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Disorders of Coagulation

Introduction

Von Willebrand factor (VWF) is a multimeric plasma glyco-
protein that mediates platelet adhesion to the subendotheli-
um after vascular injury, and also protects factor VIII in the
circulation.1,2 Deficient or defective VWF results in von
Willebrand disease (VWD), a common inherited bleeding
disorder. VWD is classified into three major categories.
Types 1 and 3 represent partial and total quantitative defi-
ciencies of VWF, respectively. Type 2 is due to qualitative
defects of VWF, and is divided into four secondary cate-
gories.3-5 VWD type 2A, characterized by the absence of high
molecular weight (HMW) multimers and decreased platelet-
dependent function, is the most common form of VWD type
2.6,7 The loss of HMW multimers in type 2A VWD results
from either mutations that impair assembly and secretion of
VWF multimers or variants that increase susceptibility to
proteolytic cleavage by ADAMTS13.8-10

VWF is synthesized in endothelial cells and megakaryocytes
and stored in the Weibel-Palade bodies (WPB) and α-granules,
respectively, of these cells. The pre-pro-VWF comprises a signal

peptide and repeated domains arranged in the order D1-D2-
D′-D3-A1-A2-A3-D4-B1-B2-B3-C1-C2-CK. Pro-VWF is assem-
bled in the endoplasmic reticulum into dimers through disul-
fide bonds between CK domains, and is then transported to the
trans-Golgi network. There the dimers are assembled into mul-
timers by N-terminal disulfide bonds aligned with formation of
helical tubules in nascent WPB.11,12

Many of the VWF domains have specific functions either
in hemostasis or in forming ultralong concatamers. Although
the carboxyl-terminal (C-terminal) of VWF, including D4, B
and C domains, is a cysteine-rich area, which may imply
structural importance, no particular function has been
assigned for most of these domains.13 The classical annota-
tion of the C-terminal domain was recently updated by Zhou
et al., such that the previous B and C regions of VWF have
been re-annotated as six tandem von Willebrand C (VWC)
and VWC-like domains, C1-C6.14 Additionally, it has been
demonstrated that the VWF C-terminals zip up and form a
structure resembling a bouquet of flowers, in which the A2,
A3, and D4 domains represent the flower heads while the six
VWC domains form the stem.14,15
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The carboxyl-terminal domains of von Willebrand factor, D4-CK, are cysteine-rich implying that they are struc-
turally important. In this study we characterized the impact of five cysteine missense mutations residing in D4-
CK domains on the conformation and biosynthesis of von Willebrand factor. These variants were identified as het-
erozygous in type 1 (p.Cys2619Tyr and p.Cys2676Phe), type 2A (p.Cys2085Tyr and p.Cys2327Trp) and as com-
pound heterozygous in type 3 (p.Cys2283Arg) von Willebrand disease. Transient expression of human cell lines
with wild-type or mutant von Willebrand factor constructs was performed. The mutated and wild-type recombi-
nant von Willebrand factors were quantitatively and qualitatively assessed and compared. Storage of von
Willebrand factor in pseudo-Weibel-Palade bodies was studied with confocal microscopy. The structural impact of
the mutations was analyzed by homology modeling. Homozygous expressions showed that these mutations
caused defects in multimerization, elongation of pseudo-Weibel-Palade bodies and secretion of von Willebrand
factor. Co-expressions of wild-type von Willebrand factor and p.Cys2085Tyr, p.Cys2327Trp and p.Cys2283Arg
demonstrated defective multimer assembly, suggesting a new pathological mechanism for dominant type 2A von
Willebrand disease due to mutations in D4 and B domains. Structural analysis revealed that mutations
p.Cys2283Arg, p.Cys2619Tyr and p.Cys2676Phe disrupted intra-domain disulfide bonds, whereas p.Cys2327Trp
might affect an inter-domain disulfide bond. The p.Cys2327Trp variant is distinguished from the other mutants by
an electrophoretic mobility shift of the multimer bands. The results highlight the importance of cysteine residues
within the carboxyl-terminal of von Willebrand factor on structural conformation of the protein and consequently
multimerization, storage, and secretion of von Willebrand factor.
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In this study we analyzed five different VWF muta-
tions, affecting cysteine amino acids in the D4, B, C2 and
N- terminal of CK domains; we had described four of
these mutations in one of our previous works.16

Interestingly, these gene alterations were associated with
either quantitative (types 1 and 3) or qualitative VWD
(type 2A). We transiently expressed the mutations in vitro,
and characterized their effect on multimer assembly, bio-
genesis of WPB and secretion. The possible structural
impact of these cysteine mutations was additionally stud-
ied by homology modeling. The results of this study
expand our understanding of the pathophysiological
mechanisms of C-terminal domain VWF mutations,
which will help to establish phenotype-genotype correla-
tions.

Design and Methods

Patients: coagulation studies and mutation analysis
Five patients, diagnosed with VWD were included in this study.

The bleeding score was calculated on the basis of a Condensed
MCMDM-1 VWD questionnaire.17 Laboratory investigations of
VWF antigen (VWF:Ag), VWF ristocetin cofactor activity
(VWF:RCo), factor VIII coagulant activity (FVIII:C) and VWF mul-
timers [1.2% (w/v) and 1.6% (w/v) agarose gels] were performed
as previously described.16,18 All mutations were identified by direct
sequencing of the VWF coding region as previously described.16

This study was approved by the local ethics committee and
informed consent was obtained from all patients. (Online
Supplementary Methods)

Plasmid constructs
Mutations were introduced into the pMT2-VWF plasmid con-

taining human full-length wild-type (WT) VWF cDNA using the
QuickChange II XL site-directed mutagenesis kit (Stratagene, CA,
USA). 

Cell culture and transfection
Human embryonic kidney cell lines HEK293T and HEK293

(DSMZ, Braunschweig, Germany) were used to evaluate secre-
tion and intracellular location of WT and mutant recombinant
VWF (rVWF), respectively.  Both cell lines were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% (v/v) fetal bovine serum (Life Technologies, CA, USA)
at 37°C in a 5% CO2 atmosphere.

Cells were transiently transfected with 8 µg of rVWF-WT or
mutated VWF constructs using liposomal transfer (Lipofectamine
2000; Life Technologies, CA, USA). Co-transfections were per-
formed using an equal amount of WT and mutant vectors to
reproduce heterozygous states in patients. Seventy-two hours
after transfection of HEK293T cells, supernatants were collected
and cells were lysed for analysis of intracellular VWF.19 (Online
Supplementary Methods)

Quantitative and qualitative analysis 
of von Willebrand factor
The amount of VWF:Ag secreted into the medium and VWF:Ag

present in cellular lysate were determined. Activity of secreted
rVWF was assessed by binding to platelet GPIb, collagen type III
(VWF:CB), and VWF:RCo. The mean values of the groups were
compared with the Student’s t-test. The multimers of secreted
rVWF were analyzed as described above. 

ADAMTS13 assay
To assess the susceptibility of mutants of VWF to proteolysis,

full-length WT and mutated rVWF (6 µg/mL) were cleaved by 3
µg/mL of recombinant ADAMTS13 (R&D systems, USA) and
then subjected to agarose gel electrophoresis. 

Immunofluorescence analysis
Transfected HEK293 cells were stained with immunofluores-

cent antibodies to visualize VWF, cis- and trans-Golgi network and
endoplasmic reticulum.20 The cells were analyzed with Olympus
Fluo View FV1000 or a Leica SL confocal microscope. (Online
Supplementary Methods)

Homology modeling of von Willebrand factor C1, C5, C6
domains and molecular dynamic simulation analysis
Homology modeling for the C1, C5, and C6 domains based on

recent domain annotations14 was done using different software
platforms, such as the LOMETS server
[http://zhanglab.ccmb.med.umich.edu/LOMETS/; accessed between
01.07.2012 and 10.07.2012]21 and YASARA version 12.8.6.22 The
resulting models were further refined by a 500ps MD simulation
(AMBER03 force field) in YASARA version 12.8.6.23 The monomer
models were run on the online server CLUSPRO in dimer mode
[http://cluspro.bu.edu/home.php; accessed between 15.08.2012 and
15.10.2012].24 The impact of the mutation on folding was calculat-
ed using the FOLDX plugin incorporated in YASARA version
12.8.6.25 Classical molecular dynamic simulation analysis was
done for the wild-type and mutant domain variants using
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Table 1. Mutations and phenotypic characteristics of patients.

# VWD Sex/Age Nucleotide AA Domain Domain VWF:Ag VWF:RCo FVIII:C Multimer Bleeding Bleeding
type (years) exchange exchange (original (updated IU/dL IU/dL IU/dL pattern Score (BS) symptoms

designations)designations )

1 2A M/25 c.6254G>A p.Cys2085Tyr D4 D4 22 13 42 Abnormal 13 1,2, 3, 5

2 3 M/51 c.6847T>C p.Cys2283Arg D4 C1 3 5 6 No 
HMW, Intermediate 15 1, 2, 3, 5, 6, 10
and LMW multimers

c.3679T>C p.Cys1227Arg D3

3 2A F/74 c.6981T>G p.Cys2327Trp B C1 13 7 22 Abnormal 20 1, 2, 3, 4, 6, 8, 9

4 1 F/24 c.7856G>A p.Cys2619Tyr C2 C5 37 43 Normal 6 5, 7

5 1 F/18 c.8027G>T p.Cys2676Phe C2-CK C6 39 30 84 Normal 3 1,7

HMW, high molecular weight; LMW, low molecular weight. The numbers listed in bleeding symptoms column represent: 1 = epistaxis, 2 = easy bruising, 3 = bleeding from minor wounds, 4 =

bleeding from oral cavity, 5 = bleeding after tooth extraction, 6 = postoperative bleeding, 7 = menorrhagia, 8 = postpartum hemorrhage, 9 = muscle hematomas, 10 = CNS bleeding. 
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YASARA version 12.8.6 for a period of 10 nanoseconds.26 (Online
Supplementary Methods)

Results

Characterization of patients
Genotype, laboratory parameters, bleeding symptoms

and bleeding scores of all five patients are presented in
Table 1. Mutation analysis revealed six different variants
(p.Cys1227Arg, p.Cys2085Tyr, p.Cys2283Arg,
p.Cys2327Trp, p.Cys2619Tyr, p.Cys2676Phe) all present in
the heterozygous state. In four patients the mutations were
detected as single gene defects associated with type 2A
VWD (patients 1 and 3) and type 1 VWD (patients 4 and 5).
Two mutations p.Cys2283Arg and p.Cys1227Arg were
detected in a patient with type 3 VWD (patient 2). All muta-
tions, except p.Cys1227Arg were localized in the C-termi-
nal end of VWF (domains D4, B, C2 and C2-CK, correspon-
ding to the D4, C1, C5 and C6 domains up-dated by Zhou
et al.).14 Bleeding symptoms and the bleeding score were
recorded in relation to the type of VWD.

Expression of von Willebrand factor mutations 
in human cell lines
To characterize the effect of the identified mutations on

VWF processing, transient transfections were performed
and rVWF:Ag levels were measured in both the conditioned
culture media and cell lysates and expressed as a percentage
of the corresponding wild-type rVWF levels. Five expres-
sion vectors corresponding to each mutation were homozy-
gously expressed in HEK293T cells. The secretion of all
mutants was severely impaired. The levels of rVWF:Ag  in
medium were significantly lower than those in the medium
of cells expressing WT-VWF, ranging from 7% to 23% of

the rVWF-WT values (Figure 1, left side). To mimic a state
of heterozygosity in the patients, four mutants
(p.Cys2085Tyr, p.Cys2327Trp, p.Cys2619Tyr,
p.Cys2676Phe) were co-expressed with WT. The rVWF:Ag
values showed reduced secretion, in the range of 45.7 to
59.5% of WT (Figure 1, right side). 
Furthermore, co-expression of variants p.Cys2283Arg

and p.Cys1227Arg (representing the compound heterozy-
gous state of the type 3 VWD patient) resulted in strongly
reduced secretion of VWF to 19% (Figure 1, right side). 
The measurement of intracellular rVWF:Ag of all mutants

showed values higher than that of the WT, indicating intra-
cellular retention of rVWF-mutants (Figure 1). 

Functional characterization of recombinant von
Willebrand factor mutants 
The multimer distribution of the recombinant variants

demonstrated a range of structural abnormalities (Figure 2).
Single transfections rVWF-p.Cys2085Tyr, p.Cys2283Arg
and p.Cys2676Phe exhibited only dimers and tetramers.
Multimer analysis of secreted rVWF-p.Cys2327Trp
revealed a complete lack of intermediate and high molecu-
lar weight multimers, whereas rVWF-p.Cys2619Tyr
showed loss of most of intermediate multimers and lack of
HMWM (Figure 2A). Interestingly, variant C2327W addi-
tionally showed shift in mobility of multimer bands (Figure
2A).
Figure 2B illustrates the multimer patterns for co-

expressed mutants and WT as well as for co-expression of
the two mutants p.Cys2283Arg and p.Cys1227Arg, identi-
fied in the type 3 VWD patient. The co-expression of WT
with mutants p.Cys2619Tyr and p.Cys2676Phe led to
secretion of the full range of VWF multimers. This profile
corresponds to the multimer pattern observed in the patient
with type 1 VWD (Figure 2C). The multimer structure of

Cysteine missense mutations and VWF biosynthesis 
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Figure 1. Recombinant VWF levels in medium and lysates. Recombinant VWF antigen levels (VWF:Ag) in medium (white bars) and lysate (black
bars) are expressed as percentage relative to the amount of VWF:Ag in the medium and lysate of cells expressing WT-VWF. Each column rep-
resents the mean and standard deviations of at least three independent experiments in triplicate. Co-transfections of WT and mutant VWF cDNA
were done with a 1:1 ratio.
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the second group of co-expressions of p.Cys2085Tyr/WT,
p.Cys2327Trp/WT and p.Cys2283Arg/WT showed a
reduction of the largest multimers in secreted VWF com-
pared with WT which correlates with the type 2A patients’
phenotype. The observed reduction is so intense in co-
expressions of p.Cys2085Tyr/WT that it even led to the loss
of the largest multimers. The p.Cys2283Arg/p.Cys1227Arg
co-expression resulted in detection of only a few low

molecular weight multimers.
The functional assessment of heterozygously expressed

variants is presented as ratios of VWF:RCo, GPIb binding
and VWF:CB to VWF:Ag of secreted VWF  (Table 2). Since
the VWF levels in media of single mutant transfections were
too low for reliable quantification, VWF activity assays
were only performed for co-expressions of mutant/WT.
Co-expressions of p.Cys2085Tyr/WT, p.Cys2283Arg/WT
and p.Cys2327Trp/WT with impaired multimer structure
showed decreases in ratios VWF:RCo, GPIb binding and
CWF:CB to VWF:Ag compared with those of rVWF-WT
(P<0.05), while variant p.Cys2619Tyr/WT with a normal
multimer had normal binding activities, as expected.
However, p.Cys2676Phe/WT revealed reduced VWF activ-
ities (P<0.05 versus wild type) in spite of normal multimers.

Susceptibility of variants to cleavage by ADAMTS13
We investigated whether mutants have altered suscepti-

bility to ADAMTS13 proteolysis. Proteolytic degradation of
rVWF-mutants was compared to that of the rVWF-WT. No
difference in the sensitivity of the rVWF mutants to cleav-
age by ADAMTS13 was found (data not shown).

Intracellular localization 
Intracellular trafficking and the impact of mutations on

granule formation were analyzed after expression of
mutants in HEK293 cells. HEK293 cells form pseudo-WPB
granules when transfected with rVWF-WT.8,27 Confocal
microscopy showed no retention of all mutant rVWF in
either the endoplasmic reticulum or in the cis- or trans-Golgi
compartments (data not shown). Each of the VWF mutants
was able to form pseudo-WPB storage granules (Figure 3,
presented as small dots), although the morphology of these
granules differed from the normal cigar-shaped granules
formed by rVWF-WT. The majority of the pseudo-WPB
granules formed by mutants were relatively shorter. We
also investigated the impact of VWF variant heterozygosity
on storage in pseudo-WPB granules. Upon co-transfection
with rVWF-WT, the defects in the elongation of the pseu-
do-WPB granules caused by mutations were partially cor-
rected (data not shown).

Impact of the mutations on von Willebrand
factor structure  

Homology modeling
The C1, C5 and C6 domains (according to Zhou et al.) are

cysteine-rich domains characterized by multiple cysteine
disulfide bonds. The domains consist of short β-strands

H. Yadegari et al.
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Table 2. Functional assays of secreted recombinant VWF proteins.

VWF:RCo/VWF:Ag VWF:GPIb/VWF:Ag VWF:CB/VWF:Ag

WT 0.779±0.205 0.717±0.108 0.625±0.103

p.Cys2085Tyr/WT 0.632±0.131 0.538±0.036 0.408±0.139

p.Cys2283Arg/WT 0.496±0.129 0.581±0.068 0.543±0.131

p.Cys2327Trp/WT 0.465±0.026 0.591±0.064 0.471±0.017

p.Cys2619Tyr/WT 0.703±0.133 0.709±0.054 0.526±0.063

p.Cys2676Phe/WT 0.611±0.057 0.529±0.035 0.426±0.088

Mean and standard deviations of ratios VWF:RCo, GPIb and CB to VWF:Ag three independent co-exper-

iments in triplicate. VWF:Ag,VWF:antigen; VWF:RCo, VWF ristocetin cofactor activity; GPIb, platelet GPIb

binding; VWF:CB, collagen binding.

Figure 2. VWF multimeric analysis of patients and secreted rVWF after
SDS-agarose gel electrophoresis. Panels (A) and (B) illustrate multi-
mer analysis of rVWF-mutants in medium after single transfections
and cotransfections, respectively, compared to rVWF-WT. Arrows indi-
cate anodic shifts of multimeric bands observed for rVWF-
p.Cys2327Trp. Boxes indicate reduction or loss of large multimers.
Panel (C) represents multimer analysis of patients’ plasma.
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linked by a combination of β-turns and hairpins with the
occasional short β-bulge (localized disruption of β-sheet
hydrogen bonding) (C6) or α-helix (C5 & C6) (Figure 4).
Only the C1 domain shows unpaired cysteines (n=4)
(Figure 4); the remaining cysteines form intra-domain/intra-
chain disulfide bonds. 

Molecular dynamic simulation and stability prediction
The simulation of the monomeric C1, C5 and C6

domains showed high root mean square deviation (RMSD)
which finally stabilized between 2-2.5A°. Comparison of
trajectory RMSD for the short period of 10 ns showed dif-
ferences between the mutation and the wild-type structures

Cysteine missense mutations and VWF biosynthesis 
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Figure 3. Intracellular storage of rVWF-WT and mutants in HEK293 cells. The pseudo-WPB granules formed after single transfections of
HEK293T cells with WT and mutated constructs and mock transfected cells. Pseudo-WPB granules are shown in green (VWF staining).
Pseudo-WPB granules in cells expressing rVWF-WT have a cigar-shaped appearance, while they are round and shorter in cells expressing
rVWF-mutants. Scale bar = 10 µm.

Figure 4. Homology models for C1, C5 and C6 domains. Panels (A), (B) and (C) show ribbon diagrams for the homology models of C1, C5 and
C6 domains. The cysteines (unpaired and bound) are represented in stick forms. The accessible surface areas of the unpaired and bound cys-
teines are represented as blue spheres. The arrows in Panel A show the unpaired cysteines in domain C1. The pink boxes show the position
of Cys2283 and Cys2327 in the C1 domain, Cys2619 in the C5 domain and Cys2676 in the C6 domain.

A B C

Mock WT p.Cys2085Tyr p.Cys2283Arg

p.Cys2327Trp p.Cys2619Tyr p.Cys2676Phe

C1 domain C5 domain C6 domain
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(Online Supplementary Table S1). Trajectory analysis for
other components such as accessible surface area and the
radius of gyration also showed differences between the
mutations and the wild-type form (Online Supplementary
Table S1). Folding energy calculations showed a strong
impact for all the mutations except p.Cys2327Trp in the C1

domain. The p.Cys2283Arg mutation results in the replace-
ment of a buried, conserved, disulfide-bonded cysteine
residue to a polar, charged, large Arg residue which is partly
surface exposed (Figure 5A). The p.Cys2327 residue was
the only cysteine that is observed at the interface of the C-
domain dimer models (models not shown). The p.Cys2327Trp

H. Yadegari et al.
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Figure 5. Close-up view of mutated and wild-type residues after molecular dynamic simulation. The representations are in surface diagrams
with the backbone depicted in ribbon form. The affected residues are illustrated as blue stick representations. The surfaces of the model and
affected residue are depicted in gray and magenta surface representations. The accessible surface area for the residues is highlighted by dot-
ted rectangles and squares. Panel (A) shows the wild-type p.Cys2283 (i) and mutant p.Cys2283Arg (ii) after 10 ns of molecular dynamic sim-
ulation. The cleavage of a disulfide bond and a distinct gain in accessible surface area is noticeable for the mutant residue. Panel (B) shows
the wild-type p.Cys2327 (i), mutant p.Cys2327Trp (ii) and the C1 dimer interface (iii) after 10 ns of molecular dynamic simulation. Figure (iii)
emphasizes the closeness of this locus to the hypothetical interface area (the neighboring surfaces of the individual monomers are colored
in separate shades of gray and the interface is marked by dotted lines). The mutant residue shows a gain in accessible surface area with most
of the Trp aromatic side chain exposed to the surface. Panel (C) shows the wild-type p.Cys2619 (i) and mutant p.Cys2619Tyr (ii) in C2 domain
after 10 ns of molecular dynamic simulation. The mutant residue shows the breakage of disulfide bond and a large aromatic Tyr side chain
almost completely surface exposed. Panel (D) shows the wild-type p.Cys2676 in C6 domain (i), mutant p.Cys2676Phe (ii) and contact inter-
ference (iii) after 10 ns of molecular dynamic simulation. The figure (iii) shows mutated Phe residue accommodated into the protein scaffold
resulting in contact problems with the neighboring residues which are shown as colored lines.

B

A

C

D

i ii

i ii

i ii iii

i ii iii

©
F
e
rr
a
ta

 S
to

rt
i F

o
u
n
d
a
tio

n
 

N
o
 c
o
m

m
e
rc

ia
l u

se



mutation was also the only cysteine residue mutation
among the ones we reported which belongs to the category
of unpaired cysteines (no intra-domain disulfide bond). This
cysteine was partly surface exposed and also present at the
C1-C1 dimer interface (in the dimer model) (Figure 5Biii) at
the C-terminal end of the domain (which connects to the
C2 domain). The affected cysteine in the C5 domain
p.Cys2619Tyr represents the substitution of a conserved
disulfide bonded cysteine with an aromatic tyrosine side
chain. The disulfide bond for the p.Cys2619 residue
belongs to the RHStaple category of disulfide bonds (Online
Supplementary Table S2). The mutation p.Cys2676Phe in the
C6 domain results in the replacement of a highly conserved
disulfide-bonded cysteine with a large aromatic and highly
hydophobic Phe side chain. During simulation the mutated
Phe side chain was accommodated within the domain
(Figure 5D).

Discussion

This study presents the functional characterization of
five cysteine mutations occurring in the C-terminal
domains of VWF. The results showed that these muta-
tions had disruptive impacts on multimerization, storage
and consequent secretion of VWF. The last two character-
istics were partly corrected when the mutations were co-
expressed with rVWF-WT. While the multimer structures
of p.Cys2676Phe and p.Cys2619Tyr were completely cor-
rected by co-expression with rVWF-WT, co-expressions
of rVWF-WT and p.Cys2085Tyr, p.Cys2327Trp and
p.Cys2283Arg showed loss or reduction of large multi-
mers indicating a dominant negative effect of these muta-
tions on multimerization. Concordant with our finding,
previous studies have shown impaired multimerization
and intracellular retention of VWF for some homozygous-
ly expressed cysteine missense mutations at the C-termi-
nal of VWF.28-30 Nevertheless, this study demonstrates for
the first time a defect in multimer assembly by heterozy-
gous mutations occurring in the D4 and B domains, and
presents a new pathological mechanism for dominant
type 2A VWD.
All mutants exhibited apparent intracellular retention.

However, when the total amount of rVWF produced (the
sum of VWF:Ag in medium and lysate) was calculated, all
mutant rVWF constructs (except p.Cys2327Trp) demon-
strated statistically significant reduced expression of
rVWF compared to rVWF-WT (P<0.05). These data sug-
gest that the investigated mutations might additionally
lead to increased intracellular degradation or decreased
synthesis. The confocal microscopy results excluded
retention of mutant rVWF in the endoplasmic reticulum
and cis- and/or trans-Golgi compartments. The punctuate
granular pattern observed with immunofluorescent stain-
ing showed that the mutations interfere with the normal
elongation of pseudo-WPB. Previous investigations found
impaired formation of normal elongated pseudo-WPB
granules for in vitro expression of variants located in
propeptide, D3 and C-terminal VWF domains.20,30,31

Co-expressions of WT and either p.Cys2085Tyr,
p.Cys2327Trp, p.Cys2619Tyr or p.Cys2676Phe mutants
clearly reproduced the phenotype observed in heterozy-
gous patients. Co-expression of p.Cys2283Arg and
p.Cys1227Arg variants caused marked reduction in secre-
tion of rVWF, suggesting that these mutations are

causative for low VWF antigen in patient’s plasma. It is
already known that p.Cys1227 in the D3 domain partici-
pates in an intersubunit disulfide bond, critical for multi-
merization.32 Our in vitro experiments clearly demonstrat-
ed that the p.Cys2283Arg variant also leads to defective
multimer assembly in both homozygous and heterozy-
gous states. However, the VWF antigen levels and multi-
mer analysis of the co-expressed mutants and patients’
plasma showed slight discrepancies. The presence of a
few low molecular weight VWF multimers in culture
medium was in contrast to the existence of only dimers in
the patients’ plasma. This might be explained by instabil-
ity of the low molecular weight VWF multimers com-
posed of mutant VWF monomers, and enhanced clear-
ance of them in plasma. 
Both patients with type 2A VWD showed a smeary

multimer pattern without distinguishable triplet struc-
tures indicating altered susceptibility to VWF proteolysis
by ADAMTS13. Since efficiency of in vitro proteolysis of
recombinant p.Cys2085Tyr/WT and p.Cys2327Trp/WT
by rADAMTS13 was not changed compared with rVWF-
WT, the altered proteolysis of mutated VWF in plasma is
likely not an intrinsic property of the mutations but rather
the result of strong reduction of VWF:Ag levels in plasma
or unequal experimental and circulatory conditions. 
Molecular modeling of the cysteine disulfide bonds on

the C1, C5 and C6 domains (updated domain designa-
tions) gives rise to a number of hypotheses consistent
with our experimental results. Our homology models for
the C domains revealed that the cysteine residues
p.Cys2283, p.Cys2619 and p.Cys2676 are involved in
intra-chain/intra-domain disulfide bonds (Figure 4) in C1,
C5 and C6, respectively, consistent with the predicted
disulfide assignment suggested by Zhou et al.14 The anom-
alous introduction of a surface charge with the
p.Cys2283Arg substitution might influence the interac-
tion on the surface of the domain and the large Arg side
chain might result in intra-domain instability.  The –RH
Staple configuration shown by the disulfide bonds involv-
ing p.Cys2619 residue is typical of disulfide bonds catego-
rized as “allosteric” disulfide bonds, responsible for regu-
lation of protein functions depending on whether they
break or form.33,34 This bond is, therefore, critical to the
overall stability of the domain since the mutation
p.Cys2619Tyr, in spite of breaking a disulfide bond, does
not show a remarkable change in modeled surface expo-
sure (accessible surface area and charge) during simula-
tion (Online Supplementary Table S2; Figure 5C).
Accommodating the large aromatic Phe side chain in the
p.Cys2676Phe mutation in the C6 domain might result in
intra-domain steric clashes which could damage the over-
all protein scaffold, and possibly decrease the protein’s
stability (Figure 5Diii). The p.Cys2283Arg, p.Cys2619Tyr
and p.Cys2676Phe mutations may, therefore, all result in
unstable domains. This is reflected by changes in the tra-
jectory RMSD, radius of gyrations (during simulation) as
well as high folding energy change values for all these
mutations. The reduced levels of VWF expression in our
study also indicated protein instability for all these muta-
tions which is in agreement with the in sillico data. Our C1
homology model and previous reports suggest that the
p.Cys2327 might be one of the unpaired cysteines partic-
ipating in an inter-domain disulfide bond with the neigh-
boring p.Cys2632 from the C2 domain.14 The
p.Cys2327Trp is also distinguished from the other
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Although we did not perform structural modeling for the
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in the D4 domain participates in the intrachain disulfide
bond.14 The introduction of a large Arg side chain would
disrupt the disulfide bond, and might cause domain insta-
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In summary, the current structural analysis showed that
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