesser
efficacy of purified IIA vWF in supporting aggregation under
these conditions is consistent with its lower affinity for the GP
IIb-IIIa binding site involved in the response.

Discussion

The results of the present studies demonstrate in a quantitative
manner that the congenitally defective type IIA and IIB vWF
molecules exhibit distinct abnormalities in their interaction
with the platelet vWF binding sites, GP Ib-IX and GP IIb-1Ila
complexes. Analysis of vWF binding to platelets must take
into account the heterogeneity of molecular forms typical of
this protein. Previous experiments have demonstrated a corre-
lation between average molecular mass of normal vWF mul-
timers and affinity for binding to both GP Ib-IX and GP IIb-
IIla (2, 14). This is most likely explained by the occurrence of
multivalent interactions (30) that may confer greater energy to
the binding of larger molecules to multiple copies of a given
binding site on the platelet membrane. It should be noted that
the best fit obtained by Scatchard-type analysis of the present
binding isotherms was represented by a straight line, in agree-
ment with another study published previously (31). In a mul-
tivalent system, this behavior can be explained by self-associa-
tion of the bound oligomers on the platelet surface (30). Varia-
tions in this regard, possibly owing to differences in the ligand
and platelets used, may explain why others (2) have observed
the curvilinear Scatchard plots predicted in a simple multiva-
lent system.

With these considerations in mind, the interaction of vari-
ant IIA and IIB vWF with GP IIb-Illa appears to occur ac-
cording to the predictable behavior for smaller multimers of
normal vWF (14). Thus, the greater decrease in affinity ob-
served for IIA vWF is explained by the lack of large and inter-
mediate multimers, as opposed to lack of only the larger ones
in IIB vWF. The most logical interpretation of these findings is
that both IIA and IIB vWF molecules contain a normal GP
IIb-Illa binding site, and the defective interaction is only a
consequence of the abnormal multimeric structure. As dem-
onstrated previously (24), vWF binding to GP IIb-Illa can
support agonist-induced platelet aggregation, even though

Figure 4. Binding of vWF to unstimulated platelets. Pu-
rified, '?’I-labeled normal vWF (a) or IIB vWF (e) was
added to citrated platelet-rich plasma to give a final
platelet count of 2.5 X 10® platelets/ml and vWF con-
centrations ranging from 1.6 to 35 ug/ml. After incuba-
tion at room temperature (22-25°C) for 30 min with no
stirring, binding was measured after separating the plate-
lets from unbound protein by centrifugation through
20% sucrose. The inset represents a Scatchard-type plot
of the binding data, generated with the computer-assisted
program LIGAND (27). For the purpose of calculation,

0 12 . 24 C
125|.yWF Added (ug/mi)

28 VWF was assumed to have a molecular mass of 275 kD,
corresponding to the estimated size of the mature sub-
unit. Note the lack of binding of normal vWF.
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Figure 5. Platelet aggregation mediated by normal vWF and IIA
vWEF. Citrated platelet-rich plasma was obtained from a patient with
congenital afibrinogenemia (24) and used at final platelet count of
2.5 X 10%/ml. (4) Purified IIA vWF or (B) normal vWF was added at
final concentrations of 38 ug/ml (traces b and b’) or 76 ug/ml (traces
cand ¢'). Control curves (traces a and a') contained 76 ug/ml of
vWF and 200 ug/ml of Fab’' of monoclonal antibody LJ-P5 (21). Ag-
gregation was induced by the addition, at arrow, of ADP at the final
concentration of 2.5 uM. Note the decreased initial rate and extent
of aggregation, as well as the decreased light scattering, observed with
IIA vWF as compared to normal vWF. Note also that aggregation is
completely abolished by the anti-GP IIb-IIla monoclonal antibody
LJ-P5, which has been shown to inhibit vVWF but not fibrinogen in-
teraction with this platelet site (21). Thus, the aggregation observed is
mediated by vWF binding to GP IIb-IIla (24).

with traditional aggregometry this can only be shown in the
absence of fibrinogen. In accordance with the results obtained
with smaller multimers of normal vWF (14), the decreased
binding affinity of IIA vWF for GP IIb-Illa is well reflected in
the decreased ability to support platelet aggregation. Not only
were the initial rate and overall extent of aggregation de-
creased, but the size of aggregates was also smaller with IIA
vWF than with normal vWF, as judged by the decreased light
scattering observed in the aggregometer (see Fig. 5) and by
visual inspection.

In view of the fact that vWF interaction with GP IIb-IlIa is
likely to play a functional role in the formation of platelet
thrombi, particularly under flow conditions characterized by
high wall shear stress (13, 32), the demonstrated defective in-
teraction of IIA vWF with GP IIb-IIla may play a pathophysio-
logical role in the bleeding diathesis of these patients. The
same is presumably true for IIB von Willebrand disease, if one
assumes that the interaction of vVWF with each of its two plate-
let binding sites has specific functional significance, and the
direct binding of IIB vWF to unstimulated platelets is not

likely to counter its decreased affinity for GP IIb-Illa. In fact,
the affinity of IIB vWF for binding to thrombin-stimulated
platelets is lower than normal in spite of the possible concur-
rent interaction with GP Ib-I1X.

At variance with the results observed for binding to GP
IIb-IIla, the contrasting defects in the interaction of IIA and
IIB vWF with GP Ib-IX are likely to be the consequence of
structural abnormalities that transcend the derangement in
multimeric structure. The present studies provide the first di-
rect estimate of the dissociation constant for the binding of IIB
vWF to GP Ib-IX in unstimulated citrated platelet-rich
plasma, a situation under which there is no measurable inter-
action of intact normal vWF. The value of 14.3 ug/ml (5.2
X 1078 M) is similar to that obtained with desialylated normal
vWF under similar experimental conditions (26), even though
the total sialic acid content in this preparation of purified IIB
vWEF, as well as in others analyzed in previous studies (10), was
not decreased. In view of the fact that > 60-70% removal of
sialic acid is necessary in order to see a significant aggregating
effect with normal vWF (33), it is apparent that a more specific
defect must be responsible for causing IIB vWF binding to GP
Ib-IX in the absence of inducing substances. The greater than
normal affinity of IIB vWF for GP Ib-IX was evident also in
ristocetin-dependent binding, in spite of the lack of larger
multimers. A comparison of the K, values reported here with
those obtained for normal multimers of corresponding size,
reported in a separate publication (14), reveals that the affinity
of IIB vWF for GP Ib-IX is ~ 10-fold greater than normal in
the presence of ristocetin. Although the cause, or causes, of this
increased affinity remain unknown, at present, unpublished
preliminary studies in our laboratory have demonstrated the
existence of amino acid substitutions in the GP Ib-binding
domain of IIB vWF, and distinct abnormalities are being
found in different patients (personal unpublished observa-
tion). Indeed, more work is needed before a correlation be-
tween these subtle structural abnormalities and the enhanced
affinity of IIB vWF for GP Ib-IX can be established.

A good agreement was found between the K; value esti-
mated from binding isotherms and the threshold concentra-
tion of IIB vWF necessary to induce platelet aggregation, dem-
onstrating that occupancy of less than half of the total number
of binding sites is sufficient to trigger a platelet response. In
fact, the two samples from unrelated patients studied here
demonstrated a twofold difference in the K for ristocetin-me-
diated binding to GP Ib-IX, and this correlated with the
threshold concentration for induction of aggregation (VWF
from patient D.Z. was more active and had lower K; than that
from patient C.A.). Barring effects of the purification proce-
dure, which was conducted with identical methodology, these
findings may be the consequence of subtle differences in mul-
timeric composition or, possibly, be related to the existence of
heterogeneous vWF defects in unrelated IIB patients resulting
in abnormal molecules with different affinity for GP Ib-IX (see
above).

In contrast to the greater than normal affinity of IIB vWF
for GP Ib-IX, the affinity of IIA vWF was so markedly de-
creased that estimation of a K4 value was not possible, whether
by direct binding experiments or inhibition of binding studies.
Some interaction between IIA vWF and GP Ib-IX occurred,
however, as demonstrated by the measurable, albeit markedly
decreased, level of ristocetin cofactor activity seen in the
plasma of the patient who volunteered for these studies. Nev-

790  De Marco, Mazzucato, De Roia, Casonato, Federici, Girolami, and Ruggeri



ertheless, the defect appears to be too extreme to be justified by
the abnormality in multimeric structure. In fact, it has been
shown that smaller multimers of normal vWF exhibit a con-
cordant decrease in affinity for both GP Ib-IX and GP IIb-Illa
(14). Since the decreased affinity of IIA vWF for binding to GP
IIb-IIla is in good agreement with that of smaller normal mul-
timers, the markedly decreased interaction with GP Ib-IX
suggests that, in addition to the absence of larger multimers, a
specific alteration, or alterations, in a relevant functional do-
main may be involved in determining the abnormal IIA vWF
binding to GP Ib-IX. Otherwise, one would expect to obtain a
Ky value similar to that of smaller multimers of normal vWF
with equivalent affinity for GP IIb-IIla, in the order of 5 X 1078
M (14). In contrast, there is a discrepancy in the minimal
multimer size required for IIA vWF binding to GP Ib-IX as
compared to GP IIb-IIla, to the extent that multimeric forms
that can bind to GP IIb-Illa cannot bind to GP Ib-IX, or bind
with much lower affinity. The molecular abnormality respon-
sible for this altered function does not necessarily involve the
sialic acid content of IIA vWF, as this was found to be normal
in the sample utilized for the present experiments. It should be
kept in mind, however, that a definitive answer to the question
of whether abnormalities in multimeric distribution, or spe-
cific structural alterations, or a combination of the two, are
responsible for the decreased affinity of IIA vWF for GP Ib-IX
would require the isolation and functional characterization of
homogeneous preparations of multimers of defined size from
both normal and IIA vWF. This is not feasible with the cur-
rently available methodology, and the interpretation of the
results presented here remains open to speculation.

In conclusion, these studies provide evidence that the lack
of larger multimers in IIA and IIB vWF is responsible for their
decreased affinity for the platelet GP IIb-IIla binding site. In
contrast, the distinct abnormalities in the interaction with GP
Ib-IX may involve specific molecular defects that, in the case
of IIB vWF, determine increased affinity, while in the case of
IIA vWF cause a decrease in affinity greater than predictable
on the basis of the alteration in multimeric structure. The
nature of these molecular defects remains to be elucidated.
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