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Aberrant dimerization of von Willebrand factor as the result of mutations in the
carboxy-terminal region: identification of 3 mutations in members of 3 different

families with type 2A (phenotype I1ID) von Willebrand disease

M. Said Enayat, Andrea M. Guilliatt, Gurcharan K. Surdhar, P. Vincent Jenkins, K. John Pasi, Cheng Hock Toh,

Michael D. Williams, and Frank G. H. Hill

The 3’ end of the VWF gene was screened
in the affected members of 3 different
families with type 2A (phenotype 1ID) von
Willebrand disease (vVWD). Exons 49 to 52
of the VWF gene were amplified and
screened for mutations by chemical cleav-
age mismatch detection. Mismatched
bands were detected in exon 52 of 2
patients and in exon 51 of a third patient.
Using direct DNA sequencing, a heterozy-
gous G8562A transition leading to a
Cys2008Tyr substitution was found in all

the patients in family 1, and a T8561A
transversion leading to a Cys2008Ser sub-
stitution was found in both patients from
family 2. In a patient from a third family, an
8-base deletion from nucleotide 8437 to
8444 was identified in exon 51. The 2
mutations in exon 52 were reproduced by
in vitro site-directed mutagenesis of full-
length von Willebrand factor (VWF) cDNA
and transiently expressed in COS-7 cells.
The corresponding recombinant VWFs
for these 2 mutations exhibited the typi-

cal aberrant VWF:Ag multimer pattern
seen in the plasma of the patients. These
3 mutations demonstrate the importance
of other carboxy-terminal cysteines in
addition to the reported Cys2010 residue,
in the normal dimerization of vVWF, and
their essential role in the assembly of
normal multimeric vVWF. (Blood. 2001;98:
674-680)
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Introduction

von Willebrand factor (VWF) is a multimeric plasma glycoproteirof this highly complex adhesive proteinFurther investigations
with a major role in primary hemostasis. It is synthesized blgave identified mutations causing the various type 2 vWD subtypes
endothelial cells and megakaryocytésAfter translation in the and localized them to specific regions of M#&/Dgenel® The type
endoplasmic reticulum as a prepropolypeptide, the signal peptid2i subgroups show different VWF antigen (VWF:Ag) multimer
cleaved to produce the pro-vWF monomer, which dimerizggatterns, including a rare phenotype previously designated as type
through intermolecular disulfide bonds at or near the cysteine-ridib VWD, which is inherited in an autosomal dominant mantét.
carboxy terminaf. The tail-to-tail dimers are transported to theThis phenotype is unique in having an aberrant VWF:Ag multimer
Golgi apparatus or the post-Golgi compartméentghere further pattern as a result of defective posttranslational processing and
disulfide bonds form near the amino-terminal of the subtrittsth  vVWF multimer assembly, and, in contrast to type IIA and 1IB
these disulfide bridges are critical in the final multimerization tphenotypes, there is little evidence of in vivo proteoly8ishese
yield vVWF multimers that measure more than 20 million daltonslifferences are manifested in major variations between the vVWF:Ag
These large multimers are the most efficient molecules in mediatultimer patterns of these 3 phenotypes. Schneppenheini‘et al
ing platelet adhesion. The multimeric pattern of VWF, seen dmave reported a new class of mutations in types 2 and 3 vWD,
high-resolution sodium dodecy! sulfate—agarose electrophoregispuped in the C-terminal region of VWF, which are responsible for
shows that each multimer band actually consists of a tripletlimerization and subsequent multimerization of VWF. They also
Limited proteolysis at position Tyr842-Met843 of the mature vWHkdentified a Cys2010Arg mutation in 2 unrelated families with type
subunit, produces, in addition to the intact subunit, an N-termindD vWD phenotypé® and concluded that the cysteine at position
and a C-terminal fragment contained within VWF multimérs. 2010 is essential for normal dimerization of VWF subunits through
Mutations in theVWF gene can cause quantitative deficienciedisulfide bonding of C-terminal domains.
of VWF (mild type 1 or severe type 3 von Willebrand disease We have previously reported a family with type 1ID vWD
[vWD]) and qualitative abnormalities of VWF (type 2 vVWD). In thephenotype? Here we report the identification of a candidate
most recent classification, type 2 vVWD is further subdivided into dhutation in 4 members in 4 generations of this family and one other
groups, designated types 2A, 2B, 2M, and 2Runctional studies candidate mutation in the same codon in 2 members in 2
and studies with proteolytic fragments using binding assays agdnerations of another unrelated family. In a third patient, we have
specific monoclonal antibodies to the vVWF protein have helped thkso identified an 8-base deletion from nucleotide 8437 to 8444
understanding of the relation between the structure and the functioicleotides are numbered from the A of the initiator methionine
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codon) affecting codons 1966 to 1969 (amino acid residues aves measured on freshly separated plasma using a chromogenic assay. The
numbered from the first amino acid of the mature VWF subunityon Willebrand factor antigen (vWF:Ag) was measured by enzyme-linked
This results in a frameshift and in the creation of a cysteine residigmunosorbent assay (ELISR)and ristocetin cofactor activity (VWF:

at the new codon 1968 and a termination codon at position 1973¢0f) by fixed platelet aggregometion frozen and thawed platelet-poor
lasma. Plasma vVWF:Ag multimeric analysis was carried out on platelet-

The tran.slatlonal. products  of thls. heterozygous mUtatlon’.eE%_or plasma, and platelet vVWF:Ag from washed platelets was obtained
pre_ssed ina dominant form, re_sult in a truncated VWF subunit Jf)r%m platelet-rich preparation as previously descried type IID
amino acids smaller than the wild type. phenotype plasma sample, obtained as part of an international multicenter
comparison of von Willebrand factor multimer sizing technigtfesjas
used for comparison with VWF:Ag multimers of patients examined in

Patients, materials, and methods this study.

Coamatic FVIII chromogenic assay kit was purchased from Chromoqeq\iﬁ(utation screening

AB (MdlIndal, Sweden). Two types of agarose were used for multimer

analysis: for the stacking gel, Seakem agarose HGT(P), purchased fraigh-molecular-weight genomic DNA was prepared from leucocytes and

FMC Bioproducts (Rockland, ME), and for the separating gel, agarose typsed for the PCR amplification &fWF gene sequences. Specific primer

VI, purchased from Sigma (Poole, Dorset, United Kingdom). Polyclon&equences for exons 49, 50, and 52 were in accordance with Schneppen-

rabbit anti-human vWF antibody was purchased from Dako (High Wiheim et alt5 and those for exon 51 were in accordance with Zhang & al.

combe, United Kingdom). Optimized annealing temperatures for the PCR reactions were 64°C, 63°C,
Genomic DNA was prepared from leucocytes using the Applied8°C, and 62°C for exons 49 to 52, respectively. Amplified products were

Biosystems 340A nucleic acid extractor (PE Applied Biosystems, Wapurified before mutation screening by the chemical cleavage mismatch

rington, United Kingdom), and the primers were synthesized on a 391 DN#etection (CCMD) techniqué. Identified mismatched bands were investi-

synthesizer (PE Applied Biosystems). Bioline UK (London, United Kinggated by direct DNA sequencing, using the dideoxy chain termination

dom) supplied Bioline BioTag polymerase. Long-range Taq polymerasgethod. The identified candidate mutations were authenticateScdy

was from Roche Diagnostics, (Lewes, United Kingdom). PerkinElmgfamily 1) andSad (family 2) restriction enzyme digestion according to the

DNA thermal cyclers were used in all polymerase chain reaction (PCRjanufacturer’s instructions, followed by electrophoresis on a 2% aga-

reactions (PE Applied Biosystems). PCR products were purified using thsse gel.

Geneclean Il kit (Bio 101 Inc, Vista, CA). DNA sequencing was carried out

using an ABI Prism 310 Genetic Analyzer with big dye terminator cycle

sequencing chemistry (PE Applied Biosystems). Restriction enzymes w&pgPression of von Willebrand factor in COS-7 cells

purchased from Promega (Southampton, Uni_ted Kingdpm). VWF expression vector pSVHVWF1 consists of the full-length vWF cDNA
VWF expression vector pSVHVWF1 was kindly provided by DrA. Inbaj,seteq into the expression vector pS\VP2das described elsewhete.

(Sheba Medical Centre, Israel). Shuttle vector pSP70 was from Promegigy jengthEcaRl VWF cDNA fragment was ligated into the shuttle vector
Site-directed mutagenesis was performed using the unique site ellmlnatt%\370 producing the vector pSP7OVWFECORI. EacRV fragment
(USE) mL_JtageneS|s kit ‘from Amersham Pharmacia B|otech (St Alba_“kﬁucleotide 8486 in exon 51 to nucleotide 67 in pSP70), was then ligated
United Kingdom). All tissue culture reagents were supplied by Lifg,, another pSP70 vector, generating the shuttle vector pSP70VWFECORV.
Technologies (Paisley, United Kingdom). The stl!'red uItraf|Itrat|op devicg,, introduce the 2 nucleotide substitutions (G8562A and T8561A) for the
was from quwgen (Ashb.y. de la _ZOUCh’ Umted K|ngdom). Plasmld_ DNASandidate mutations C2008Y and C2008S, respectively, site-directed mu-
for .tr.ans.fectlon were purified using the Wizard Purefection plasmid DNﬁagenes@ was performed on the resultant shuttle vector using the USE
pgrlflcatlon system (P_romega).AIIother consumables were purchased frﬂmtagenesis kit. The USE selection primer (SDMpSP70Hpal; Table 1)
Sigma unless otherwise stated. contains a mutation in a unique, nonessential restriction sifjgalf,
providing the basis for selection. Mutagenic primers (SDMC2008Y and
Blood samples SDMC2008s) (Table 1) introduced the desired target candidate mutations.

Four patients from a large fam#with type 11D VWD phenotype (family Clones containing the desired _base substitutions were directly se-
1) were available and consented to genetic investigation. These were G§nced as described above to verify the presence of the candidate vWD
propositus (now deceased), his niece, her daughter, and her newly biation and to exclude any errors from in vitro amplificati@izoRV
daughter. Two patients in family 2, a mother and a daughter, were the Olt.r@gments containing the c_andldate VWD mutations were then cloned into
available members for investigation. In family 3, only one affected membH}e vector pSP70EcoRI. Finally, the full-lengitcRI fragments of vVWF

was available for study. Blood was obtained by venipuncture; it was mix&IPNA containing the desired candidate mutations were cloned back into the

9 parts blood to 1 part trisodium citrate and was centrifuged for plateldt!-length vector, pSVHVWF1, generating the expression vectors
poor plasma and platelet-rich preparation. pSVHC2008Y and pSVHC2008S. The correct size and orientation of the

inserts were verified by restriction analysis and direct sequencing as
described above. Because the third mutation was in fact an 8—base pair (bp)
deletion, the expression vector pSVHdel51 was produced by subcloning a
Bleeding time analysis was carried out by the vy method in families 1 armtgment of patient cDNA produced by long-range PCR into the vector
2 and by the Simplate method in family 3. FVIII coagulant activity (VII1:C)pSVHVWEFL1 to produce the expression vector pSVHdel51. Plasmid DNA

Phenotypic analysis

Table 1. Oligonucleotide primers used for Unique Site Elimination site-directed mutagenesis

Name Sequence Position
SDM C2008Y 5’-GTG CAG GAC CAG TAC TCC TGC TGC TC-3 8549-8574
(in VWF cDNA)
SDM C2008S 5'-CAG GAC CAG AGC TCC TGC TGC TCT-3 8552-8575
(in VWF cDNA)
SDMpSP70Hpal 5'-CGA TAA GCC AGG GTA CCC TGC ATT AAT GAA TCG-3 78-110
(in pSP70)

Underlined nucleotides indicate base substitutions.
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Table 2. Clinical symptoms in affected members of the families investigated

Degree of Prolonged bleeding Bleeding after dental Gastrointestinal tract
Family Patient Generation Sex bruising from cuts Epistaxes extraction bleeding Menorrhagia
F1 P1 11:1 M + Unknown None ++ ++ N/A
F1 P2 Hi:1 F ++ + None + None ++
F1 P3 Iv:1 F ++ + + + None ++
F1 P4 Vi1 F No clinical symptoms to date (baby)
F2 P1 1:1 F No clinical symptoms to date
F2 P2 11:1 F + Unknown + Unknown ++ ++
F3 P1 — F — Unknown Unknown Unknown None +++

for transfection was purified using the Wizard Purefection Plasmid DNAnigrated faster than did multimers from the other type 11D families
purification system (Promega). (Figure 1). The faster rate of migration in the patient from family 3

The monkey kidney cell line COS-7 was transfected with |59 s pest seen in the first 2 multimer bands, especially when using a
pSVHVWF1, pSVHC2008Y, pSVHC2008S, or pSVHdel51 using a d'etmﬂigher resolving 1.8% agarose gel (Figure 1)

aminoethyl (DEAE)—dextran—based technig®é® Cotransfection experi-
ments were performed using a total of 5§ plasmid DNA comprising a 1:1 candidate mutations

or a 1:9 ratio of wild-type (WT) and mutant constructs. COS-7 cells were

grown in Dulbecco modified essential medium (DMEM) supplementelutation screening was carried out by CCMD, followed by direct
with 2 mM L-glutamine, 50 IU/mL penicillin, 5Qug/mL streptomycin, and DNA sequencing of exons 49 to 52 of tMaWF gene. CCMD of

10% (vol/vol) fetal calf serum. Cells in the log phase of growth were used %on 52 PCR products led to the detection of a mismatched

seed tissue culture flasks so that the cells were 60% to 70% confluent the . . .
next day. These cells were transfected with &9 plasmid DNA in ﬁydroxylamlne band in the affected members of families 1 and 2. In

Tris-buffered saline, supplemented with (506/mL) DEAE-dextran. After the patient_ from family 3, muIti!oIe mismatched bands_, were identified in
incubation for 1 hour at 37°C, the transfection media were removed and %N 51 with both hydroxylamine and osmium tetroxide.

cells were incubated for another 4 hours in DMEM containing 100 mM Mutations causing the mismatched bands were identified by
chloroquine, before recovery overnight in DMEM. Cells were cultured fodirect DNA sequencing and, when possible, were authenticated by
72 hours in AIM-V serum-free medium supplemented with L-glutaminerestriction enzyme analysis. In family 1, DNA sequencing identi-
penicillin, and streptomycin as above. Conditioned medium from celffed a G8562A transition in a heterozygous form, leading to a
mock transfected with the shuttle vector pSP70 was used as a Conta’sZOOBTyr substitution. In family 2, DNA sequencing identified a

Benzamidine N-ethylmaleimide, EDTA, and phenylmethylsulfonyl fluo- . _ o .
ride were added to the conditioned medium before centrifugation to remo-\|;§56lA transversion predicting a Cys2008Ser substitution (Figure

cellular debris. The medium was concentrated using a stirred ultrafiltratiéa- I Patient 3, exon 51 was sequenced and a heterozygous 8-base
device before Storage at20°C. VWFAg levels were measured by EL|SA’de|et|On from nucleotide 8437 to 8444 was identified. The deletion

and the multimeric structure was determined as described above. affecting codons 1966 to 1969 resulted in a frameshift leading to
the creation of a cysteine residue at the new 1968 position and a
termination codon at 1974 (Figure 2).

Results Mutations in exon 52 were further investigated using restriction

enzyme digestion followed by electrophoresis. Mutations in fami-

lies 1 and 2 created a nefcd and a newSad restriction site,

Clinical symptoms of the patients are summarized in Table 2, afefPectively. When the PCR products from the 4 patients in family
the results of the hemostatic tests that resulted in the diagnosistofvere digested wittScd, an uncut 399-bp fragment (normal
VWD are shown in Table 3. Autosomal dominant transmission &flele) and cut 225- and 174-bp fragments (abnormal allele) were
the disease was observed only in families 1 and 2. The plasi¥&sent, demonstrating the heterozygous nature of the mutation in
VWF:Ag multimer pattern that classified the patients as having typeese patients. PCR products from the mother and daughter in
IID VWD is shown in Figure 1. family 2 were digested wittBad; both uncut and cut fragments

The diagnosis of type IID phenotype was confirmed in th&ere present, indicating heterozygosity for this mutation in this
patient from family 3 by an abnormal multimer pattern similar tdamily (Figure 3). Exon 52 of thé/WF gene in 50 unrelated
what the other type IID patients had, but with some significamersons was also amplified and digested Bitd andSad, and the
differences. More multimer bands were present in the patient framew restriction sites identified in patients from family 1 and 2 were
family 3, and were of uniform intensity, but, more important, theyot found in any of the 100 normal alleles.

Patient diagnosis and phenotypic results

Table 3. Phenotypic data for affected members of the families investigated

VWF:Ag Multimer

Bleeding time FVIII:C VWF:Ag VWF:Ricof
Family Patient Generation (min) (U/mL) (U/mL) (U/mL) Plasma Platelet
F1 P1 1:1 17 1.42 2.02 0.25 Abnormal Abnormal
F1 P2 11 17 0.64 1.16 0.33 Abnormal Abnormal
F1 P3 vV:1 19 0.58 0.89 0.30 Abnormal Abnormal
F1 P4 Vi1 Unavailable 1.14 1.05 0.59 Abnormal Not done
F2 P1 I:1 Unavailable Unavailable Unavailable Unavailable Abnormal Not done
F2 P2 I1:1 >20 0.66 0.49 0.27 Abnormal Abnormal
F3 P1 — >20 0.78 0.54 0.27 Abnormal Abnormal

C indicates coagulation; VWF, von Willebrand factor; Ag, antigen; Ricof, ristocetin cofactor.
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Figure 1. Autoradiograph of plasma vVWF:Ag multimers of the affected mem- D 5~
bers of families 1, 2, and 3. Plasma samples electrophoresed in a 1.8% SDS-
agarose gel and visualized by sodium iodide 125-labeled anti-vWF:Ag monoclonal
antibody showing the abnormal multimer band patterns in F1-P1, F1-P2, F1-P3,
F2-P1, and F3-P1 in lanes 2, 3, 4, 6, and 7, respectively. A type IID phenotype
international reference plasma'1° is shown in lane 8, and 2 normal plasmas are
shown in lanes 1 and 5. The direction of electrophoresis is from top to bottom. The
arrow in lane 7 indicates the faster migrating central band 1 in F3-P1. Differences in
the minor satellite bands between normal and 11D plasma (2 bands in normal and 3
bands in 11D plasma) are shown in lanes 2 and 5, respectively.
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Expression of recombinant VWF in COS-7 cells

Wild-type (pSVHVWF1) and mutant (pSVHC2008Y, pSVHC2008Ssigure 2. DNA sequence analysis of exons 51 and 52 of the  VWF gene in WT
and pSVHdeI51) fuII-Iength cDNAs were transiently expressed fd affected members of families 1, 2, and 3. Panel A shows the WT sequence
COS-7 I d th trol of the SV40 lat t . exon 51 from T8434 to T8457, with an arrow indicating nt 8437 where the
-/ cells un e.r € COI"I. rot-o € a_‘e promoter in feletion begins in patient F3P1. Panel B shows the DNA sequence of the patient
separate transfection experiments. Concentrations of VWF:Ag fiém family 3, with a series of superimposed bases as a result of the heterozygous
the conditioned medium of COS-7 cells transfected witheletionbeginning at position 8437. Panels C to E show the sequence of exon 52
pSVHC2008Y and pSVHC20088 were not significantly reduce{ m nucleotide 8555 to 8571. Panel C shows the WT sequepce. Panel D shows
) e sequence from one affected member from family 1, with a heterozygous
Compared to that of cells transfected with pSVHVWFl, and th%SGZA transition. Panel E shows the sequence from patient F2P2, showing a
reached maximal levels of 0.1 U/mL after concentration. Howeveigs61A transversion.
the level of VWF:Ag in the conditioned medium of cells transfected
with pSVHdel51 was below the level of reliable quantitation by
ELISA (more than 0.01 U/mL). Conditioned medium from COS-7
cells mock-transfected with pSP70 did not contain any detectable
VWF:Ag. Analysis of the recombinant VWF:Ag (rvWF:Ag) by 1 234567 8910
sodium dodecyl sulfate (SDS)—agarose gel electrophoresis showed
that whereas the wild-type rVWF contained the full range of
molecular-weight multimers, pSVHC2008Y and pSVHC2008S
rVWF showed a reduction in the high- and intermediate-molecular-
weight multimers with aberrant triplet structure. This is consistent
with the candidate mutation as the causative mutation of the
observed type IID phenotype in these patients (Figure 4). Whereas
in type 11D plasma 3 minor bands could be seen between the major
ba}nds, C.)nly one minor ba.nd was visible in the type IID rVWF' Thgigure 3. Restriction enzyme analysis of exon 52 PCR products from affected
minor triplet bands seen in plasma vVWF are not present in the WhEmbers of families 1 and 2. Scal-restricted PCR products of patients F1-P1,
r'VWF (Figure 4). Multimeric analysis of rVWF from cells F1-P2, F1-P3, F1-P4 (lanes 2 to 5) and a healthy person (lane 6). Lanes 8 and 9
H i . i contain the Sacl-digested PCR products from 2 affected members of family 2
tranSfe(_:ted with pSVHdelSl failed to show any VWF'Ag mUItIm(FZ—Pl—and F2-P2). Lanes 1 and 10 contain unrestricted PCR products from F1-P1
ers, which may have been a result of the low levels of VWF:AgQ Ghd F2-p2. Amino acid substitutions of the 2 mutations in exon 52 create a new Scal
the instability of any vVWF expressed. and Sacl restriction site, respectively, and the 399-bp PCR product is restricted to
The vWF:Ag levels of r'VWF by COS-7 cells after cotransfec-zzs'bp and 174-bp fragments. All the patients show the 225-bp and 174-bp
. ith d did . .f.fragments in addition to a 399-bp PCR product, whereas the 2 normal samples show
tion with WT and mutant cDNA sequences di not vary signi Ic'JnIy the unrestricted 399-bp PCR product. Lane 7 contains the plasmid pBR322

cantly compared with cells transfected with single WT or mutatgested with Ecorl and Avall as a molecular-weight marker.
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Figure 4. Autoradiograph of the multimeric analysis of plasma and rVWF from
COS-7 cells after transfection with WT or type IID VWF cDNA. The autoradio-
graph shows plasma and rVWF samples electrophoresed on a high-resolution 1.8%
SDS-agarose gel and visualized by autoradiography. Electrophoresis is from top to
bottom and shows the high-, intermediate-, and low-molecular-weight multimers,
together with the triplet structure of each of the multimer bands. Normal plasma is
shown in lane 6, typical type 1ID vWD plasma in lane 2, and type IIA vWD plasma in
lane 1. Wild-type rVWF, C2008S rVWF, and C2008Y rVWF are in lanes 3, 4, and 5,
respectively. The bracket indicates the triplet structure of the second major multimer
band, and different minor satellite bands (2 in normal and 3 in IID plasma) are also
indicated. Note that no minor satellite bands can be seen in the WT rVWF.
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with type [ID vWD phenotype, but with slight differences in the
VWF multimer pattern. The multimeric characteristics included
loss of high-molecular-weight multimers, aberrant type 11D vWD
multimer pattern, faster migrating central bands of each of the
multimers, dissimilar central multimer band intensity compared to
typical type [ID vWD multimers, and lack of the very intense first
multimer band (Figure 1, lane 7). The faster migration of the
multimer bands suggests that they are of lower molecular weight
than those in the other 2 families. This mutation therefore leads to
the synthesis of a smaller subunit. Parents and other relatives of this
patient were unavailable for study but were said to be asymptom-
atic, suggesting the possibility of a de novo origin of the mutation
in this patient. This mutation is an 8-base deletion causing a
frameshift in exon 51, affecting codons 1966 to 1969, and resulting
in early termination of the polypeptide chain at position 1974, the
loss of 10 cysteine residues, and the creation of a new cysteine
residue in the new 1968 codon. Sequencing data (Figure 2) show
that this mutation appears to be heterozygous at the DNA level. The
abnormal gene product suggests that only the mutant allele is
expressed, perhaps indicating that it is dominant in its expression,
or that the apparently WT allele is not expressed.

These 3 mutations are within 90 amino acids of the cysteine
knot, or the CK domain, in the C-terminal of vVWF that has been
shown to be essential for dimerization of VWF multim&3’ The
sulfhydryl groups—16 of 17 cysteine residues encoded for by
exons 49 to 52—are bonded in normal vi#Eherefore, the loss of
one sulfhydryl group through substitution results in the loss of one
intersubunit bond. If this bond lies in a critical conformational

1 2 3

cDNA. When WT or mutant cDNA was expressed alone in COS-7
cells, the multimeric pattern reflected the expected expressed
cDNA (Figure 5, lanes 1 and 2). In the cotransfection experiments,
a pattern emerged similar to that observed when WT or mutant
supernatants were mixed (Figure 5, lane 3). If the proportion of
WT:mutant cDNA was varied, this was reflected in the relative
proportions of WT or mutant pattern seen on the multimer gel.

Discussion

Because it has been shown that the underlying cause of the
autosomal dominant type 11D vVWD phenotype is defective dimer-
ization at the C-terminal of VW we targeted the '3end of the
VWEF gene and identified 3 different mutations in our type 11D
patients. The first mutation, identified in 4 patients in 4 generations
of family 1, was a heterozygous cysteine-to-tyrosine substitution at
position 2008. The second mutation was a cysteine-to-serine
substitution at the same codon, in the mother and daughter of

famlly 2 These 2 mutations were Conflrm?d by restriction erlzyrTllegure 5. Autoradiograph of the multimeric analysis of rVWF from COS-7 cells

analysis and were found to be absent in 100 normal unrelatg@@; cotransfection of WT and type IID vWF cDNA.  The autoradiograph shows
alleles screened. These mutations were only 2 amino acidwF samples electrophoresed in 1.4% SDS-agarose gel and visualized by autora-
upstream in exon 52 of the CysZOlOArg substitution previous ipgraphy. Electrophoresis is from top to bottom and shows the high-, intermediate-,

d low-molecular-weight multimers. rVWF from cells transfected with WT and 11D

described in 2 unrel_ated_patlents. with a ?'ml_lar type 1D V_VV DNA are shown in lanes 1 and 2, respectively. Lane 3 shows rVWF from COS-7 cells
phenotypé? We also identified a third mutation in a single patientransfected with both WT and 11D cDNA.
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position, then the folding of the C-terminal end of the proteif minor multimer bands in r'VWF and the corresponding patient
would be incorrect, thereby affecting dimerization. Schneppenhejptasma could be the result of the lack of proteolysis in the in
et. al® suggested that the type 11D vWD phenotype arises from\atro culture system, as evidenced by the lack of triplet structure
single mutation involving Cys2010 within the C-terminal sequencgeen in WT rVWF compared to normal plasma VWF. Variations
of Cys2008-Ser-Cys-Cys2010 that abolishes dimerization and, the intensity of the multimer bands in rVWF may be
hence, that it is the only cysteine responsible for the type IIBxplained by the variability of expression levels between
phenotype. However, the families we report here have mutatiottansient transfections. All 3 mutations affect cysteine residues
involving another cysteine (Cys2008) residue or an 8-base deletimmd may account for the observed impaired dimerization. In
in exon 51, which produces a similar phenotype. spite of the expected dimerization defect, the expression of
Recently, Katsumi et & using a recombinant C-terminal mutant full-length VWF resulted in the synthesis of a dimeric
cysteine knotlike domain of human vWF, have suggested thatotein, suggesting intact disulfide bonding at the amino-
Cys2008, Cys2010, and Cys2048 are the only cysteine residiesninus of the mutant vWF. Small amounts of tetramers were
that can form the intersubunit bonds between vVWF monomersafso observed in the mutants studied, suggesting a degree of
the cysteine knotlike domain at the vVWF C-terminal, a commadimerization, possibly based on the additional C-terminal
motif that is found in the dimerization region of several proteinstysteine residues involved in intersubunit bonding. Therefore,
They reported that the substitution of Cys2008 or Cys201Be mutations resulted in partial, rather than total, inability for
completely abrogated dimerization, whereas the mutation ofultimerization between the subunits. However, the ability of
Cys2048 did not completely prevent dimerization. In an earlieghe mutant subunits to multimerize was limited, as shown by the
report, Voorberg et 8 demonstrated that intermolecular disulfact that only 6 to 8 multimers were seen. The other consistent
fide bonding of the amino terminal domains of VWF proceedée@ature was that between each multimer, a minor band was seen
independently of disulfide bridge formation between C-termindFigure 1). We postulate that these are intermediary stages of
domains—that is, dimerization and multimerization of vWFRassembly, with uneven numbers of monomers, whereas the main
molecules were 2 independent processes. This hypothesisltimer bands have even numbers of monomers. In the
supports the theory that the aberrant multimer pattern seen in taexpression experiments, this was explored further by includ-
plasma of the 3 patients with type 11D vWD is the result of vWHRng the option for normal and mutant monomers. The multimer
multimerization in the absence of normal VWF dimerizationpattern resembles the superimposition of both patterns. It is not
However, other single-base substitutions affecting cysteim®ssible to comment on the degree to which mutant and WT
residues, such as Cys2043Argnd Cys1991Trp® which were monomers may interact; additional experiments are needed to
shown to prevent C-terminal dimerization, did not produce darify this.
type 11D multimer pattern. Another reported frameshift mutation Study of rVWF from COS-7 cells after transfection with the
caused by a heterozygous single-base deletion in a CC dinuatedtation from patient P1F3 proved more difficult because of the
otide (8565/6delC) in exon 52gave rise to a rare type IIE vVWD low levels of rVWF transiently expressed by the transfected
phenotype rather than a type IID pattern. Therefore, it appearslls. This may be owing to the lower level of expression of this
that even though all these mutations involve cysteine residues®WWF or to the fact that any mutant rYWF expressed without
the C-terminal and are potentially important for dimerizationWT is unstable. Coexpressed material showed a multimer
only the substitution of some residues may result in a tygmattern similar to that seen in plasma but, again, with a larger
11D phenotype. number of high-molecular-weight multimers. It is clear that this
The continuous in vivo proteolysis of VWF in healthy personsuncated vVWF molecule, resulting from the early termination of
and the enhanced proteolysis that occurs between Tyr842 dhd polypeptide chain, results in the secretion of a smaller vWF
Met843 in type IIA and IIB vWD are now well documented.subunit, as evidenced by the faster migration in the multimeric
Zimmerman et al? using VWF subunit analysis, showed theanalysis of plasma. The frameshift completely alters subsequent
presence of a 176-kd fragment associated with proteolysis éodons and leads to the loss of 10 cysteine residues to be
plasma from patients with these 2 phenotypes and in plasma froeplaced by a single cysteine residue before the premature
healthy persons. However, this fragment is almost absent in ttegmination codon. This could give rise to alternative intermo-
types IIC, 1ID, and IIE phenotypes, all of which have an aberratécular disulfide bonding, producing the type IID phenotype
structure of individual oligomers. In their model for a VWF subuniseen in the patient.
molecule, Fowler et & proposed that proteolysis causes VWF We have shown that 2 separate mutations with different
fragmentation and triplet band formation. They suggested that tamino acid substitutions of Cys2008 in exon 52 in 2 unrelated
site for proteolysis is situated at the C-terminal end of the vWkamilies (families 1 and 2) result in aberrant VWF:Ag dimeriza-
molecule, which is also responsible for dimerization. The deletidion (as in the reported Cys2010 mutati®ynand thereby in a
seen in exon 51 of our unusual patient, P1F3, with the resultardariant vWD phenotype. This emphasizes the importance of
truncated subunit and the additional amino acid loss in thmth these cysteine residues for normal assembly of VWF. The
C-terminal domain, may explain the dissimilar central multimethird patient (P1F3), whose variant phenotype differs from that
band intensity and the faster migration of the central baraf these other patients, has a different mechanism for producing
compared with the aberrant IID vVWF multimer pattern seen in thaefective dimerization (a frameshift deletion resulting in early
other patients. termination of translation in exon 51 and truncation of the
The 2 mutations involving Cys2008 were reproduced by iprotein). The truncation of the protein results in the loss of 10
vitro site-directed mutagenesis of full-length vVWF cDNA anctysteine residues and the creation of a new cysteine site so that
were transiently expressed in COS-7 cells. Both corresponditite truncated protein is still able to dimerize with the remaining
r'VWFs exhibited aberrant vVWF:Ag multimers similar to thoseysteines. Given the difference in multimers and the molecular
seen in the plasma of these patients, except that they lacked basis for the patient phenotype, perhaps this should be regarded
intermediate minor bands. The difference between the numbas a separate subtype rather than as subtype IID.
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