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Platelet-type von Willebrand disease is a bleeding dis-
order resulting from gain-of-function mutations of gly-
coprotein (GP) Iba that increase its affinity for von Wil-
lebrand factor (vWf). The two known naturally
occurring mutations, G233V and M239V, both enrich the
valine content of an already valine-rich region within
the Cys209–Cys248 disulfide loop. We tested the effect of
converting other non-valine residues in this region to
valine. Of 10 mutants expressed in CHO cells as compo-
nents of GP Ib-IX complexes, four displayed a gain-of-
function phenotype (G233V, D235V, K237V, and M239V)
based on 125I-vWf binding and adhesion to immobilized
vWf. The remainder displayed loss-of-function pheno-
types. The gain-of-function mutants bound vWf sponta-
neously and had a heightened response to low concen-
trations of ristocetin or botrocetin, whereas the loss-of-
function mutants bound vWf more poorly than wild-type
GP Iba. No distinct gain- or loss-of-function conforma-
tions were identified with conformation-sensitive anti-
bodies. Compared with cells expressing wild-type GP
Iba, cells expressing the gain-of-function mutants rolled
significantly more slowly over immobilized vWf under
flow than wild-type cells and were able to adhere to vWf
coated at lower densities. In aggregate, these data indi-
cate that the region of GP Iba bounded by Asn226 and
Ala244 regulates the affinity for vWf.

Injuries to blood vessels must be sealed rapidly and effi-
ciently to prevent blood loss. The process of sealing these de-
fects begins when platelets adhere to subendothelial matrix
exposed when the overlying endothelial layer is removed. This
process sets off a sequence of events that includes the activa-
tion of the platelets, their spread along the exposed matrix,
release of their granule contents, and their aggregation to form

a hemostatic plug. The entire process is initiated by an inter-
action between the glycoprotein (GP)1 Ib-IX-V complex on the
platelet surface and von Willebrand factor (vWf) exposed on the
subendothelium. von Willebrand factor also circulates in the
plasma but does not, under normal circumstances, interact in
the fluid phase with the platelet complex. This interaction
requires an activation stimulus: either very high fluid shear
forces, such as may be found in regions of arterial stenosis, the
presence of the nonphysiological modulators ristocetin (a pep-
tide antibiotic) or botrocetin (a family of snake venom proteins),
or immobilization of vWf on a surface (1).

The GP Ib-IX-V complex comprises four transmembrane
polypeptide chains, GP Iba, GP Ibb, GP IX, and GP V, but only
the largest of these, GP Iba, has been shown to interact with
vWf (1). This polypeptide is a typical type I transmembrane
protein and can be subdivided into four functional domains: a
45-kDa region of approximately 300 amino acids at the amino
terminus; a rigid mucin-like stalk, the macroglycopeptide,
which separates the ligand-binding domain from the plasma
membrane; a single transmembrane domain; and a 97-amino
acid cytoplasmic domain that connects the entire complex to
the platelet cytoskeleton (2). The vWf-binding region is con-
tained in the 45-kDa N-terminal domain. In this region, three
sites have been implicated as important for the interaction
with vWf (Fig. 1A): the N-terminal disulfide loop and adjacent
leucine-rich repeats (His1–Ala200), the C-terminal disulfide
loop region (Phe201–Gly268), and an anionic, tyrosine-sulfated
sequence, Asp269–Glu282. Ample evidence supports the involve-
ment of each region in vWf binding. First, mutations from
patients with the deficiency disorder of the complex, Bernard-
Soulier syndrome, implicate the region spanning residues His1

to Ala200 that contains seven tandem repeats of a conserved
24-amino acid leucine-rich sequence. These repeats assign GP
Iba to a large family with similar motifs, a family to which GP
Ibb, GP IX, and GP V also belong (3). Mutagenesis and peptide
studies also implicate the highly acidic region spanning resi-
dues Glu269–Glu287 as being involved in vWf binding (4). This
region has been shown to be postranslationally sulfated on
three tyrosines (5, 6), a requirement for the optimal binding of
vWf, whether induced by modulator (5–7) or under flow condi-
tions with vWf immobilized on a surface (8). Between these two
regions lie two disulfide loops formed by bonds between Cys209

and Cys248 and between Cys211 and Cys264 (Fig. 1B). Synthetic
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peptide blocking studies have suggested a role for these loops in
vWf binding (9, 10), as have studies of the rare bleeding disor-
der platelet-type (pseudo) von Willebrand disease (vWD) (11–
13). These findings are supported by functional analysis of
anti-GP Iba monoclonal antibodies. von Willebrand factor bind-
ing to GP Iba induced by ristocetin or botrocetin is strongly
inhibited by antibodies that recognize epitopes within the N-
terminal 128 residues (AK2, Hip1, C-34, 6D1), or the C-termi-
nal disulfide loop region between Phe201 and Gly268 (AP1) (14).
Other antibodies that preferentially inhibit botrocetin-induced
vWf binding map to Phe201–Gly268 (VM16d) or to the sulfated
sequence (SZ2).

Paradoxically, platelet-type vWD is caused by mutations of
GP Iba that increase its affinity for vWf (15). The bleeding
diathesis is thought to result from rapid clearance from the
plasma of the highest molecular weight multimers of vWf (16),
which are the most effective multimers in mediating platelet
adhesion (17). The platelets of patients with this disorder ei-
ther bind vWf in the absence of modulators or require much
lower ristocetin concentrations to induce the interaction (15,
18). Miller and co-workers showed that one case of platelet-type
vWD resulted from a Val for Gly substitution at residue 233
(11); Russell and Roth described a substitution of Val for Met at
residue 239 in another kindred with the disorder (12). The
latter mutation was subsequently described in an unrelated
Japanese kindred (13) and as occurring de novo in another
patient (19). Both mutations are close to each other in the
primary structure of the polypeptide within the Cys209–Cys248

disulfide loop, implicating this loop either as being directly
involved in vWf binding or as a regulatory region that under
normal circumstances directly or indirectly prevents the expo-
sure of the ligand-binding regions.

Of interest, not only do these mutations affect residues in
close proximity to each other in the linear sequence of GP Iba,
both mutations also convert existing non-valine amino acids to
valine. Because of these common features, we examined the
effect of converting other non-valine residues in the region to
valine. We compared the mutants with wild-type GP Iba and
with the known platelet-type vWD mutants expressed as part
of recombinant GP Ib-IX complexes in Chinese hamster ovary
(CHO) cells in several ways; we examined the effect of the
mutations on expression of the complex, on its ability to sup-
port modulator-induced vWf binding, and on the ability of GP
Ib-IX complex-expressing cells to adhere to and roll on a matrix
of vWf under conditions of flow.

MATERIALS AND METHODS

Site-directed Mutagenesis—Mutagenesis was performed directly on
the GP Iba cDNA cloned into the EcoRI site of the mammalian expres-
sion vector pDX (20) using a commercial polymerase chain reaction-
based mutagenesis kit (QuikChangeTM; Stratagene, La Jolla, CA).
Eleven mutations were created in which each codon for non-valine
amino acid residues within a region spanning Asn226–Ala244 was con-
verted to a valine codon. Mutated GP Iba cDNAs were sequenced
completely to verify the mutations and to eliminate those mutants that
carried unwanted mutations. The sequencing reactions were performed
using the ABI Dye terminator kit, and the sequencing gels were run on
an ABI model 373A automated sequencer (ABI, San Leandro, CA).

Cell Lines and Transfections—To develop stable cell lines expressing
mutant GP Iba polypeptides, the mutated GP Iba cDNAs were trans-
fected into CHO bIX cells (which stably express GP Ibb and GP IX) (21)
using a commercial kit (LipofectAMINE, Life Technologies Inc.) (5, 22).
The plasmid pREP4 (Invitrogen, Carlsbad, CA), which carries the hy-
gromycin resistance gene, was cotransfected with each of the GP Iba
mutant cDNAs. Transfected cells were grown for 3 days in a-minimal
essential medium (Life Technologies) containing 10% heat-inactivated
fetal bovine serum and then in the same medium containing increasing
doses of hygromycin for selection. The final hygromycin concentration
was 500 mg/ml. The cells were then repeatedly sorted for GP Ib-IX
expression with antibody-coupled magnetic beads. For this, cells were

detached with 0.53 mM EDTA and resuspended in phosphate-buffered
saline (PBS) containing 1% bovine serum albumin. The cells were
incubated first with the monoclonal GP Iba antibody WM23 (kindly
provided by Dr. Michael C. Berndt, Baker Medical Research Institute,
Melbourne, Australia) for 30 min at room temperature and then with
magnetic beads coated with sheep anti-mouse IgG (Dynabeads, Dynal,
Inc., Lake Success, NY). Bead-bound cells were separated from un-
bound cells on a magnetic apparatus (Dynal).

To determine the effect of the mutations on the surface expression of
GP Iba, we transiently expressed the wild-type or mutant cDNAs by the
method described above but without drug selection and studied expres-
sion of the complex by flow cytometry 3 days after transfection.

Flow Cytometry—Cells expressing the wild-type or mutant polypep-
tides were labeled with WM23. This antibody binds in a domain distinct
from the mutated region; its binding is therefore unlikely to be affected
by the mutations (23, 24). The procedure for performing flow cytometry
was described previously (25). Briefly, cells grown in a monolayer were
detached with 0.53 mM EDTA, washed with PBS, and incubated with 1
mg/ml WM23 in PBS containing 1% bovine serum albumin for 60 min at
room temperature. The cells were then washed to remove unbound
antibody and incubated with fluorescein isothiocyanate-conjugated rab-
bit anti-mouse IgG (Zymed Laboratories Inc., South San Francisco, CA)
for 30 min at room temperature. The cells were then analyzed by flow
cytometry on a FACScan flow cytometer (Becton Dickinson, San Jose,
CA), stimulating with 488-nm laser light and collecting light emitted at
.530 nm.

The binding of several monoclonal antibodies with epitopes in the GP
Iba ligand-binding domain was also analyzed by flow cytometry to
determine if the mutations affected the global conformation of this
region. These antibodies have previously been shown to block the
vWf-GP Ib-IX-V complex interaction (5, 6, 26). The antibodies tested
were AN51 (DAKO, Carpinteria, CA), AK2 (RDI Research Diagnostic
Inc., Flanders, NJ), AP1 (a gift from Dr. Robert Montgomery, the Blood
Research Institute, Milwaukee, WI), C-34 (obtained from the 5th Inter-
national Workshop on Leukocyte Antigens), and SZ2 (RDI Research
Diagnostics, Inc.).

Modulator-induced von Willebrand Factor Binding—Purified human
vWf (a gift from Dr. Michael Berndt) was iodinated with Na125I as
described previously (5). Free iodine was separated from labeled vWf by
passing the iodination reaction solution through a Sephadex G25 col-
umn (PD10 column; Amersham Pharmacia Biotech). The specific activ-
ity of the 125I-labeled vWf was 0.27 mCi/mg of protein.

Modulator-induced vWf binding to the cells expressing the GP Iba
mutants was assessed by methods described previously (5, 20). Briefly,
CHO cells expressing the mutants were detached with 0.53 mM EDTA
and washed with Ca21- and Mg21-free Tyrode’s buffer (138 mM NaCl,
5.5 mM glucose, 12 mM NaHCO3, 0.36 mM NaH2PO4, 2.9 mM KCl, pH
7.4). Washed cells were resuspended in Tyrode’s buffer containing 1%
bovine serum albumin to a final concentration of 4 3 106 cells/ml. An
aliquot of each cell suspension was used to determine the cell surface
levels of GP Iba by flow cytometry. To assess vWf binding, 25-ml ali-
quots of the cell suspension were mixed with either 1.0 mg/ml ristocetin
(Sigma) or 20 mg/ml of purified botrocetin (24) and increasing quantities
of 125I-vWf. The final volume of the reaction mixture was adjusted to
100 ml with Tyrode’s buffer. The mixture was incubated for 30 min at
room temperature and then loaded onto a minicolumn containing 20%
sucrose in Tyrode’s buffer. Cell-bound vWf was separated from vWf in
solution by centrifuging the minicolumn for 5 min at 10,000 3 g at room
temperature. The capillary tips containing the cell pellets were excised,
and the radioactivity was counted in a g-counter. Specific binding was
first determined by subtracting background counts (binding to CHO
bIX cells) and then corrected for the surface receptor levels as deter-
mined by flow cytometry.

The same procedure was used to examine the binding of vWf to the
mutants at low concentrations of the modulators. For ristocetin, the
cells were incubated at ristocetin concentrations of 0, 0.2, and 0.4
mg/ml, and for botrocetin, they were incubated at concentrations of 0,
0.1, and 0.2 mg/ml, both in the presence of 1.6 mg/ml 125I-vWf.

Preparation of vWf Matrix—Human vWf was purified from blood
cryoprecipitate by glycine and NaCl precipitation and subsequent sep-
aration on a 2.5 3 50-cm Sepharose 4B column (bed volume of 3000 ml;
Amersham Pharmacia Biotech) as described previously (8). A commer-
cial kit was used to determine the concentration of vWf according to the
manufacturer’s instructions (Ramo Laboratories, Inc., Houston, TX).

Purified vWf was immobilized onto 11 3 22-mm2 glass coverslips by
incubating the coverslips with 200 ml of PBS containing the specified
vWf concentration for 45 min at room temperature. Unbound vWf was
removed by washing the coverslips with 0.9% NaCl.
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Parallel Plate Flow Chamber—Cell rolling was induced in a parallel
plate flow chamber and observed by phase-contrast video microscopy.
The parallel plate flow chamber is composed of a polycarbonate slab, a
silicon gasket, and a vWf-coated glass coverslip. The three components
were held together by vacuum in such a way that the coverslip formed
the bottom of the chamber. A syringe pump connected to the outlet port
draws PBS through the chamber at defined flow rates to generate
desired wall shear stresses, which are determined by the height of the
gap (the thickness of the silicon gasket), the width of the chamber, the
fluid viscosity, and the flow rate (27).

The assembled parallel plate flow chamber was mounted onto an
inverted stage microscope (DIAPHOT-TMD; Nikon, Garden City, NY)
equipped with a silicon-intensified target video camera (model C2400;
Hammatus, Waltman, MA) connected to a video cassette recorder. The
parallel plate flow chamber was maintained at 37 °C by a thermostatic
air bath during the experiments.

The cell suspension either was allowed to preincubate in the chamber
for 1 min (0.6 ml of a suspension containing 500,000 cells/ml) before
perfusing the chamber with PBS or was perfused directly through the
chamber (100,000 cells/ml) without prior incubation.

Cell rolling in a single view field was recorded in real time for 3–5
min on videotape. The video data were analyzed off-line using Inovision
imaging software (IC-300 Modular Image Processing; Workstation Ino-
vision Corp., Durham, NC) to quantify the number and velocity of
rolling cells (28, 29). A rolling cell was defined as a cell that translocated
in the direction of fluid flow while maintaining constant contact with
the vWf matrix. The rolling velocity was defined as the distance trav-
eled by a single cell during a defined period (1–5 s).

Statistics—The data were analyzed using Student’s t test. A p value
of ,0.05 was considered statistically significant.

RESULTS

Valine Mutagenesis of Residues within the GP Iba Cys209–
Cys248 Disulfide Loop and Expression of the Mutants—The
region of GP Iba affected by the platelet-type vWD gain-of-
function mutations, which lies within the Cys209–Cys248 disul-
fide loop, is rich in valine residues (Fig. 1B). In addition, each
of the known platelet-type vWD mutations changes a non-
valine residue to valine. To evaluate further the role of this
region in regulating the binding of vWf, we converted all non-
valine residues to valine within a region encompassed by
Asn226 and Ala244. The mutations were introduced individually
into the human GP Iba cDNA as single or double nucleotide
substitutions to convert the existing codon to a valine codon
(Table I). The resulting mutants were transfected into CHO
bIX cells, which stably express GP Ibb and GP IX, both of
which are necessary for optimal surface expression of a func-
tional vWf-binding complex (20, 30). Transient expression
studies showed that 10 of the mutants (N226V, K231V, Q232V,
G233V, D235V, K237V, A238V, M239V, T240V, and A244V)
were expressed on the CHO bIX cell surface at levels similar to
that of wild-type GP Iba (data not shown). The Y228V mutant
was expressed in only trace quantities on the cell surface and
was not evaluated further. We then established stable cell lines
expressing each of the mutants by cotransfecting into CHO bIX
cells each mutant GP Iba plasmid with pREP-4, a plasmid
containing a gene encoding hygromycin resistance. The stable
cell lines were used in all subsequent experiments.

Modulator-induced vWf Binding—To determine the effect of
the valine mutations on vWf binding, we first evaluated bind-
ing in the presence of either ristocetin or botrocetin. In the
presence of ristocetin, we found two patterns of binding of the
mutants compared with the binding of the wild-type complex:
they either bound similar or higher amounts of vWf (G233V,
D235V, K237V, and M239V) or they bound less (N226V,
K231V, Q232V, A238V, T240V, and A244V) (Fig. 2, A and B).
Both G233V and K237V bound significantly more vWf than did
the wild-type cells at all concentrations of vWf used (n 5 6, p ,
0.01), whereas vWf binding to D235V and M239V was higher at
the lower vWf concentrations but indistinguishable from that
of the wild-type cells at concentrations that were saturating for

the wild-type complex (n 5 6, p 5 0.08 for D235V, and p 5 0.10
for M239V, for a vWf concentration of 1.6 mg/ml). The loss-of-
function mutants bound significantly less vWf at all concentra-
tions (n 5 3, p , 0.05) (Fig. 2B).

The mutants defined as gain-of-function mutants by their
ristocetin sensitivity displayed similar botrocetin-induced vWf
binding characteristics as the wild-type cells (Fig. 2C) except
for mutant M239V, for which vWf binding saturated at lower
vWf concentrations (n 5 8, p , 0.02 at 0.2 mg/ml and n 5 8, p ,
0.01 at 0.4 mg/ml). Of the mutants defined as loss-of-function by
defective ristocetin-induced binding, only two, N226V and
K231V, demonstrated lower botrocetin-induced binding than
did CHO abIX cells (n 5 3, p , 0.05) (Fig. 2D). The rest of the
loss-of-function mutants bound vWf in a manner similar to the
binding of CHO abIX cells, with the exception of the cells

FIG. 1. A, regions within the GP Iba N terminus implicated in vWf
binding. Three regions have been shown to be important in vWf bind-
ing: the leucine-rich repeats, two disulfide loops flanking the leucine-
rich repeats on the C terminus, and a highly negatively charged region
with three sulfated tyrosines. B, expanded view of the C-terminal flank
disulfide loops. Note the high concentration of valine residues in the
second half of the first loop. The two mutations in platelet-type vWD
convert non-valine residues to valines at residues 233 and 239.

TABLE I
Summary of the valine mutations of GP Iba

Mutants Codon changes Amino acid
changes

N266V AAT to GTT Asn266 to Val
Y288V ATC to GTC Tyr288 to Val
K231V AAG to GTG Lys231 to Val
Q232V CAA to GTA Gln232 to Val
G233Va GGT to GTT Gly233 to Val
D235V GAC to GTC Asp235 to Val
K237V AAG to GTC Lys237 to Val
A238V GCC to GTC Ala238 to Val
M239Va ATG to GTG Met239 to Val
T240V ACC to GTC Thr240 to Val
A244V GCC to GTC Ala244 to Val

a Mutation reported in platelet-type von Willebrand disease.
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expressing the T240V mutant, which bound more vWf than the
wild-type at the higher vWf concentrations.

Modulator Titration—One defining characteristic of the
platelet-type vWD phenotype is the ability of the platelets to
bind vWf at much lower ristocetin concentrations than those
that support vWf binding to normal platelets (11–13). The
same increased sensitivity to ristocetin has also been observed
for recombinant GP Iba fragments containing the mutations
(31, 32). We therefore examined the ristocetin sensitivity of the
four mutants with levels of vWf binding similar to or higher
than that of wild-type GP Iba. Two features of the mutants
immediately became apparent (Fig. 3, top panel). First, they all
bound significantly more vWf than wild-type cells in the ab-
sence of ristocetin (n 5 4, p , 0.05). Second, each mutant also
displayed a heightened sensitivity to low ristocetin concentra-
tions compared with cells expressing the wild-type complex. At
ristocetin concentrations of both 0.2 mg/ml and 0.4 mg/ml, the
four mutants bound substantially more vWf than did the wild-
type cells (n 5 4, p , 0.01).

Earlier studies have suggested that gain-of-function mu-
tants associated with platelet-type vWD also display enhanced
sensitivity to botrocetin (33). In contrast to the findings at
higher concentrations of botrocetin, which showed no differ-
ences between the gain-of-function mutants and wild-type GP
Iba in vWf binding at saturating vWf concentrations (Fig. 2C),
the gain-of-function mutants were significantly more sensitive
to low concentrations of botrocetin than was wild-type GP Iba
(Fig. 3, bottom panel). Only two of the mutants, G233V and
K237V, showed enhanced sensitivity to botrocetin at 0.1 mg/ml,
but botrocetin at 0.2 mg/ml enhanced vWf binding to all four
mutants. Neither concentration of botrocetin stimulated vWf
binding to wild-type GP Iba.

Monoclonal Antibody Binding to the Valine Mutants—It has
been proposed that the mutations in platelet-type vWD favor
an active GP Iba conformation that may be detectable by dif-
ferences in monoclonal antibody binding characteristics be-
tween the mutant and wild-type polypeptides. We therefore

examined the binding to the mutants of several GP Iba mono-
clonal antibodies with epitopes in the ligand-binding domain
(Fig. 4). Binding was normalized to the binding of WM23 to
adjust for any potential differences in the surface expression of
GP Iba between cell lines. With the exception of SZ2, the
antibodies bound at slightly lower levels to the mutants than to

FIG. 3. vWf binding at low modulator concentrations. CHO cells
expressing the gain-of-function mutants (G233V, D235V, K237V, and
M239V) were incubated with increasing concentrations of ristocetin
(top panel) or botrocetin (bottom panel) in the presence of a saturating
concentration of 125I-vWf. Cells expressing all four valine mutants
bound vWf in the absence of modulator (n 5 3–4, p , 0.05), and the
specific binding was significantly higher than that of wild-type cells in
the presence of a low concentration of ristocetin (Student’s t test, p ,
0.001). Botrocetin at 0.1 mg/ml enhanced vWf binding only to mutants
G233V and K237V. Binding to all four mutants, but not to wild-type GP
Iba, was enhanced at 0.2 mg/ml botrocetin (n 5 4, p , 0.05).

FIG. 2. Modulator-induced vWf binding. The cells were incubated with increasing concentrations of 125I-vWf in the presence of 1.0 mg/ml
ristocetin (A and B) or 2.0 mg/ml botrocetin (C and D) for 30 min at room temperature. Cell surface GP Iba levels were measured by flow cytometry
on a separate aliquot of the cells simultaneously with the binding studies, and the binding values were corrected for differences in GP Iba surface
expression. Specific binding was determined by first subtracting the nonspecific binding (defined as the binding to CHObIX cells) and then
correcting for differences in receptor densities. A and C, gain-of-function mutants. B and D, loss-of-function mutants.
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cells expressing wild-type GP Iba. SZ2 binding was essentially
equivalent for the mutants and wild-type cells. The binding
patterns of four antibodies, AK2, AN51, AP1, and C-34, were
similar. Of the mutants, only G233V displayed a similar pat-
tern of antibody binding as wild-type GP Iba (except for the
binding of AN51, which was less). None of the antibodies was
able to discriminate the gain-of-function mutants from the
loss-of-function mutants.

Cell Adhesion and Rolling on Immobilized vWf—We next
evaluated the ability of the mutants to interact with immobi-
lized vWf under flow. In a parallel plate flow chamber, cells
expressing the mutants were allowed to settle on the vWf
matrix for 1 min and were then perfused with PBS buffer at a
flow rate to generate a shear stress of 10 dynes/cm2 (Fig. 5A).
Both the cells expressing wild-type GP Iba and those express-
ing the valine mutants rolled on immobilized human vWf (coat-
ing concentration of 50 mg/ml). The mutant-expressing cell
lines were segregated into three groups based on their rolling
velocities: those that rolled more slowly than cells expressing
wild-type GP Iba, those with similar velocities, and those that
rolled faster (Fig. 5B). The four mutants that rolled more
slowly (G233V, D235V, K237V, and M239V) were also the ones
shown to bind vWf spontaneously and to be more sensitive to
the effects of ristocetin and botrocetin. These four mutants had
similar rolling velocities, which ranged from 10 to 20% of the
velocity of the cells expressing wild-type GP Iba (n 5 300–700,

p , 0.001). Cells expressing four other mutants, N266V,
D231V, Q232V, and A238V, rolled significantly faster than
wild-type cells (n 5 300–700, p , 0.001), indicating that the
vWf interaction with the mutants had a faster off-rate than
with the wild-type receptor (Fig. 5B). All of these mutants
showed decreased ristocetin-induced vWf binding and were
defined as loss-of-function mutations by this criterion. Inter-
estingly, cells expressing two mutants, T240V and A244V, de-
fined as loss-of-function mutants based on decreased ristocetin-
induced vWf binding, rolled at velocities indistinguishable from
those of the wild-type cells (n 5 300–700, p 5 0.18).

These results were obtained by preincubating cells with im-
mobilized vWf before applying shear stress, a method that did
not evaluate the initial step of cell capture onto the vWf matrix,
which depends on the rapid formation of a ligand-receptor bond
(the on-rate). We therefore also studied the initial capture step
by perfusing the cells directly over immobilized vWf (without a
preincubation step) under a constant shear stress of 10 dynes/
cm2. We found that cells expressing each of the valine mutants
adhered to and rolled on the immobilized vWf, and their rolling
velocities followed the same pattern as when the cells were
preincubated with the vWf matrix (data not shown). Thus, we
could find no evidence for an effect of the mutation on the
on-rate of the GP Iba-vWf interaction.

Cell Rolling under Different Shear Stresses—We also tested
the rates of cell capture and rolling on immobilized vWf under

FIG. 4. Binding of GP Iba mono-
clonal antibodies to the valine mu-
tants. The binding of monoclonal anti-
bodies that bind within the GP Iba
ligand-binding domain was compared
with the binding of WM23, which binds
outside the region. The values for each
cell line are expressed relative to the
value for cells expressing wild-type GP
Iba, which is arbitrarily set as 1.0.

Gain-of-function Mutations of GP Iba 27667

 by guest on O
ctober 4, 2017

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


different shear stresses. Cells expressing the wild-type GP
Ib-IX complex adhered to and rolled on immobilized vWf at
shear stresses of 5, 10, and 15 dynes/cm2. The rolling velocity of
the perfused wild-type cells increased in response to increases
in shear stress (n 5 350, p , 0.005) (Fig. 6, A and B). In
addition, the number of rolling cells decreased with increases
in shear stress (n 5 4, p , 0.01) (not shown), a result consistent
with our earlier studies obtained when cells were first allowed
to settle on the matrix (8). The four cell lines expressing the
gain-of-function mutants demonstrated two major differences
as compared with those expressing wild-type GP Iba; they
rolled much more slowly, and increases in shear stress did not
increase their rolling velocities (Fig. 6A). Nevertheless, as with
the wild-type cells, fewer mutant-expressing cells were ob-
served to roll as the shear stress increased (not shown).

As in the preincubation experiments, when perfused directly
over the vWf matrix, cells expressing the loss-of-function mu-
tants rolled at significantly higher velocities than wild-type
cells (n 5 66–547, p , 0.001) (Fig. 6B). The velocities also
increased markedly with increases in shear stress, with cells
expressing mutant N226V failing to attach at shear stresses
above 10 dynes/cm2 and those expressing mutant Q232V fail-
ing to attach at a shear stress of 15 dynes/cm2.

Cells Expressing the Gain-of-function Mutants Rolled at Low
vWf Densities That Did Not Support the Adhesion of Cells
Expressing Wild-type GP Iba—We have previously determined

that CHO cells expressing the wild-type GP Ib-IX complex can
adhere to and roll on a surface coated with a solution contain-
ing as little as 6 mg/ml vWf (8). We now tested cell adhesion and
rolling on coverslips coated with vWf solutions containing 2, 4,
or 10 mg/ml vWf. The cells expressing the gain-of-function
mutants adhered to and rolled on the matrix at each vWf
density (Fig. 7). In contrast, wild-type cells failed to adhere to
the surfaces coated with 2 mg/ml vWf and rolled considerably
faster than the gain-of-function mutants at the higher vWf
coating densities.

DISCUSSION

Identification of functional elements within the platelet GP
Ib-IX-V complex involved in the recognition of its ligand, vWf,
is an important step in defining the molecular mechanisms
that regulate platelet adhesion and aggregation. In the current
studies, we were motivated by the observation that the two
mutations that cause platelet-type von Willebrand disease both
change non-valine residues to valine within a short stretch of

FIG. 5. A, video image of CHO cell rolling on immobilized vWf at a
wall shear stress of 10 dynes/cm2. Shown are representative video
images of cells expressing either the wild-type GP Ib-IX complex (CHO
abIX), a partial complex without GP Iba (CHO bIX), or a GP Ib-IX
complex containing GP Iba with Gly233 replaced by Val (G233V). The
cells were first incubated with the vWf matrix for 1 min (upper panel)
and then exposed to 10 dynes/cm2 shear stress (lower panel). Images
were generated using a digital image processing system by overlapping
30 frames taken in a span of 1 s. CHO abIX cells and G233V cells rolled
on immobilized vWf; CHO bIX cells, lacking GP Iba, did not. B, rolling
velocities of cells expressing the Val mutants of GP Iba. Rolling velocity
was defined as the distance (mm) a cell in constant contact with the
matrix traveled in 1 s. Cells expressing four Val mutants (G233V,
D235V, K237V, and M239V) rolled significantly slower than the wild-
type cells, whereas four others (N266V, K231V, Q232V, and A238V)
rolled faster. Two valine mutants (T240V and A244V) rolled at veloci-
ties similar to the wild-type cells. Values are the mean 6 S.E., n 5
300–700; *, p , 0.001.

FIG. 6. Effect of shear stress on the rolling velocity of mutant-
expressing cells. CHO abIX cells and cells expressing the valine
mutants were perfused over immobilized vWf at shear stresses of 5, 10,
or 15 dynes/cm2. A, gain-of-function mutants. In addition to rolling
much more slowly than cells expressing wild-type GP Iba, the cells
expressing the gain-of-function mutants did not exhibit increased roll-
ing velocity with increased shear stress. Values are the mean 6 S.E.,
n 5 350. B, loss-of-function mutants. The velocities of cells expressing
the loss-of-function mutants either increased significantly with increas-
ing shear stresses, or the cells failed to adhere altogether at the higher
shear stresses (e.g. neither N226V nor Q232V adhered to the substra-
tum at 15 dynes/cm2). Values are the mean 6 S.E., n 5 66–547.
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GP Iba that is already rich in valine residues (Fig. 1B). Our aim
was to determine whether converting other residues in the
region to valine would result in a similar phenotype. Of the 11
mutants made, we identified four with a gain-of-function phe-
notype based on their ristocetin-induced vWf binding charac-
teristics: the two known mutants, G233V and M239V, and two
new mutants, D235V and K237V. The two new mutants had
phenotypes indistinguishable from the known mutations, with
the possible exception that the K237V mutant seemed to bind
even more vWf than the other mutants (Fig. 2A). However, no
difference was noted between this mutant and the others in
terms of the rolling velocity of cells expressing the mutant on
immobilized vWf, which is lower in the mutants (Fig. 5).

The region of GP Iba affected by the gain-of-function muta-
tions has been proposed to exist in either of two conformations,
with the platelet-type vWD mutations favoring an amphipathic
a-helix (34, 35). The data presented here support that hypoth-
esis. When modeled on a helical wheel, all of the gain-of-
function mutations fall on one side of the helix. However, only
those within a very restricted sequence, Gly233–Met239, fit this
pattern (Fig. 8). The A238V mutant is the only one within the
Gly233–Met239 sequence that displays a loss-of-function pheno-
type and is the only one on the opposite side of the helix from
the gain-of-function mutants. Although this involves a rather
conservative amino acid change, the addition of two methyl
groups in converting Ala to Val may have other effects not
accounted for in the amphipathic a-helix model. A more rigor-
ous test of the a-helix hypothesis will require that mutations
that increase the hydrophilicity of the other side of the helix
also result in an increased sensitivity to ristocetin.

As yet, these data are unable to distinguish whether the
region Gly233–Met239 of GP Iba is directly involved in vWf
binding or whether it regulates access to other sites in the GP
Iba N terminus. In favor of the region serving a regulatory role
is the finding that none of the mutations completely abrogated
vWf binding. This is in marked contrast to the effect of muta-
tions within the leucine-rich repeat region of GP Iba described
in Bernard-Soulier syndrome, which can completely abolish
vWf binding, while still allowing expression of the polypeptide
on the cell surface (36). One would expect that if the region was
involved directly in binding vWf, at least some of the mutations
would yield conformations wholly incompatible with vWf bind-
ing. Interestingly, a regulatory role for the region would be
analogous to the activation of the vWf A1 domain, where its
capacity to recognize GP Iba in the presence of ristocetin may
be regulated by sequences flanking the Cys509–Cys695 disulfide
bond. In this case, part of the GP Iba-binding sequence within

the disulfide loop, Asp514–Glu542, also forms an a-helix, and a
number of gain-of-function mutations associated with type 2B
von Willebrand disease are clustered at the C-terminal side of
the sequence (1).

In favor of the Gly233–Met239 sequence of GP Iba being
directly involved in vWf binding was the lack of any gross
conformational changes detectable by antibody binding (Fig. 6).
All of the antibodies tested inhibit either ristocetin- or botro-
cetin-induced vWf binding, and some inhibit both (6, 23, 37,
38). Nevertheless, the binding of only one of the antibodies,
SZ2, was unaffected by the mutations, and no distinct pattern
of reactivity separated gain-of-function from loss-of-function
mutants.

The data obtained with the antibody C-34 are of interest.
This antibody was raised by immunization of mice with plate-
lets from a patient with the G233V mutation and has been
reported by Miller et al. (39) to recognize a relatively greater
number of binding sites on patient platelets than on normal
platelets. We did not find the same in the cells expressing this
mutant (Fig. 6). A binding pattern similar to the wild-type cells
was found with cells expressing the G233V mutant, and the
antibody did not seem to bind preferentially to any of the other
gain-of-function mutants. If anything, C-34 bound to fewer
sites relative to WM23 in the M239V mutant. One potential
explanation for the lack of concordance of our data with those
of Miller et al. is that the platelet data are obtained from
individuals who are heterozygous for the mutation (platelet-
type vWD is transmitted as an autosomal dominant trait),
whereas the cells correspond to a recessive phenotype, having
only the mutant protein on their surfaces. Thus, it is possible
that the G233V mutation yields a conformation that favors
exposure of the C-34 epitope on an adjacent “normal” GP Iba
polypeptide. Abundant evidence suggests that the GP Ib-IX-V
complex may exist as a dimer or some other higher order
structure (3). Nevertheless, the data presented here make it
unlikely that the basis of the gain-of-function phenotype in
platelet-type vWD is exposure of a vWf-binding site on a nearby
polypeptide. Our data, together with the data on expression of
the mutants as recombinant N-terminal fragments of GP Iba
(31, 32), indicate that the effect of the mutation is to expose a
vWf binding site in cis with the mutation.

We also characterized the effect of these mutations on cell
adhesion to immobilized vWf under flow using a parallel plate
flow chamber system. The cells were exposed to shear stresses
up to 15 dynes/cm2, which, because CHO cells are much larger
than platelets, is roughly equivalent to the effect of shear

FIG. 7. Effect of vWf coating density on cell rolling. CHO abIX
cells and cells expressing the gain-of-function mutants were perfused
over surfaces coated with solutions containing 2, 4, or 10 mg/ml of vWf
at a shear stress of 10 dynes/cm2. CHO abIX cells failed to adhere to a
surface coated with 2 mg/ml vWf, whereas cells expressing all four
gain-of-function mutants did adhere and roll. Rolling velocities of CHO
abIX cells on surfaces coated with 4 and 10 mg/ml vWf were signifi-
cantly higher than those of the mutant-expressing cells.

FIG. 8. Helical wheel representation of the mutated region.
The locations of mutations between Gly233 and Met239 are depicted. 1,
gain-of-function mutations; 2, loss-of-function mutations. See text for
discussion.
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stresses of up to 110 dynes/cm2 on platelets (8). All but one of
the mutants (Y228V, which failed to be expressed) supported
the adhesion and rolling of cells on immobilized vWf, indicating
that none of the mutations produced a polypeptide incapable of
binding vWf.

Rolling is a common mechanism by which blood cells decel-
erate upon first contact with the blood vessel wall. This process
was first described for neutrophils, which use a similar mech-
anism to interact with activated endothelium. The neutrophils
recognize P-selectin expressed on activated endothelium
through P-selectin glycoprotein ligand-1 (40), a membrane mu-
cin with striking structural similarity to GP Iba (41). Recently,
platelets were also found to roll on immobilized vWf, an inter-
action mediated by the platelet GP Ib-IX-V complex (42). Roll-
ing interactions require both rapid on-rates and rapid off-rates.
A rapid on-rate allows a cell moving in the fluid stream to be
captured by an immobilized ligand. Thus, a decrease in the
on-rate results in a decrease in the number of cells captured.
On the other hand, a cell’s rolling velocity, once the cell has
been captured, is much more likely to be influenced by the
off-rate of the interaction. The off-rate of the GP Iba-vWf bond
was the parameter most affected by the valine mutations.

Cells expressing the mutants displayed one of three pheno-
types based on their rolling velocities on immobilized vWf; they
either rolled more slowly than cells expressing wild-type GP
Iba (G233V, D235V, K237V, and M239V), at the same velocity
(T240V and A244V), or more rapidly (N266V, K231, Q232V,
and A238V) (Fig. 2). Those that rolled more slowly were all
defined as gain-of-function mutants by their sensitivity to ris-
tocetin and botrocetin, whereas loss-of-function mutants de-
fined by ristocetin-induced vWf binding segregated into two
groups, one indistinguishable from wild-type and the second
with faster rolling velocities. The only discordance found be-
tween the ristocetin assay and the adhesion assay was for
mutants T240V and A244V, which were defined as loss-of-
function mutants by the ristocetin assay but had rolling veloc-
ities indistinguishable from the wild-type cells.

Of particular interest was the behavior of the gain-of-func-
tion mutants in the flow adhesion assay. Cells expressing these
mutants not only adhered to immobilized vWf, they rolled
much more slowly than cells expressing wild-type GP Iba (Figs.
5 and 6). This decrease in velocity was very likely a reflection of
a decrease in the off-rate of the GP Iba-vWf bond. The decrease
in the off-rate also ensured that, for equivalent receptor densi-
ties, cells expressing the gain-of-function mutants would at any
one time have a greater number of contacts with immobilized
vWf than those expressing the wild-type polypeptide, allowing
them to adhere to vWf surfaces coated at lower densities than
will support the adhesion of wild-type cells (Fig. 7).

In summary, our studies of valine mutations within the GP
Iba sequence Asn226 to Ala244 revealed that the mutations
yielded either gain- or loss-of-function phenotypes as deter-
mined either by modulator-induced binding or adhesion to im-
mobilized vWf under flow. The gain-of-function mutants all
reside within a short amino acid stretch bounded by the resi-
dues affected by the naturally occurring gain-of-function mu-
tations, Gly233 and Met239. Cells expressing these mutants
displayed heightened sensitivity to the effects of low concen-
trations of the vWf-binding modulators, ristocetin and botroce-
tin, and rolled at much slower velocities than the wild-type

cells on immobilized vWf. These findings indicate that the
primary effect of the mutations is to alter the off-rate of the
ligand-receptor interaction and suggest that the region in-
volved functions to regulate vWf binding.

REFERENCES
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2. López, J. A., and Dong, J. F. (1997) Curr. Opin. Hematol. 4, 323–329
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(1995) J. Biol. Chem. 270, 16302–16307
23. Berndt, M. C., Du, X., and Booth, W. J. (1988) Biochemistry 27, 633–640
24. Andrews, R. K., Booth, W. J., Gorman, J. J., Castaldi, P. A., and Berndt, M. C.

(1989) Biochemistry 28, 8317–8326
25. Dong, J., Li, C. Q., Sae-Tung, G., Hyun, W., Afshar-Kharghan, V., and López,
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