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Abstract

Variant von Willebrand disease designated as type I NewYork
or type Malmo is characterized by enhanced ristocetin-induced
platelet agglutination with normal von Willebrand factor multi-
meric distribution in plasma. Wehave studied four such pa-
tients belonging to three unrelated families and found in all of
them a unique cytosine-to-thymine transition changing the co-
don for Pro" (CCG) to Leu (CIG). In three patients the
mutant allele also had a silent mutation in the codon for Ser"W
(TCG -- TCA). Both nucleotide changes are present in the von
Willebrand factor pseudogene; however, the characterization of
distinctive markers where the gene and pseudogene differ, as
well as the examination of amplified cDNAderived from plate-
let mRNA, confirmed that the abnormality occurs in the von
Willebrand factor gene of the patients. Moreover, recombinant
expression of the isolated glycoprotein lb-binding domain
of von Willebrand factor provided direct evidence that the
Pro" -- Leu mutation is responsible for enhanced platelet
reactivity to lower ristocetin concentrations. These results de-
fine a new structural element affecting the affinity of von Wille-
brand factor for glycoprotein lb and establish the molecular
basis of a variant form of von Willebrand disease. (J. Clin.
Invest. 1993. 91:2169-2177.) Key words: bleeding- mutation.
pseudogene * thrombosis * von Willebrand disease

Introduction

von Willebrand disease (1) is a common inheritable bleeding
disorder characterized by heterogeneous phenotypic manifes-
tations and caused by quantitative or qualitative defects of
vWF, a glycoprotein with typical multimeric structure (2). By
convention, the disease is classified into three categories: type I,
with moderately decreased plasma concentration of a seem-
ingly normal vWF; type II, with qualitatively abnormal vWFat
normal or near normal plasma concentration; and type III,
with very low or undetectable vWFand, unlike types I and II,
recessive inheritance. A number of subtypes exist within these
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categories (1). Type II variants have attracted special interest
because elucidation of the underlying molecular abnormalities
may yield insights into vWFstructure-function relationships
(3, 4).

vWFinteracts with components of the vessel wall and with
the platelet GP complexes Ib-IX-V and IIb-IIIa to promote
platelet adhesion and thrombus formation at sites of vascular
injury (2). In that normal vWFin solution has no measurable
interaction with platelets, the initiation of vWF-dependent
platelet thrombus formation is thought to require conforma-
tional changes in vWFbound to the exposed subendothelium
and/or subjected to the effect of shear forces, resulting in high-
affinity binding to GPlb. Thus, different conformations of a
specific functional domain may regulate the interaction of
vWFwith GPlb and its role in hemostasis (2).

In the type IIB variant of von Willebrand disease, vWFin
solution displays enhanced affinity for GPIb, as shown either
directly with the purified protein (5) or by the induction of
aggregation in platelet-rich plasma at ristocetin concentrations
lower than those effective in normal samples (6). The affected
patients also exhibit absence of the largest vWFmultimers in
plasma, probably owing to their spontaneous binding to circu-
lating platelets (7). In some cases, this interaction may induce
in vivo platelet aggregation and thrombocytopenia (8, 9),
which always occur in type IIB von Willebrand disease
after administration of 1-deamino-8-D-arginine vasopressin
(DDAVP)' (10). Different gene mutations have been identi-
fied in a number of these patients (3, 11-13) and all have been
found to be localized in a domain of vWF, the disulfide loop
created by the linkage of Cys5" and Cys695, that has been indi-
cated as an important element in the regulation of vWFbind-
ing to GPlb (2,3).

Besides type IIB-and platelet-type ( 14, 15 ) or pseudo-von
Willebrand disease ( 16) which are, however, GP lb defects
(17)-there is another form of von Willebrand disease in
which platelet aggregation and vWFbinding to platelets occur
at lower ristocetin concentrations than in normal subjects. In
contrast to type IIB, however, there is no spontaneous aggrega-
tion nor thrombocytopenia even after DDAVPadministra-
tion. Furthermore, the full range of vWFmultimers is present
in the plasma of the patients as is characteristic of type I von
Willebrand disease. The latter observation suggested the desig-
nation "type I New York" for this variant ( 18), but patients
with the same phenotype were considered by others as belong-
ing to type II (type Malmo) because of their functional vWF
abnormality (19). We have now investigated four patients
from three unrelated families with this form of the disease and

1. Abbreviations used in this paper: DDAVP, deamino-8-D-arginine
vasopressin; DEPC, diethylpyrocarbonate.
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here demonstrate in all of them the same gene mutation lead-
ing to an amino acid substitution at position 503 of the mature
vWF subunit. This abnormality has been reproduced by in
vitro mutagenesis and the properties of the expressed protein
confirm the relationship between the mutation and enhanced
interaction with platelets in the presence of ristocetin.

Methods

Blood collection andfunctional studies of hemostasis. Blood was col-
lected with trisodium citrate as anticoagulant (0.0 12 Mfinal concen-
tration); platelet-rich plasma and platelet-poor plasma were prepared
as described previously ( 19). Factor VIII procoagulant activity, von
Willebrand factor antigen, and ristocetin-cofactor activity were mea-
sured using methods previously described ( 19). The multimeric struc-
ture of plasma vWFwas evaluated in agarose gels containing SDS, as
reported (20). Bleeding time was measured using a template method
(19). Ristocetin-induced platelet aggregation was evaluated by mea-
suring either the extent or the maximal initial velocity of aggregation
upon addition of varying final concentrations of ristocetin (6, 7, 21 ).
Normal reference values for each assay were obtained in the normal
population of the two centers where the clinical studies were performed
(Malmo and Hamburg). Control subjects were from the laboratory
staff. All individuals that participated in the study were aware of its
experimental nature and gave their informed consent, according to the
Declaration of Helsinki.

Nucleic acid analyses. DNAwas extracted from whole blood or
buffy coat using standard procedures (22). Platelet RNAwas prepared
from washed platelets obtained from 50 ml of blood (23). The platelets
were lysed in a solution composed of 4 Mguanidinium isothiocyanate
(Gibco-BRL, Gaithersburg, MD), 5 mMsodium citrate, 100 mM2-
mercaptoethanol, 0.5% N-laurylsarcosine, and 0.1% antifoam A in
diethylpyrocarbonate (DEPC)-treated water. 3 ml of platelet lysate
were centrifuged through a CsCl cushion for 20 h at 35,000 rpm, 20'C,
in a model SW50.1 rotor (150,000 g; Beckman Instruments, Inc.,
Fullerton, CA). The RNA pellet was dissolved in 20 ,l of DEPC-
treated water and 1 Ml of ribonuclease inhibitor (Promega Corp., Mad-
ison, WI). The RNAwas stored at -70°C as an ethanol precipitate.

The portion of vWFgene (24) coding for residues 463-736 was
amplified from genomic DNAusing the PCR(25) and the previously
described oligonucleotide primers 226 and 227A (26). These primers
selectively amplify a portion ofexon 28 without amplifying the homolo-
gous sequence within the vWF pseudogene due to 3' basepair mis-
matches between the oligonucleotides and the pseudogene (26). After
amplification the fragments were cloned in the filamentous phage M13
for DNAsequence analysis.

Single stranded vWFcDNAfragments were generated from platelet
RNA using Moloney murine leukemia virus reverse transcriptase
primed by a vWF-specific oligonucleotide (complementary to the vWF
mRNAcoding for residues 899-908). Aliquots of this first reaction
were subjected to a PCRusing oligonucleotides that amplify a vWF
fragment representing the coding sequence for residues 441-681. The
oligonucleotides used in the PCRcorrespond to coding sequence from
nucleotide 23/196 to 23/220 within exon 27 and to noncoding se-
quence complementary to nucleotides 24/841 to 24/864 within exon
28 (nucleotide numbers are from reference 24). Restriction enzyme
digestion with DdeI was performed on the amplified fragments using
the supplier's recommended digestion conditions.

In vitro mutagenesis and expression of recombinant vWFfrag-
ments. The Pro"3 -- Leu amino acid substitution was expressed utiliz-
ing a previously described construct, pAD5/WT (27), that directs the
synthesis in Chinese hamster ovary (CHO) cells of a 1 16-kD homodi-
meric fragment of vWF, referred to as r 1 16. The expressed fragment
contains residues 441-733 of mature vWF and has been shown to
recapitulate the properties of native vWFwith regard to its interaction
with platelet GP lb (27). The normal vWFcoding sequence within
pAD5/WT was cloned into pBS/KS- (Stratagene, Inc., La Jolla) and

a uracil-containing single stranded template was generated using the
duC ung- Escherichia coli strain CJ236 (28). After mutagenesis and
verification of the entire vWFcoding sequence, the vWFinsert was
subcloned into the XhoI/NotI site of the expression plasmid pCDMn`
as previously described (27). The mutant plasmid contains the same
coding sequence as pAD5/WTwith two differences: the Pro 13 -* Leu
codon substitution, as seen in the patients, and a change in the codon
for Asp498 (GAC -- GAT), inserting a new EcoRV site used for the
screening of mutant plasmids.

Cell culture, DNA transfection, and selection of stable transfor-
mants. CHOcells were maintained in 5% CO2 and grown in DME
supplemented with 10% fetal calf serum, 0.5 mMnonessential amino
acids, and 2 mML-glutamine (Whittaker Bioproducts, Walkersville,
MD). Cells were cultured at a density of 1.5 X 105 in 60-mmdishes and
transfection mediated by calcium phosphate was achieved with 10 Mg
of DNAper dish, as described previously (27, 29). Stable transfor-
mants were established by growing cells for 10-14 d in the presence of
0.8 mg/ml of the antibiotic G418 (Sigma Chemical Co., St. Louis,
MO) and isolated colonies were expanded in 12-well plates. The cul-
ture supernatants were examined for the presence of vWFantigen by
spotting 200-MAl aliquots onto nitrocellulose membranes and then incu-
bating the membranes sequentially with anti-vWF monoclonal anti-
bodies and '251I-labeled rabbit anti-mouse IgG, followed by autoradio-
graphic detection (3).

Characterization of expressed vWFfragments. Serum-free culture
media were concentrated by centrifugation using a Centricon 30 (Ami-
con, Beverly, MA). Quantitative determination of vWFantigen in the
concentrated media was performed with Laurell electroimmunoassay
(30, 31 ), using a pool of monoclonal antibodies recognizing epitopes
within vWFresidues 449-728. Affinity-purified r 116 vWF fragment
was used as a reference standard for this assay.

Western blot analysis of the r 1 16 fragment was performed with two
anti-vWF monoclonal antibodies: NMC-4, recognizing a disulfide-de-
pendent conformation of vWFconferred by the Cys509-Cys695 bond
and retained in the isolated GPlb-binding domain (32, 33), and U-
RG46, reacting with a conformation-independent linear epitope lo-
cated within residues 474-488 of the mature vWFsubunit (32). Immu-
noreactive proteins were visualized by subsequent incubation with 12511
labeled rabbit anti-mouse IgG followed by autoradiography.

Immunopurification of normal and mutant r 116 vWFfragments
was performed by applying 500 ml of culture supernatant onto a 20-ml
column prepared by coupling the monoclonal antibody NMC-4 to
CNBr-activated Sepharose as previously described (27). Protein deter-
mination was performed with bicinchonic acid assay (Pierce Chemical
Co., Rockford, IL).

For aggregation studies, either immunopurified fragments or con-
centrated culture media were used. The latter were obtained by filtering
100 ml of serum-free culture supernatant through 0.45-Mm Nalgene
filters, then dialyzing extensively against a buffer composed of 20 mM
Hepes and 0. 15 MNaCI, pH 7.4, and concentrating to 1 ml by centrifu-
gation using a Centricon 30 filter. Aggregation was evaluated using
human washed platelets prepared by the method of Walsh et al. (34)
with modifications described elsewhere (35); the final platelet count in
the assay was 1.5 X 108/ml. A siliconized glass cuvette containing the
experimental mixture was placed in an aggregometer (Chrono-Log
Corp., Havertown, PA) at 37°C with constant stirring (1,200 rpm);
aggregation was induced by the addition of ristocetin and monitored
through the increase in light transmission.

Results

Characterization of the patients studied. The four patients de-
scribed in this study are from three families, one from Sweden,
one from Germany, and one from the UK (Bermuda). The
Swedish family is the original one in which the occurrence of
this variant form of von Willebrand disease was described in
eight affected members. The patient examined here, patient 1,
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Table I. Laboratory Data of the Four Patients Studied

Bleeding
Sex Age time FVIII:C vWF:Ag RiCof RIPA

yr min Uldl mg/mi

Patient 1 M 20 14 57 55 46 0.90
Normal <12 60-160 50-175 50-160 >1.0
Patient 2 F 54 11 50 87 64 0.4
Patient 3 F 27 - 41 110 78 0.5
Patient 4 F 38 5 73 68 84 0.5
Normal <9 60-160 50-160 50-160 >0.6

Factor VIII procoagulant activity (FVIII:C), von Willebrand factor antigen (vWF:Ag), and ristocetin cofactor activity (RiCof) are expressed as
arbitrary units per deciliter; average normal plasma contains 100 U/dl. Note that the bleeding time was not tested in patient 3. Ristocetin-induced
platelet aggregation (RIPA) was evaluated with two different methods: in patient 1, by determining the concentration of ristocetin inducing
aggregation with an initial velocity of at least 20 mm/min; in patients 2, 3, and 4, by determining the concentration of ristocetin inducing ag-
gregation with at least 50% maximal response. Different normal reference values are reported for the patients studied in two different centers
(Malmo for patient 1; Hamburg for patients 2, 3, and 4).

reported previously as III: 1 (19), is the son of the original pro-
positus (deceased) and was diagnosed in the course of family
studies; he had no obvious bleeding history. The German fam-
ily has five affected members and the inheritance is autosomal
dominant as in the Swedish family; the mother and daughter,
patients 2 and 3, are characterized in this report. Patient 2 had
bleeding considered abnormal after two tooth extractions and
suffered from cutaneous hematoma and menorrhagia; patient
3 had no obvious bleeding history. The female patient from
Bermuda, patient 4, was the only member of her family with an
increased bleeding tendency; she experienced abnormal blood
loss after tooth extractions, as well as cutaneous hematoma and
increased blood loss after an abortion. Altogether, the symp-
toms in all affected patients, when present, were considered
mild.

The relevant laboratory findings are summarized in Table
I; of note, the bleeding time ranged from normal (patient 4) to
only moderately prolonged. In all the patients, platelets in plate-
let-rich plasma were aggregated at concentrations of ristocetin
lower than those necessary to cause aggregation in normal sam-
ples, a finding representing the distinctive phenotypic feature
of these individuals ( 18, 19). Plasma vWF:Ag levels were nor-
mal in all cases, and ristocetin cofactor activity (which is mea-
sured at nonlimiting ristocetin concentrations) was moderately
decreased only in patient 1. FVIII:C was normal in patient 4
but was moderately decreased in the others; moreover, the ratio
between plasma FVIII:C and vWF:Ag was low (<0.6) in pa-
tients 2 and 3, belonging to the same family. For practical rea-
sons, these assays of FVIII:C were performed on frozen sam-
ples; this may account for the discrepancies observed due to the
labile nature of factor VIII activity. All vWFmultimers were
present in plasma, with a normal relative proportion of species
of different molecular mass; thus, the multimeric structure of
patient vWFwas indistinguishable from that of normal con-
trols (Fig. 1). No patient had thrombocytopenia; moreover,
DDAVPadministration to patient 2 shortened the bleeding
time, raised factor VIII and vWFlevels but, unlike in type IIB
von Willebrand disease (10), did not induce thrombocyto-
penia.

Genetic studies. DNAsequence analysis was performed on
the vWFgene of the four patients under consideration. Because
their phenotypic abnormality was characterized by enhanced

vWFinteraction with platelets in the presence of ristocetin, we
focused our attention on the GP lb-binding domain of vWF
(32, 35). The sequence encoding residues 449-673 of the ma-
ture vWFsubunit was determined after cloning PCR-generated
fragments into the filamentous phage Ml13. The analysis of
eight to twelve clones per DNAsample demonstrated that each
patient had, in addition to a normal allele, a mutant allele in
which a C -* T transition (confirmed in at least two clones)
changed the codon for amino acid residue 503 from the normal
proline (CCG) to leucine (CTG) (Fig. 2). Furthermore, pa-
tients 2, 3, and 4, but not patient 1, had a G -* A silent muta-
tion in the codon for Ser5" (TCG -- TCA) that was linked to
the allele containing the Pro503 -- Leu substitution (Fig. 2).
The base change in the codon for Ser5" creates a new DdeI
restriction site, the presence of which on a single allele was
confirmed in the three patients (Fig. 3 A).

Sequence analysis of the vWFgene based on PCR-gener-
ated fragments can be affected by interference from a highly
homologous pseudogene possessing a structural organization
similar to that of the "true" gene in the region containing the
coding sequence of interest for these studies. The pseudogene
has both TCAand CTGat positions homologous to those cod-
ing for amino acids 500 and 503 in the vWFgene, thus a se-
quence identical to that seen in the cloned DNA fragments
from three patients. That the pseudogene did not influence our
results, however, was clearly demonstrated by the identifica-

P4 N

I.ato
--

Figure 1. SDS-agarose gel electrophoresis of
plasma vWFin patient 4 (P4) and a normal
control (N). Note that the distribution and
the relative proportion of the different vWF
multimers is identical in the patient sample
as compared to normal.
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Figure 2. DNAsequence of normal and mutated vWFalleles. The
lettering indicates the base sequence corresponding to the codons of
amino acid residues 499-504 of the mature vWFsubunit, as shown
on the left and right. The figure presents the sequence of the noncod-
ing strands with the coding strands aligned; the respective 3' and 5'
ends are indicated. (A) Patient 2, showing the mutation in the codon
for residue 500 as well as the Pro 13 -- Leu substitution; (B) patient
1, showing the normal codon for Ser5", but the same mutation of
residue 503 as seen in patient 2.

tion of the expected gene sequence in the mutant clones at all
the 16 other positions where gene and pseudogene have been
shown to diverge (26). Moreover, additional evidence that the
observed mutations reflect vWFgene sequence in the patients
was obtained by characterizing the platelet mRNAprepared
from patient 2. A 746-bp fragment was amplified from the
corresponding cDNAwith two primers representing sequences
in exons 27 and 28 separated by a 2-kb intron; thus, the ab-
sence of any larger fragment in the PCRproduct demonstrated
the lack of genomic DNAcontamination in the platelet cDNA
preparation. The cDNA fragment was found to contain the
DdeI restriction site corresponding to the silent mutation in the
codon for Ser5" (Fig. 3 B), providing evidence that the allele

containing the linked Pro503 to Leu substitution is transcribed;
the mutations, therefore, are truly present in the vWFgene.

Polymorphic markers of the vWFgene were then charac-
terized to reveal the existence of possible unknown relation-
ships between the three apparently unrelated families. Patient
1, who lacked the silent mutation at position 500, had the co-
don for aspartic acid 709 in the mutant allele, while the others
had histidine, a reported vWFpolymorphism (24). Patient 4
and patients 2 and 3 (mother and daughter) had concordant
sequence in the mutant clones at the polymorphic positions
618 (36) and 709; however, further analysis of the vWFgene
for restriction fragment length polymorphisms and variable
number tandem repeats showed that both mutant and normal
alleles from patient 4 differed from those in patients 2 and 3
(Table II).

Studies with expressed recombinant fragments. The muta-
tion detected in the patients at position 503 was expressed in
the homodimeric 11 6-kD fragment of vWFknown to possess
the GP lb-binding properties of the intact molecule; the mu-
tant fragment was designated r 1 16 ( P503L). The dialyzed and
concentrated supernatants from r 116 and r 1 16(P503L) cul-
tures contained 57 and 65 ,g of vWFfragment per milligram
protein, respectively, as estimated from protein determination
and electroimmunoassay of vWFwith purified r 116 as stan-
dard. The immunoaffinity purified species had protein con-
tents of 150 ,gg/ml for rl 16 and 208 ,ug/ml for rl 16(P503L)
after 20-fold concentration of column eluates. Western blot
demonstrated that the concentrated tissue culture supernatants
and the purified preparations contained similar 11 6-kD species
reactive with the monoclonal antibody NMC-4 (Fig. 4). Thus,
the Pro503 -- Leu substitution did not alter the ability of the
expressed fragment to assemble into a dimeric species like the
normal fragment. By using the conformation-independent an-
tibody, LJ-RG46 (not shown), both r 116 and r 116 (P503L)
gave a similar immunoreactive pattern, exhibiting the dimer of
116 kD and some monomeric fragment of 52/48 kD (3). This
further demonstrated that the normal and mutant fragments
were expressed in a comparable manner.

The concentrated tissue culture supernatants at a final vWF
fragment concentration of 2.8 ,g/ml (24 nM calculated as
116-kD dimer) supported the aggregation of platelets induced
by ristocetin at 1.25 mg/ml final concentration. Dose-response
curves with decreasing concentrations of ristocetin demon-
strated that the fragment with normal sequence supported ag-
gregation with as little as 0.4 mg/ml of ristocetin, albeit with
diminished response, while r 1 16(P503L) supported aggrega-
tion even at 0.15 mg/ml ristocetin (Fig. 5). Similar results
were obtained with the immunoaffinity-purified fragments
used at a final concentration of 60 nM (calculated as 116-kD
dimer); r 116 supported aggregation at 0.4 but not 0.3 mg/ml
of ristocetin, whereas r 116(P503L) supported aggregation at
0.2 mg/ ml of ristocetin (Fig. 6). Platelet aggregation could not
be elicited in the absence of ristocetin even when the concen-
tration of r 116(P503L) was raised 10-fold.

Discussion

These studies demonstrate that the same missense mutation
identified in three unrelated families in the sequence of mature
vWF, Pro503 -* Leu, is the cause of the von Willebrand disease
variant called type Malmo (19) and, presumably, of the pheno-
typically identical variant reported as type I NewYork (18).
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Figure 3. DdeI cleavage of PCR-amplified fragments demonstrating the TCG-. TCAsilent mutation in the codon for Ser5" of the mature vWF
subunit. A continuous line represents the uncleaved fragments; arrows indicate cleavage sites and the asterisk indicates the site of mutation.
Marker lanes (M) contain a HaeIII digest of 4X 174 RF DNA; the size of the corresponding fragments (bp) is shown on the right. (A) Cleavage
of a 958 bp fragment amplified from genomic DNAwith oligonucleotide primers described by Mancuso et al. (26). Unique fragments of 170
and 86 bp are present in patients 2, 3, and 4, but not in patient 1, in addition to the normal fragments of 426, 256, and 212 bp. Two small frag-
ments of 20 and 46 bp migrate with the primers and are not visualized. (B) Cleavage of a 746-bp fragment amplified from vWFcDNAof patient
2 as described in Methods. U, uncleaved; D, DdeI-cleaved fragment. In the normal allele (not shown in this experiment) there are five cleavage
sites, two corresponding to exon 27 and three to exon 28, as shown in the schematic representation of genomic DNA. The extra cleavage site at
the codon for seine 500 in the mutant allele creates unique fragments of 130 and 86 bp, seen in the heterozygous patient in addition to the
normal fragments of 426 and 216 bp. Four small fragments of 20-35 bp migrate with the oligonucleotide primers and are not visualized.

The mutation was detected in only one of the alleles, in agree-
ment with the autosomal dominant mode of transmission of
the bleeding disorder; moreover, in two of the three families
(three out of four patients) the same allele exhibited a nucleo-
tide substitution in the codon for serine 500. The two observed
mutations create a sequence identical to that of the vWFpseu-

Table II. Polymorphisms Detected in the vWFGene
of Patients 2, 3, and 4

Patient Taql(A) Xbal VNTR

2 -/- -/- 10/13
3 -/- -/- 12/13
4 +/+ +/+ 7/7

Polymorphisms were detected by restriction fragment length analysis
after digestion of genomic DNAwith TaqI (52) and XbaI (53), as
indicated, and by determination of the variable number of tandem
repeats (VNTR) (54). Patients 2 and 3 are mother and daughter. +,
allele with polymorphic cleavage site; -, allele without it.

dogene (26), thus raising the concern that the latter might have
interfered in the cloning and sequencing procedures adopted to
characterize the patients. That this was not the case, however, is
demonstrated by the fact that the sequence of the mutant
clones was found to be identical to that reported for the vWF
gene at 16 other positions that are known to diverge from the
pseudogene (26); and by the identification of a transcript from
the mutant allele, as evidenced by analysis of cDNAgenerated
from platelet mRNA.

The most characteristic feature of the von Willebrand dis-
ease variant described here is that aggregation is induced in
platelet-rich plasma by lower ristocetin concentrations than
necessary in normal subjects. Ristocetin-induced aggregation is
known to involve the binding of vWF to platelet GP lb (35)
and, thus, is thought to mirror one of the crucial mechanisms
supporting platelet adhesion and aggregation at high shear
forces (37, 38). The GPIb-binding site in vWFis located be-
tween residues 449 and 728 of the mature subunit (32, 39, 40)
and can be expressed in a native dimeric conformation as a
fragment of 116 kD secreted from CHOcells (3, 27). This
fragment reproduces the properties of full-length vWFwith
regard to ristocetin-induced interaction with GPIb, including
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1 2 3 4 Figure 4. Western blot
analysis of expressed re-
combinant fragments

200kD of vWF. Concentrated
tissue culture superna-
tants and immunoaffin-
ity-purified vWFfrag-

-_- 97.4kD ments were electropho-
resed in an
SDS-polyacrylamide gel69kD and reacted with the

-46kD anti-vWF monoclonal
antibody NMC-4after
transfer to a nitrocellu-
lose membrane. The

electrophoretic mobility of known molecular mass markers is shown
on the right. Lane 1, purified ri 16; lane 2, purified rl 16(P503L);
lane 3, rl 16 culture supernatant; lane 4, rl 16(P503L) culture super-
natant.

ristocetin-induced platelet aggregation. Although one cannot
exclude a priori that the consequences of a single amino acid
substitution, or other mutations, may be different in an iso-
lated vWFfragment as opposed to the intact multimeric mole-
cule, results documented previously with regard to a type IIB
mutation (3) have shown that expression of the isolated 116-
kD fragment can reproduce typical phenotypic abnormalities
of type IIB vWF. Thus, expression of this fragment was used to
evaluate the functional consequences of the Pro503 -> Leu mu-
tation detected in the patients described here. Indeed, the re-
sults obtained with the present studies lend further support to
the validity of the approach based on isolated domain expres-
sion to study the functional consequences of mutations in the
complex vWFmolecule.

Platelet aggregation studies were performed using both tis-
sue culture supernatants and immunopurified vWFfragments
derived from them. With the former we could exclude that the
results obtained were solely caused by effects of the purification
procedure on the functional properties of the vWFfragments;
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B
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3 jL (mg/ml)
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E~ 2F
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Figure 5. Platelet aggregation elicited by ristocetin in the presence of
concentrated tissue culture supernatants. The numbers indicated for
each trace represent the final ristocetin concentration (mg/ ml) added
to the platelet suspensions at the time indicated by an arrow. (A)
Normal r 116 fragment; (B) mutant r 1 16(P503L) fragment.
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Figure 6. Platelet aggregation elicited by ristocetin in the presence of
immunoaffinity purified vWF fragments. The presentation of results
is the same as in Fig. 5. (A) Normal r 1 16 fragment; (B) mutant
r 1 16 (P503L) fragment.

with the latter we could rule out the possibility that other se-
creted molecules present in the culture media interfered with
the functional assay. Good aggregation response at 1.25 mg/ml
ristocetin concentration required more purified than nonpuri-
fied vWFfragment, suggesting that the purification procedure
may negatively affect the functional properties ofthe molecule.
With either type of material, however, r 1 16(P503L) supported
platelet aggregation at lower ristocetin concentrations than
r 1 16 with normal sequence, thus reproducing the typical phe-
notypic abnormality of the von Willebrand disease variant
under consideration. The differences between the mutant and
normal fragments were more pronounced than expected on the
basis of the moderately increased ristocetin sensitivity in the
patient platelet-rich plasma ( 18, 19). This may be explained by
the fact that the patients have a mixture of normal and abnor-
mal vWF subunits while the expressed mutant protein con-
tained only abnormal species. In our experimental system uti-
lizing washed platelets, aggregation was induced by low ristoce-
tin concentrations that do not elicit aggregation in plasma; this
reflects the fact that in the latter case ristocetin binds to other
plasma proteins, thus decreasing its effective concentra-
tion (41 ).

Platelet aggregation could not be induced by r 1 16 ( P503L)
in the absence of ristocetin, even when used at a 10-fold higher
concentration than that effective in the presence of 0.15 mg/
ml ristocetin. This is in apparent agreement with the observa-
tion that platelet aggregation does not occur in patients with
the Malmo variant neither spontaneously nor after DDAVP
administration ( 19). However, it has been reported in prelimi-
nary form that purified plasma vWFfrom one individual with
this variant (patient 2 of this study) can induce ristocetin-inde-
pendent platelet aggregation when used at concentrations, be-
tween 30 and 80 ,tg/ml (42), that may not be attained in vivo
even after DDAVP. This finding supports the concept that the
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Pro503 -> Leu mutation results in increased vWFaffinity for
platelets even in the absence of ristocetin, although such an
increase is clearly less pronounced than that caused by type TIB
mutations. The latter statement is justified by the lower
amounts of purified type IIB vWFnecessary to induce aggrega-
tion (43, 44) as compared to type Malmo vWF(42). Thus, the
phenotype of the von Willebrand disease variants type IIB and
type Malmo (and presumably type I NewYork) is similar with
regard to increased responsiveness to ristocetin and to the abil-
ity of vWFto induce platelet aggregation directly; rather, the
difference appears to be in the extent to which the affinity for
GP lb is changed by different mutations in the GP lb-binding
domain of the molecule. This may be responsible for the other
distinctive feature of type IIB patients, i.e. the disappearance of
larger vWFmultimers from the circulation (7, 43, 44), due to
their greater binding to platelet membranes at the vWFcon-
centrations present in blood.

The failure to demonstrate a direct effect of the isolated GP
lb-binding domain on platelets may be due to inherent differ-
ences between multimeric vWF and dimeric r 116 fragment
with regard to their respective ability to support platelet aggre-
gation in the absence of ristocetin (27). Indeed, the dimeric
fragment has only two GP lb-binding sites per molecule, as
opposed to several in a larger vWFmultimer, and this may not
be sufficient to support the aggregation (or agglutination) of
platelets. Ristocetin may change this because it can dimerize in
solution, it flocculates proteins and can bind to both the GP
lb-binding domain of vWF and to the platelet membrane
(41 ), possibly creating functional "aggregates" of the dimeric
fragment. It should be noted that, in unpublished studies, we
found that a r 1 16 fragment containing a type IIB mutation also
failed to induce platelet aggregation directly, even though the
same fragment could clearly bind to GP lb in the absence of
any modulator (3). In this regard, then, expression of the iso-
lated GP Ib-binding domain cannot reproduce a functional
characteristic of the mutant multimeric vWF.

The exact structure and functional conformation of the GP
lb-binding site in the vWF subunit have yet to be clarified,
although candidate regions have been identified as possible re-
ceptor recognition sites ( 32, 45 ). Moreover, evidence from sev-
eral studies suggests that the disulfide loop between Cys509 and
Cys691 can modulate the affinity of vWFfor GPlb. For exam-
ple, botrocetin, a snake venom protein, forms a bimolecular
complex with vWFthat then binds to GPlb with high affinity;
botrocetin has been shown to bind to three different segments
of sequence within the above mentioned disulfide loop (46). In
type IIB von Willebrand disease, characterized by increased
vWFaffinity for GPlb (5, 6), all the reported mutations consid-
ered to be responsible for the functional abnormality are within
the same disulfide loop; moreover, six of them are in the first
botrocetin-binding segment and two in the second one (3, 1 1-
13, 46). Porcine vWF, which spontaneously aggregates human
platelets, displays interesting differences as compared to hu-
man vWFin the region corresponding to the first botrocetin-
binding segment: in fact, it contains three amino acid substitu-
tions (47) corresponding to those found in human type IIB
vWF, which also aggregates normal human platelets (43, 44).
All these results support the contention that conformational
transitions within the disulfide loop between Cys509 and Cys691
regulate the affinity of vWFfor GPlb. Wehave now found that
an amino acid change outside of the 509-695 disulfide loop in
the Al domain of vWFcan also lead to heightened interaction

with GP Ib, suggesting that the latter event is regulated by an
extended region in the GPTb-binding domain of vWFwith the
contribution of previously unidentified residues. The fact that
some of the patients reported here had negligible bleeding
symptoms (patients I and 3) raises the intriguing possibility
that other vWFmutations affecting the affinity for GPlb may
be found in the normal population.

The origin of the mutations described here is presently a
matter of speculation, but it is clear from the characterization
of different polymorphic markers of the vWFgene that they
have occurred independently in the three families studied.
Since the base changes found in the patients are C T transi-
tions at CpGdinucleotides in either the coding or non-coding
strands, the codons for residues 500 and 503 in mature vWF
may represent preferential sites of point mutations that tend to
occur together for reasons that remain to be clarified. Neverthe-
less, since the single point mutation in the codon for residue
503 has arisen as an isolated event in the family of patient 1,
this explanation is not of general validity. Alternatively, if the
mutation in the codon for residue 500 were a common poly-
morphism, it would be possible to argue for the fortuitous asso-
ciation between three independent mutational events in the
codon for residue 503 and one of the two polymorphic se-
quences at position 500. Against this possibility is the fact that,
in a preliminary survey (53 individuals) of the normal popula-
tion, the mutation at position 500 was never identified, thus
making its casual association with the Pro503 -- Leu mutation
unlikely. Another intriguing possibility is suggested by the ob-
servation that, in two of the families studied (patients 2 and 3
in one family and patient 4 in the other), the two linked muta-
tions create a gene sequence identical to that found in the
corresponding segment of the vWFpseudogene; thus, they may
have been the result of gene conversion, i.e., a nonreciprocal
recombination event in which a segment of one gene replaces
the corresponding segment of a related gene (48). Such a mech-
anism has been implicated as the cause of human steroid 21 -hy-
droxylase deficiency (49, 50). Although in the latter situation
the gene and pseudogene involved are located on the same
chromosome, the occurrence of heterochromosomal gene con-
version has been clearly documented in lower organisms (51 )
and cannot be excluded in humans (48). In the case considered
here, the sequence of vWFpseudogene implicated in the con-
version event would be no more than 99 basepairs, represent-
ing the size of DNAsegment that includes the two mutations
present in the patients and is delimited by two mutations pres-
ent in the pseudogene (26) but none in the mutant alleles. It is
interesting to speculate that, if the pseudogene has diverged
from the vWFgene especially at mutational hot spots, there
may be other von Willebrand disease variants caused by amino
acid substitutions coded for by sequences identical to those in
the vWFpseudogene. Such a possibility is presently under in-
vestigation.
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