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ABSTRACT Platelet-type von Willebrand disease (PT-
vWD) is an autosomal dominant bleeding disorder character-
ized by abnormally enhanced binding ofvon Willebrand factor
(vWF) by patient platelets. Although the platelet glycoprotein
(GP) Ib/IX complex is known to constitute the platelet's
ristocetia-dependent receptor for vWF, a unique structural
abnormality within this complex has not previously been
identified in PT-vWD. Using the polymerase chain reaction to
amplify genomic DNA coding for the a chain ofGP lb (GP Ibta)
and then sequencing the amplified DNA following cloning into
M13mpl8 and M13mpl9 phage vectors, we have found a single
point mutation in the GP Iba coding region of PT-vWD DNA
resulting in the substitution of valine for glycine at residue 233.
This substitution within the vWF-binding region of GP Iba is
likely to exert a significant influence on the conformation of the
resulting protein. Competitive oligonucleotide primer assay for
this mutation showed a homozygous wild-type pattern in
genomicDNA from the 161 normal volunteers studied and from
6 phenotypically normal members of a PT-vWD family. All 7
affected members of this family studied were heterozygous for
the mutant allele. Platelet GP Iba mRNA reverse-transcribed
and studied by competitive oligonucleotide primer assay
showed similar expression of the mutant and wild-tpe alleles
in the affected PT-vWD patients. Absence in the normal
population, tight linkage with phenotypic expression of disease,
and absence of any additional abnormality of GP Iba in these
patients identify the glycine-to-valine substitution as a point
mutation underlying functional abnormality of the vWF re-
ceptor in PT-vWD.

Platelet-type von Willebrand disease (PT-vWD) is an auto-
somal dominant bleeding disorder in which patients charac-
teristically show prolonged bleeding times, borderline throm-
bocytopenia, and decreased von Willebrand factor (vWF)
high molecular weight multimers and functional activity
(1-5). PT-vWD appears to result from an abnormality of the
platelet receptor for vWF, whereby patient platelets show an
abnormally increased binding of circulating vWF. In the
laboratory, this platelet hyperresponsiveness may be dem-
onstrated with the use of low concentrations of ristocetin.
Whereas normal platelets show little or no aggregation at
ristocetin concentrations as low as 0.5 mg/ml, patient plate-
lets typically show significant binding of vWF, together with
strong aggregation, following stimulation by 0.5 mg/ml, or
even lower, concentrations of ristocetin (1-3). The unique
ability of desialylated vWF (asialo-vWF) to agglutinate pa-
tient platelets in the presence of the divalent-cation chelator
EDTA has additionally been demonstrated (6). Platelets from
patients with PT-vWD also show a characteristically in-
creased binding of the monoclonal antibody C-34, which is
directed against an epitope within the platelet glycoprotein

(GP) lb/IX complex (7). Although this complex is known to
constitute the platelet's ristocetin-dependent receptor for
vWF (8), identification of a unique structural abnormality
within this complex that might underlie the functional abnor-
malities seen in PT-vWD has not yet been achieved.
The platelet GP lb/IX receptor for vWF is believed to

consist ofa 1:1 heterodimeric complex (9) between GP lb (160
kDa) and GP IX (17 kDa) in a noncovalent association. GP lb
in turn consists ofa disulfide-linked 140-kDa a chain (GP Iba)
and 22-kDa ,f chain (GP Ibf) (10). A full-length cDNA for GP
Iba was isolated from human erythroleukemia (HEL) cells by
Lopez et al. (11). Absolute identity of the HEL GP Iba
sequence with that obtained from the sequencing of nearly
800 nucleotides ofcDNA obtained from human platelets was
subsequently reported' by Wicki et al. (12). Moreover, the
human gene for GP Iba has now been sequenced, and the
entire coding region for the resulting protein has been shown
to reside within a single exon (13, 14).

Functional studies utilizing the water-soluble, extracellular
portion of GP Iba termed glycocalicin, and more particularly
the 45-kDa amino-terminal region common both'to glycocali-
cin and to the native GP Iba molecule, strongly suggest that
the actual binding of vWF occurs within this region (15-18).
What roles the other constituents of the complex may play in
the regulation of vWF binding to the receptor remain un-
known. The present investigation was undertaken to deter-
mine whether a structural abnormality within GP Iba itself
might underlie PT-vWD. From studies at both the genomic
DNA and platelet RNA levels, we now report a unique point
mutation that results in an abnormality of primary structure
of platelet GP Iba in patients with PT-vWD.

METHODS
Subjects. We studied three generations of a previously

described (1, 4) Caucasian family with PT-vWD. For all
patients undergoing genetic analysis, presence or absence of
the PT-vWD phenotype was assessed. The unique aggluti-
nation of patient platelet-rich plasma induced by asialo-vWF
in the presence of 5 mM EDTA (6) was used to identify
presence of the disease. Family members showing evidence
ofPT-vWD were clearly segregated from unaffected relatives
by this test, with no equivocal results.
The normal population that was studied comprised 161

adults, all of whom denied any history of an increased
bleeding tendency. This population consisted of 70 medical
students and 91 hospital personnel, representing a variety of
ethnic backgrounds, although predominantly Caucasian. In-
formed consent for these studies was given by each subject,
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GP Ib; COP, competitive oligonucleotide primer; PCR, polymerase
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as approved by the Institutional Review Board for the
Protection ofHuman Subjects at the State University ofNew
York Health Science Center at Syracuse.

Preparation and Analysis of DNA and Platelet RNA. Pe-
ripheral blood leukocytes were used as a source of genomic
DNA. For our initial studies, 50 ml of blood was drawn, and
DNA was purified by standard techniques (19, 20). DNA for
use in the competitive oligonucleotide primer (COP) assay
(see below) was isolated from 5-10 ml of peripheral blood by
the method of Kawasaki (21). Total RNA was isolated from
the platelets present in 50-100 ml of blood by using a

guanidinium isothiocyanate/cesium chloride gradient as de-
scribed (22).
Polymerase Chain Reaction (PCR). Genomic DNA was

amplified by the PCR using a series of oligonucleotide primer
pairs. Since the entire coding region of the resulting protein
is contained within a single exon (13, 14), nucleotide positions
corresponding to the GP Iba cDNA sequence (11) have been
used in the present study. The PCR primers are listed in Table
1. PCR amplifications were performed for 30-40 cycles in an
Eppendorf Microcycler, with annealing at 55-60°C for 30-60
sec, extension at 72°C for 2 min, and denaturation at 94°C for
30 sec. To 100 ,ul of reaction buffer, 1 ,g of genomic DNA,
2.5 units of Taq DNA polymerase (Perkin-Elmer/Cetus), 50
pmol of each primer, and 10 nmol of each dNTP were added.
DNA amplified by PCR was subsequently cloned into
M13mpl8 and M13mpl9 bacteriophage.
DNA Sequence Analysis. Complete sequence of the GP Iba

coding region (nucleotides 91-1920) was obtained by a com-
bination of (l standard dideoxy sequencing (23) of PCR
products cloned into M13mpl8 and M13mpl9 with (it) direct
sequencing of PCR products by the method of Carothers et
al. (24). Since the autosomal dominant genetics of PT-vWD
suggested that any abnormality would be heterozygous, at
least 9 individual clones and a pool of 30 or more clones were
sequenced for each region that was read from cloned DNA.
Oligonucleotide primer pairs and the amino acid residues of
GP Iba included in the amplified PCR products are shown in
Table 1.
GP Iba DNA sequence for nucleotides 80-727 and 754-

1034 was read from cloned DNA amplified with primer pairs
J8/J5a and J9/J10, respectively. Direct sequencing of DNA
amplified with primer pair J8/J10 provided sequence in the
728-753 region for which amplified DNA would reflect the
sequence of primers J5A and J9 themselves. In addition,
direct sequencing of DNA amplified by primer pair J6/J14,
which included the remaining sequence of the GP Iba coding

region, proved capable of resolving all but a few difficult
reading regions. Cloned DNA containing the full-length GP
Iba coding sequence of both the wild-type and mutant alleles
was obtained using J8 and J14 as a PCR primer pair later in
the course of these studies. This cloned DNA provided
definitive resolution and confirmation of sequence for those
remaining regions in which analysis by direct sequencing had
been difficult.
COP Assay. COP analysis (25) was developed for popula-

tion screening for the presence of a single nucleotide point
mutation. In brief, the 16-mer oligonucleotide sense primers
J12 and J13, each differing by only a single base at position
8, were utilized in equimolar concentrations as competing
primers in a PCR reaction, with J10 serving as a common
antisense primer. To approximately 5 pug of genomic DNA
were added 50 pmol each ofprimers J12, J13, and J10 and 12.5
nmol of each dNTP in a total volume of 100 ,1. For each
individual studied, the COP assay was run in duplicate: to one
tube was added a trace amount (-=8 x 105 cpm) of 32P-labeled
J12, and to the other tube an equivalent amount of 32P-labeled
J13. This technique was also applied to platelet RNA, as
follows. The J9/J10 primer pair was used in the sequential
reverse transcription and PCR amplification of platelet RNA
(22). The PCR mixture was then diluted 1:50 with 0.1 mM
EDTA/10 mM Tris hydrochloride, pH 7.4, and 10 ,1 of this
diluted material was then used as the target for a subsequent
COP procedure, with the addition of 50 pmol each of J12 and
J13 as well as an additional 50 pmol of J10. Tracer amounts
of 32P-labeled J12 or J13 were added as in the case ofgenomic
DNA COP analyses. COP amplifications were performed for
25 PCR cycles for genomic DNA and 15 cycles for reverse-
transcribed platelet RNA. Annealing was at 49°C for 60 sec,
followed by extension at 72°C for 3 min and denaturation at
94°C for 45 sec. Amplified products from the COP reactions
were electrophoresed in agarose gels containing 2.5%
NuSieve GTG agarose (FMC) and 1% low-electroendosmo-
sis (EEO) agarose (Boehringer Mannheim). After electro-
phoresis, the gels were dried and autoradiography was per-
formed.

Linkage Analysis. Logarithm-of-odds (lod) scores (26) for
assessment of linkage between PT-vWD phenotypic expres-
sion and allele assignments resulting fromDNA analysis were
computed using the MENDEL program (27).

RESULTS
The nearly intronless nature of the gene coding for platelet
GP Iba (13, 14) permitted our initial studies to be performed

Table 1. Oligonucleotide PCR primers
Nucleotides Amino acids

Primer included* Direction Sequence includedt
J8 38-60 Sense 5'-TACTGAATTCCTCATGCCTCTCCTCCTCTTG-3'

- 16-222
J5A 758-728 Antisense 5'-TTGTCCTGCAGCCAGCGACGAAAATAGAGGA-3'

J9 737-753 Sense 5'-TTCGTCGCTGGCTGCAG-3'
217-320

J10 1051-1035 Antisense 5'-GGCTGTCTAGAGAAGCA-3'

J12 (or J13) 781-7% Sense 5'-AAGCAAGG(or T)TGTGGACG-3'
231-320

J10 1051-1035 Antisense 5'-GGCTGTCTAGAGAAGCA-3'

J6 748-777 Sense 5'-CTGCAGGACAATGCTGAAAATGTCTACGTA-3'
220-610

J14 1987-1964 Antisense 5'-CCGGATCCCAACTAGATTCCAATAGGAGAG-3'
*The J8 primer additionally has sequence 5' to nucleotide 38 that includes an EcoRI recognition site, and the J14 primer has sequence 3' to
nucleotide 1987 that includes a BamHI recognition site.
tThe J8/J5A primer pair includes the GP Iba signal peptide (-16 to -1) in addition to residues 1-222 of the mature protein.

Proc. Natl. Acad Sci. USA 88 (1991)



Proc. Natl. Acad. Sci. USA 88 (1991) 4763

Patient Normal

FIG. 1. Amplification ofGP lba genomic DNA. The PCR primer
pair J9/J1O was used to amplify nucleotides 737-1051 of the genomic
DNA of patient 11-2 or a normal individual. After electrophoresis in
a 1% agarose gel, amplified products of 315 base pairs (bp) are seen
by ethidium bromide staining in each case.

on genomic DNA obtained from the circulating leukocytes of
PT-vWD patients. Using a series of oligonucleotide PCR
primer pairs (Table 1), we observed identically migrating
bands of amplified DNA from patients as compared with
normal controls (Fig. 1). This finding suggested the absence
of any major deletions within the gene but could not exclude
the possibility of alterations affecting only one or several
nucleotides within the amplified segments.
DNA sequencing of two PT-vWD patients confirmed the

absence of any substitutions, additions, or deletions of nu-
cleotides, as compared with the normal genome, throughout
the entire protein coding region, with a single exception. In
both PT-vWD patients, the substitution ofT for G at position
788 of the nucleotide sequence was observed. This substitu-
tion was nonconservative, resulting in the substitution of
valine for glycine at residue 233 of the mature GP Iba
molecule. The G-to-T substitution was heterozygous in the
PT-vWD patients (Fig. 2). Only the wild-type G at position
788 was seen in normal individuals.

Substitution of T for G at position 788 did not create or
destroy a recognition sequence for any known restriction
enzyme. To investigate the occurrence of this substitution in
a large number of individuals, we developed a screening
assay based on the COP technique reported by Gibbs et al.
(25). Using equal amounts of J12 and J13 and only a trace
amount of either 31P-labeled J12 or 32P-labeled J13, we sought
to identify the presence of alleles showing a perfect match
with the individual primers. The COP technique correctly
identified the presence of both alleles in the genomic DNA of
all affected PT-vWD patients but identified only the wild-type
allele in the genomic DNA of normal individuals (Fig. 3). We
subsequently applied this technique to 161 unrelated normal
volunteers and observed a homozygous wild-type pattern in
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FIG. 2. DNA sequence analysis of the GP Iba gene in PT-vWD.
Genomic DNA amplified by the primer pair J9/J10 was cloned into
M13mpl8 and then sequenced. (Left) Products of sequencing reac-
tions show the heterozygous presence of a G and a T at nucleotide
position 788 (arrow) in a pool of 32 individual M13mpl8 clones of
amplified DNA from patient 11-2, in contrast to the homozygous
wild-type G seen in a normal individual. (Right) The corresponding
sequences of the wild-type and mutant alleles from individual
M13mp18 clones of amplified DNA from this patient are shown.

each case, for a total of 322 normal alleles. Moreover, the
COP assay indicated a homozygous wild-type pattern from
the six phenotypically normal members of the PT-vWD
family. All seven members of the family for whom pheno-
typic expression of PT-vWD could be demonstrated were
heterozygous for the mutant allele by COP assay (Fig. 4). The
association of the heterozygous G-to-T substitution at nucle-
otide 788 accordingly showed very tight linkage with clinical
expression of the PT-vWD phenotype, with a maximum lod
score of 2.53 at a recombination fraction of 0.
Gene expression was studied by PCR analysis of reverse-

transcribed platelet mRNA. As in the case ofgenomic DNA,
no gross deletions were seen in the patient samples (Fig. 5
Left). Application of the COP technique to cDNA reverse
transcribed from platelet mRNA showed similar expression
of the mutant and wild-type alleles in the affected PT-vWD
patients (Fig. 5 Right). Normal individuals and phenotypi-
cally normal members of the PT-vWD family, in contrast,
uniformly showed the homozygous wild-type pattern.

DISCUSSION
The present studies provide the characterization ofa specific
alteration of protein structure underlying the qualitative
platelet disorder PT-vWD. The heightened responsiveness of
the platelets of patients with PT-vWD is associated with a

Genomic DNA:

271 bp -i

Sense Primer:

Ni N2 N3 N4 N5 PAT NT

121312131213 12 131213. .13.12.1

12 13 12 13 12 13 12 13 12 13 12 13 12 13

FIG. 3. COP assay for mutation in GP Iba genomic DNA. Genomic DNA samples from each of five normal individuals (N1-N5) and from
patient 11-5 (PAT), as well as a "no template" control lacking any target DNA (NT), were amplified in parallel PCRs using the sense primers
J12 and J13 and the antisense primer J10. Trace amounts of either 32P-labeled J12 or 32P-labeled J13 were added to each reaction, as noted by
a 12 or a 13 below each lane. After 25 PCR cycles, the amplification product was electrophoresed in an agarose gel, the gel was dried, and
autoradiography was performed. While ethidium bromide staining demonstrated a band of amplified DNA at 271 bp in all lanes (data not shown),
the autoradiograph reveals that the amplified product is composed exclusively of the wild-type allele in all normal controls, but of both the
wild-type and mutant alleles in the patient.
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FIG. 4. Linkage analysis of PT-vWD and mutation of the GP Iba gene. Solid symbols represent patients showing phenotypic expression of
PT-vWD, and open symbols represent family members lacking disease expression. Individuals unavailable for study are shown by gray symbols.
Squares denote males, and circles denote females. Based on COP assay results, mutant alleles (coding for valine at residue 233) are represented
by plus signs, and wild-type alleles (coding for glycine) by minus signs.

substitution of valine for glycine at residue 233 or
GP Iba protein. This substitution was not detectc
chromosomes represented by the 161 individual
the normal population. Absence in the normal
tight linkage with phenotypic expression of d
absence of any additional abnormality of GP I
patients provide strong support for the glyci
mutation underlying the functional abnormality
receptor in PT-vWD.

Previous studies utilizing proteolytic fragment
and a variety of monoclonal antibodies have pro
suggestions that the actual vWF-binding domai
Ib/IX complex is contained within the 45-1
terminal region of GP Iba (15-18). Studies of ris
botrocetin-mediated interaction of vWF with ra
GP Tb/IX complexes have provided further sup
concept (28, 29). Recent efforts to localize the v
site more specifically within the 293 residues of
amino-terminal region of GP Iba have employee
overlapping synthetic peptides (30). Howevei
peptide was found that exerted inhibitory actih
petitive binding assays comparable to that exe
45-kDa tryptic fragment itself or by the larger
fragment of GP Iba, glycocalicin.
A report by Handin and Petersen (31) on the e

GP Iba in vitro provided further information co]
vWF binding site. COS cells transfected with a c&
for the amino-terminal region but terminating
beginning of the serine/threonine-rich domain al
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FIG. 5. Expression of both mutant and wild-type
platelets of PT-vWD patients. Platelet mRNA from 1
from a normal control was reverse-transcribed (RT) an

cDNA was amplified with the J9/J10 primer pair,
anticipated 315-bp products (Left). This cDNA was

starting material in the COP procedure. Autoradiog
products (Right) shows the presence of both mutant
expression in patient platelets, but only wild-type
normal platelets.

f the mature produced recombinant protein capable of inhibiting ristoce-
ed in the 322 tin-induced binding of l25I-vWF to washed platelets. In
Is studied in contrast, a smaller recombinant product lacking nearly 100
population, additional amino acids at the carboxyl end (i.e., extending
lisease, and from the amino-terminal end through residue 220) lacked
[ba in these functional activity in this assay. The region extending from
ine-to-valine residue 220 to 320 of the mature GP Iba accordingly appears
of the vWF to be critical forvWF binding. The glycine-to-valine mutation

at residue 233 in the PT-vWD patients is thus well situated to
ts of GP Iba produce an abnormality in vWF binding.
vided strong Substitution of a valine for a glycine may be anticipated to
in of the GP exert significant influence on the conformation of the result-
kDa amino- ing protein. For example, this precise amino acid substitution
;tocetin- and underlies the ras protooncogene-to-oncogene transformation
econstituted (32, 33), where resulting conformational changes are believed
sport for this to have profound functional sequelae (34, 35). Computerized
rWF binding conformational energy analysis of GP Iba polypeptides has
f the 45-kDa indeed shown that a glycine-to-valine mutation at residue 233
d a series of produces major changes in conformation of this region of the
r, no single protein (M. R. Pincus, D. C. Dykes, R. P. Carty, and
vity in com- J.L.M., unpublished observation). Since this substitution is
Drted by the associated with an abnormally enhanced interaction of pa-
r proteolytic tient platelets with native vWF under a variety of conditions

(1-3) as well as with the unique ability of asialo-vWF to bind
xpression of to formalin-fixed patient platelets or to agglutinate fresh
ncerning the patient platelets in the presence of EDTA (6), further study
DNA coding of the structural consequences of this mutation may lead to
g before the increased understanding of the mechanisms involving vWF-
t residue 320 platelet interactions.

Several other families with PT-vWD (or pseudo-vWD)
have been reported (2, 3, 36). Although the affected individ-
uals share many aspects of phenotypic expression, it is quite
possible that the underlying genetic abnormalities are not
identical. Analysis of GP Iba in the region of residues

-- 271 hp 220-320, and in particular at the 233 locus, may be an
appropriate starting point for genetic analysis in such pa-
tients. Indeed, while at the time of the discovery of the ras
mutation in human bladder carcinoma the only substitution in
codon 12 of this gene demonstrated to cause malignant
transformation ofcultured fibroblasts was a glycine-to-valine
mutation (32, 33), subsequent investigations revealed that of
the 19 possible amino acid substitutions for glycine at this
position, all were in fact oncogenic, with the sole exception

mRNA in the of proline (37).
patient 1-4 or We have shown that heterozygosity in the patient genome
Ld the resulting for the glycine-to-valine substitution is also reflected in the
dthen used as expression of both of the corresponding mRNAs in the

raphy of COP patient platelets. It remains unknown, however, whether the
and wild-type resulting abnormal form of GP lba might have a selective
expression in advantage over the wild-type form in achieving membrane

insertion and formation of the GP Ib/IX vWF receptor
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complex. Since there are no patients known to be homozy-
gous for PT-vWD alleles, it has not been possible to study the
effects of gene dosage on the function of this receptor.
Through the application of in vitro expression in tissue
culture cells, however, in which mutant vWF receptor mol-
ecules may be precisely engineered, it may soon prove
possible to reach a fuller understanding of the structure-
function properties of the platelet vWF receptor that result in
clinical bleeding disorders.
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