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Abstract

The platelet GP Ib-IX receptor supports platelet adhesion and
activation by binding to vWf in the exposed subendothelial ma-
trix. An abnormal GP Ib-IX complex exists in platelet-type or
pseudo-von Willebrand disease and has a characteristic in-
creased affinity for soluble vWf resulting in impaired hemo-
static function due to the removal of larger vWf multimers from
the circulation. Genetic studies within an afflicted family have
demonstrated that the disease is linked to a Gly?** — Val
amino acid substitution within the a-subunit of the oligomeric
GP Ib-IX complex (Miller, J. L., D. Cunningham, V. A. Lyle,
and C. L. Finch. 1991. Proc. Natl. Acad. Sci. USA. 88:4761-
4765). To evaluate the functional consequences of this muta-
tion, we constructed a recombinant analogue of the a-subunit of
GP Ib containing Val?33, Experiments comparing molecules
with either Gly?*® or Val?* revealed that the Val substitution
generates a molecule with increased affinity for vWf. The re-
combinant fragment reproduces the functional abnormality of
the GP Ib-IX complex in platelet-type von Willebrand disease,
thus establishing the molecular basis of the bleeding disorder
within this family. Moreover, it becomes apparent that struc-
tural elements responsible for the regulation of hemostasis
through modulation of vWf affinity for platelets reside within
the a-subunit of the GP Ib-IX complex. (J. Clin. Invest. 1993.
91:2133-2137.) Key words: thrombosis  platelet adhesion ¢
genetic disease » von Willebrand factor « hemostasis

Introduction

The adhesion of platelets onto an altered vascular surface is an
early event in thrombogenesis supported by specific platelet
membrane receptors and their adhesive ligands. Among the
latter, vWf binds to two sites on the platelet membrane, the GP
Ib-IX and the GP IIb-IIla receptor complexes (1-4). vWfas a
soluble component of plasma has an unmeasurable affinity for
unstimulated circulating platelets, thus, specific mechanisms
must be responsible for initiation of the interaction between
vWTf and platelets at sites of vascular injury. In the temporal
sequence of interactions leading to thrombus formation, the
recognition of surface-bound vWf by GP Ib is the first neces-
sary step leading to irreversible adhesion under high shear
stress (5).

Address correspondence to Jerry Ware, Ph.D., SBR 8, The Scripps

Research Institute, 10666 North Torrey Pines Road, La Jolla, CA
92037.

Received for publication 10 April 1992 and in revised form 21 De-
cember 1992.

J. Clin. Invest.

© The American Society for Clinical Investigation, Inc.
0021-9738/93/05/2133/05 $2.00

Volume 91, May 1993, 2133-2137

It has been proposed that the regulation of vWf binding to
GP Ib-IX may depend upon specific functional conformations
acquired by the ligand and/or the receptor either as a conse-
quence of rheological conditions or, in the case of vWT, as a
result of being surface-bound within the subendothelial matrix
(6-8). Indeed, the possibility of regulating affinity through
conformational changes in vWf has been recently supported by
the demonstration that a single amino acid substitution results
in a subtype of von Willebrand disease, type IIB, in which an
abnormal soluble vWf molecule has an increased affinity for a
normal GP Ib-IX complex (9). Conversely, structural alter-
ations in the platelet GP Ib-IX complex are presumed to be the
underlying molecular basis of platelet-type or pseudo-von Wil-
lebrand disease in which an aberrant receptor has increased
affinity for normal vWf (10, 11). Both platelet-type von Wille-
brand disease and type IIB von Willebrand disease are clini-
cally similar but the underlying molecular bases are different,
one resulting from a hyperfunctional ligand (type IIB von Wil-
lebrand disease) and the other from a hyperfunctional platelet
receptor (platelet-type von Willebrand disease). This implies
that conformational changes in both GP Ib and vWf may be
relevant to platelet thrombus formation.

A variant GP Ib-IX complex resulting in platelet-type von
Willebrand disease has been associated with a single amino
acid substitution, Gly?** — Val, within the a-subunit of the GP
Ib-IX complex (12). However, the GP Ib-IX complex is a
three-subunit receptor and even though the a-subunit (GP
Iba) contains the binding site for vWT{, it is not known if the
other two subunits of the complex contribute to the in vivo
modulation of binding to vWf (13, 14). Thus, without sup-
porting evidence that the other components of the receptor
complex are normal, it is impossible to conclude with certainty
that the a-subunit containing Val at position 233 is responsible
for increased in vivo affinity for vWT. In this report we demon-
strate that a GP Iba recombinant analogue containing the
Gly®? — Val substitution displays increased binding affinity
for normal vWf. The results provide direct evidence that a GP
Iba fragment can functionally mimic the abnormal receptor
associated with platelet-type von Willebrand disease and sup-
port the concept that conformation changes associated with the
a-subunit of the GP Ib-IX receptor complex may be an impor-
tant mechanism in the regulation of hemostasis.

Methods

Construction of recombinant plasmids and generation of stable cell
lines. A recombinant plasmid, pMW2, has been previously reported
(15) and directs the secretion from Chinese hamster ovary (CHO-K 1)!
cells of a GP Iba fragment composed of residues His'-Ala2. This
secreted fragment corresponds to a previously characterized 45-kD

1. Abbreviation used in this paper: CHO-K 1, Chinese hamster ovary.
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tryptic fragment from the amino terminus of GP Iba containing the
binding site for vVWf (13, 16, 17). pMW2 was constructed from a geno-
mic fragment of the GP Iba gene inserted into pCDM8"*, a modified
version of pCDM8 containing a neomycin resistance gene (18). The
secreted GP Iba fragment containing native sequence instrinsically as-
sembles into a conformation recognized by a series of anti-GP Iba
monoclonal antibodies and binds von Willebrand factor in the pres-
ence of modulators, either ristocetin or botrocetin (15). The monoclo-
nal antibodies used in these studies, LJ-Ibal, LJ-Ibl, LJ-P3, and LJ-
P19 have been previously described (13, 16, 17). A rabbit antiserum
obtained by immunization with a synthetic peptide corresponding to
GP Iba residues Gly?!-Glu?®*® was also used.

pMW2/G233V is identical to pMW2 except that the Gly?** codon
(GGT) of pMW2 was changed to a Val?** codon (GTT). Site-directed
mutagenesis was performed on uracil-containing template derived
from a recombinant filamentous phage containing the GP Iba coding
sequence of pMW?2 (19). After mutagenesis, the a-subunit coding se-
quence was checked by DNA sequence analysis to verify that only
codon 233 had been altered. The mutant GP Iba fragment was subse-
quently cloned into pCDM8"°.

pMW2 and pMW2/G233V were separately transfected into CHO-
K1 cells using a calcium phosphate transfection procedure (20). The
CHO-K1 cells were cultured in DMEM supplemented with 2.5 mM
L-glutamine, 0.5 mM nonessential amino acids, and 10% heat-inacti-
vated fetal calf serum (Whittaker Bioproducts, Walkersville, MD).
After transfection, cells were cultured in the presence of 0.8 mg/ml
Geneticin (Life Technologies Inc., Grand Island, NY) to select for
stable integration of the expression plasmid. Approximately 14 d after
transfection isolated CHO-K 1 colonies were expanded and assayed for
the presence of GP Iba antigen in the culture medium. The anti-GP
Iba monoclonal antibody, LJ-Iba1, recognizes an epitope within resi-
dues 1-237 and was used in a dot-blot analysis in parallel with a rabbit
antiserum obtained from immunization with the Gly?!-Glu? syn-
thetic peptide.

125 IyWf binding to recombinant GP Iba fragments. Culture me-
dium from cells transformed by pMW2 and pMW2/G233V was as-
sayed for the quantity of GP Iba antigen by reacting with LJ-Ibal or
the polyclonal antiserum derived from the Gly?”'-Glu?* peptide. The
relative reactivities of LJ-Ibal and the anti-Gly?”'-Glu?® serum were
similar as assessed by serial twofold dilutions of the culture media con-
taining each recombinant fragment. This implies that the Gly*** - Val
substitution has no effect on the epitope(s) recognized by each anti-
body. In fact, the chosen cell lines from each transformation secreted
indistinguishable levels of GP Iba antigen so that dilutions were not
required in order to obtain comparable levels of antigen for binding
studies. Serum-free culture media for binding analyses was harvested
after a 24 h incubation from confluent flasks in which the cells were
prewashed three times with DMEM.

The binding assay to evaluate vWTf interaction with the recombi-
nant fragments has been described in detail (15). In this assay the
receptor fragment is immobilized on a nitrocellulose membrane and
the radiolabeled ligand, '#*I-vWf, is filtered through the membrane us-
ing a vacuum generated by a peristaltic pump. This assay was chosen to
mimic the situation of the GP Ib-IX-V complex inserted in the platelet
membrane, and indeed, '2’I-vWf binding to nitrocellulose was shown
to be specific for the recombinant GP Iba fragment using monoclonal
antibodies that inhibit vWf binding to platelet GP Ib (15). In addition,
the binding assays are performed under conditions whereby the nitro-
cellulose is saturated with each recombinant GP Iba fragment, such
that, increasing the recombinant fragment concentration does not re-
sult in increased vWf binding.

The binding was performed by immobilizing the recombinant frag-
ments onto a nitrocellulose membrane using a commercially available
apparatus designed for an enzyme-linked immunofiltration technique
(ELIFA; Pierce Chemical Co., Rockford, IL). Culture medium (200
ul) was vacuum-drawn through the nitrocellulose membrane by a peri-
staltic pump. After binding the culture medium, the binding capacity

of the nitrocellulose was saturated by filtering 600 ul of Hepes-BSA-
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buffer (20 mM Hepes, pH 7.4; 150 mM NaCl; 1% BSA) through the
membrane. After this blocking step, a 50-ul mixture of '*I-vWf with
the indicated concentration of ristocetin or botrocetin (Sigma Immuno-
chemicals, St. Louis, MO) was filtered through the membrane. The
vWf was labeled via the iodination procedure of Fraker and Speck
(21). For the ristocetin and botrocetin-dependent binding curves (Fig.
2), a final wash of 200 ul Hepes-BSA buffer was used. For determining
the amount of '*I-vWf bound to each sample, a nitrocellulose disc
corresponding to each application well was counted in a y-scintillation
spectrometer. Under the described conditions, the binding of '*I-vWf
to the GP Iba fragment was not reversible. Thus, we refrained from
using Scatchard type analysis to obtain “apparent”™ dissociation con-
stants and to extrapolate “apparent” maximal binding at saturation.
“True” values for these parameters can only be obtained under condi-
tions of equilibrium binding.

Results

Expression of recombinant GP Iba analogues. To evaluate the
structural and functional consequence of a Gly?** — Val sub-
stitution within GP Iba, we constructed an expression plasmid,
pMW2/G233V, that is identical to the previously reported
plasmid, pMW?2, except that it contains a glycine to valine
codon substitution at position 233. As originally reported (15),
pMW?2 directs the secretion from CHO-K1 cells of a soluble
amino-terminal fragment of GP Iba containing residues His -
Ala®?, Stable CHO-K 1 cell lines were established after trans-
fection with pMW2/G233V and secretion of GP Iba antigen
was confirmed by immunoblotting with anti-GP Iba monoclo-
nal antibodies. A panel of conformation-dependent monoclo-
nal antibodies, each recognizing distinct epitopes within the
NH,-terminal domain of GP Iba, were tested for their ability to
interact with culture media containing the Val*** mutant frag-
ment. The immunoreactivity of media containing the mutant
fragment was compared to media taken from cells secreting the
normal GP Iba fragment and nontransformed CHO-K 1 cells.
A nondenaturing dot-blot analysis was used since the epitopes
recognized by several of the antibodies are sensitive to denatur-
ation. The results demonstrate that the mutant fragment is
secreted at levels similar to the fragment containing normal GP
Iba sequence and, with respect to the antibodies tested, the two
are immunologically indistinguishable (Fig. 1).

Functional consequences of a Gly*? — Val substitution.
Preliminary studies were performed to determine the amount
of ristocetin required to obtain maximal binding at a fixed vWf
concentration (Fig. 2, upper graph). Both the mutant fragment
and the fragment with normal sequence had maximal binding
when tested with 2 ug/ml of vWf at ~ 0.7 mg/ml ristocetin.
However, at lower doses of ristocetin (0.2-0.5 mg/ml) the
amount of '»I-vWf bound to the mutant fragment was mark-
edly increased as compared to vWf bound to the normal frag-
ment. For example, the Gly?** - Val mutant fragment bound
fourfold more vWf using ristocetin at 0.25 mg/ml. In contrast,
vWTf binding supported by increasing amounts of botrocetin
was essentially identical for both fragments (Fig. 2, lower
graph).

The apparent enhanced interaction between vWf and the
mutant fragment was further investigated by evaluating the
effect of increasing vW{ concentration on the amount of vWf
bound in the presence of different amounts of ristocetin. A
representative experiment using 0.34 mg/ml of ristocetin is
illustrated in Fig. 3 (upper graph), demonstrating that the mu-
tant fragment binds more vWTf than the control native frag-



Figure 1. Immunologi-
cal analysis of recombi-
nant GP Iba fragments.
Serum-free culture me-
dium (200 ul) from
nontransformed CHO-
K1 cells (CHO), cells
transformed with
pMW2 (WT) or
pMW2/G233V
(G233V') was immobi-
lized onto nitrocellulose
membranes (dot-blot)
and reacted with a panel
of murine monoclonal
antibodies recognizing
distinct epitopes within
the NH, terminus of the a-subunit of GP Ib. LJ-Iba1 recognizes an
epitope present on reduced GP Iba within the first 237 residues; ac-
cordingly samples reacted with LJ-Ibal were reduced with 50 mM
dithiothreitol before spotting on nitrocellulose. The other antibodies
each recognize epitopes that are sensitive to denaturation and/or re-
duction and so culture medium was spotted onto the nitrocellulose
without prior treatment. The expressed GP Iba fragments correspond
to residues, His'-Ala*2. Bound anti-GP Iba monoclonal antibody
was detected using an '>*I-labeled rabbit anti-mouse IgG and subse-
quent autoradiography. A photograph representing the autoradio-
graph is shown.
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ment at any concentration of vWf tested. Thus, the Gly*** —
Val mutant fragment bound 10-fold more vWTf than the corre-
sponding normal fragment control using 5 ug/ml of vWf and
0.34 mg/ml of ristocetin (Fig. 3, upper graph). Neither GP Iba
fragment was able to bind vWTf in the absence of ristocetin. In
contrast, using ristocetin at 1 mg/ml both the mutant fragment
and the normal fragment exhibited similar binding properties

30 Figure 2. Dose-depen-
dent effect of exogenous
modulators on '*I-vWf .
binding to recombinant
GP Iba fragments. ']
vWTf (2 ug/ml; sp act
6.95 X 10® cpm/mg)
was incubated for 30
min at room tempera-
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0.00 0.50 1.00 1.60 ture with the indicated

Ristocetin (mg/ml) concentrations of risto-
cetin (upper graph) or
20 .
botrocetin (lower
graph). At the end of
the incubation, each
mixture (50 ul) was
vacuum-drawn over a
S-min period through
a demarcated circular
area of a nitrocellulose
membrane containing
serum-free culture me-
dia with identical
amounts of normal GP Iba fragments (W T'), the mutant fragment
(G233V), or serum-free culture media from nontransformed CHO-
K1 cells. After washing once, membrane-bound radioactivity was
counted by y-scintillation spectrometer. Each point represents the
value obtained by subtracting the amount of radioactivity bound by
culture medium from nontransformed CHO-K1 cells from that
amount bound to the culture medium from the two transformed cell
lines. 0, WT; A, G233V.
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10 —
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60 Figure 3. '»I-vWf bind-
ing to recombinant GP
Ibe fragments. 'I-vWf
at a final concentration
0f 0.0625-16 ug/ml was
incubated with either
0.34 mg/ml (upper
graph) or 1 mg/ml
(lower graph) of ristoce-
tin in a 50-u] mixture
for 30 min at room
temperature. The mix-
ture was then vacuum-
drawn through a nitro-
cellulose membrane
containing the immobi-
lized protein of serum-
free culture medium
harvested from pMW?2-
transformed cells
(WT), pMW2/
G233V-transformed
cells (G233V), or non-
transformed CHO-K1 cells. The membranes were dried without
washing, and the bound radioactivity was determined as described in
Fig. 2. Background binding obtained using nontransformed CHO-K i
cell supernatant was subtracted from that value obtained using the
culture medium from the two transformed cells lines. o, WT; a,
G233V.
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regardless of the vWf concentration added (Fig. 3, lower
graph). It is apparent from these assays that the binding curve
generated for the mutant fragment, but not the normal frag-
ment, is the same whether ristocetin is used at 0.34 mg/ml or 1
mg/ml (compare the curves shown in the upper and lower
graphs of Fig. 3). Thus, the phenotypic consequence of a
Gly?*® — Val substitution in the recombinant fragment is not
an increased binding capacity for vWf, but an ability to bind a
similar amount of vWf at a lower concentration of ristocetin.

Discussion

Under normal in vivo circumstances, the interaction between
vWfand platelet GP Ib-IX is strictly regulated to occur only at
those times required for the initiation of hemostasis. As an
example of this regulation, soluble plasma vWf has an unmea-
surable affinity for circulating platelets, yet the exposure of
surface-bound vWf at a site of vascular injury is a crucial factor
for supporting platelet adhesion via the GP Ib-IX complex (1,
2, 6). Two disease states, platelet-type von Willebrand disease
and type IIB von Willebrand disease, have suggested that abnor-
malities in either the receptor or the ligand may support an
interaction between soluble vWf and platelets with a sufficient
affinity to promote intravascular platelet clumping, thrombo-
cytopenia, and a resulting bleeding disorder.

Relevant to platelet-type von Willebrand disease, Miller et
al. (12) identified an amino acid change at position 233 of the
a-subunit of GP Ib that was linked to inheritance of the plate-
let-type von Willebrand disease phenotype. Indeed, in vitro
binding assays and studies using monoclonal antibodies have
identified the binding site for vWf to be within the first 293
residues of GP Iba (15, 17), but the possible in vivo role of the
other subunits of the complex, the 8-chain of GP Iband GPIX,
in the modulation of binding to vWf has not yet been clarified.
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Thus, in the previously reported genetic analysis it was impossi-
ble to conclude that the Gly?** — Val substitution is responsi-
ble for the abnormal GP Ib-IX complex and the propositus’
reported phenotype. The results presented here establish that a
recombinant GP Iba fragment containing the single Gly?*? —
Val substitution can mimic the phenotype originally described
for platelet-type von Willebrand disease, namely the ability of
platelets to interact with vWf at lower doses of ristocetin. These
functional assays demonstrate that the Gly?**> — Val substitu-
tion is the molecular basis of platelet-type von Willebrand dis-
ease in this family and further document the independent role
of the a-chain of GP Ib in modulating and supporting the bind-
ing of vWTf to the platelet GP Ib-IX complex.

The vWfbinding curves generated using the mutant recom-
binant fragment were similar regardless of whether binding was
performed with 0.34 mg/ml or 1 mg/ml ristocetin (Fig. 3).
This result implies that the functional vWf binding site within
the mutant fragment is the same at both concentrations of ris-
tocetin. This result is consistent with the interpretation that the
mutations resulting in platelet-type von Willebrand disease are
more likely related to “modulation” or “exposure” of other
residues that constitute the direct contact sites with vWf, rather
than to changes of a contact site itself. According to this hy-
pothesis, it would be expected that a number of different muta-
tions within regions crucial for modulation could result in plate-
let-type von Willebrand disease. Supporting this hypothesis are
preliminary reports linking an amino acid substitution at posi-
tion 239 of GP Iba (Met — Val) to the molecular defect within
two different individuals with platelet-type von Willebrand dis-
ease (22, 23). Moreover, a number of different mutations re-
sulting in the hyperfunctional ligand associated with type IIB
von Willebrand disease have been identified and are clustered
within the vWf domain containing the GP Ib-IX binding site
(9, 24, 25). Thus, although the genetic defects of platelet-type
von Willebrand disease and type IIB von Willebrand disease
appear to be heterogeneous, the mutations may be restricted to
regions within each molecule important for the modulation of
binding.

The use of botrocetin as a modulator of vWf binding to GP
Ib did not reveal the platelet-type von Willebrand disease phe-
notype, nor has it been reported that it can diagnose the
aberrant platelet receptor typical of the disease. It is known that
distinct mechanisms of action underlie the modulating func-
tion of ristocetin and botrocetin (26), but how either experi-
mentally induced binding mimics the in vivo interaction be-
tween vWfand GP Ib is not known. Botrocetin appears to exert
its action on vWf generating a modulator-induced binding site
for GP Ib-IX within the botrocetin-vWf complex (27, 28). In
contrast, ristocetin-mediated binding seems to require an ini-
tial concentration-dependent dimerization of ristocetin that
subsequently mediates a bifunctional bridging between vWf
and GP Ib-IX dependent upon a ristocetin binding site within
both the receptor and ligand (29). Thus, ristocetin highlights
both the intrinsically increased affinity of mutant GP Iba for
normal vWf associated with platelet-type von Willebrand dis-
ease and the mutant vWf and normal GP Iba associated with
type IIB von Willebrand disease.

Previous studies have demonstrated a direct interaction be-
tween the mutant platelet receptor with a Gly3* — Val substi-
tution and soluble vWf( 12, 30); in contrast, the mutant recom-
binant GP Iba fragment showed no binding of vWf in the ab-
sence of modulators, although exhibiting the typical enhanced
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response to low concentrations of ristocetin seen in platelet-
type von Willebrand disease. This observation may be due to
the fact that the vWf binding domain within the intact receptor
complex on platelets is functionally different from that ex-
pressed in the isolated recombinant GP Iba fragment due to
the contribution of the other components of the complex (GP
Ibg, GP IX and, perhaps, GP V, in addition to the portion of
GP Iba chain not expressed in the recombiant fragment).
Moreover, the presence of a second vW( receptor on the plate-
let surface, the GP IIb-IIla complex, may be necessary to detect
the direct vWf binding seen in the patients, since it is now
known that binding to GP Ib results in activation of GP IIb-IIla
and concurrent binding of vWf to both receptors (5). Obvi-
ously, the contribution of GP IIb-Illa is missing in our experi-
mental assay with the isolated recombinant GP Iba fragment.
Nevertheless, our results prove that the enhanced response to
low concentrations of ristocetin is exclusively the consequence
of the Gly?** — Val substitution.

Although the present results provide information relevant
to platelet-type von Willebrand disease and the functional role
of the NH, terminus of GP Iba, it still remains to be established
whether, in normal hemostasis, conformational changes within
the receptor, the ligand, or both are required to generate the
necessary affinities to support platelet adhesion. In fact, the
true mechanisms may be even more complex to include factors
such as rheological conditions or still undiscovered molecules,
analogous to ristocetin and botrocetin, acting as in vivo modu-
lators. However, definition of the molecular bases of platelet-
type von Willebrand disease and type IIB von Willebrand dis-
ease may help in identifying the essential mechanisms that con-
trol thrombus formation and may provide a better
understanding of normal hemostasis and of those pathological
situations culminating in the thrombotic occlusion of a blood
vessel.
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