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Summary 
Background: Mutations of cysteine residues in von Willebrand factor (VWF) are 

known to reduce its storage and secretion, thus leading to reduced antigen levels. 

However, one cysteine mutation, p.Cys2773Ser, has been found in type 2A(IID) 

von Willebrand disease (VWD) patients who have normal plasma levels of VWF. 

We hypothesize that disruption of either intra- or interchain disulfide bonds by 

cysteine mutations in VWF has different effects on the biogenesis of Weibel-Palade 

bodies (WPB). 

Methods: The effect of specific cysteine mutations that either disrupt intrachain 

(p.Cys1130Phe and p.Cys2671Tyr) or interchain (p.Cys2773Ser) disulfide bonds 

on storage and secretion of VWF was studied by transient transfection in HEK 293 

cells. Upon expression of VWF these cells formed endothelial WPB-like organelles 

called pseudo-WPB. Storage of VWF was analyzed with both confocal 

immunofluorescence and electron microscopy. Regulated secretion of VWF was 

induced with phorbol 12-myristate 13-acetate.  

Results: p.Cys1130Phe and p.Cys2671Tyr reduced the storage of VWF into 

pseudo-WPB with notable retention of VWF in the endoplasmic reticulum (ER), 

whereas p.Cys2773Ser was stored normally. As expected, wild type VWF formed 

proteinaceous tubules that displayed as longitudinal striations in pseudo-WPB 

under electron microscopy. p.Cys2773Ser caused severe defects in VWF 

multimerization but it formed normal tubules. Furthermore, the basal and regulated 

secretion of VWF was drastically impaired by p.Cys1130Phe and p.Cys2671Tyr, 

but not by p.Cys2773Ser.  

Conclusions: We postulate that natural mutations of cysteines involved in the 

formation of interchain disulfide bonds do not affect the storage in WPB and 

secretion of VWF, whereas mutations of cysteines forming intrachain disulfide 

bonds will lead to reduced VWF storage and secretion due to ER retention. 
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Introduction 
Von Willebrand factor (VWF) is a multimeric plasma glycoprotein that facilitates 

platelet adhesion to an injured vessel wall and carries coagulation factor VIII (FVIII) 

in the circulation [1]. Aberration in the function or concentration of VWF may lead to 

the most common human inherited bleeding disorder von Willebrand disease 

(VWD).  

The main source of plasma VWF is the endothelial cell which stores VWF in a 

unique organelle called Weibel-Palade body (WPB). VWF is released from WPB by 

basal and regulated mechanisms [2,3]. During its biosynthesis, VWF undergoes 

extensive posttranslational modifications that include formation of intrachain 

disulfide bonds and interchain disulfide bonds. The interchain disulfide bonds 

bridge, respectively, the cysteine knot (CK) domains (“tail-to-tail”) and D3 domains 

(“head-to-head”) of VWF to form dimers and multimers of up to 80 monomeric 

subunits [1,4,5]. Such interchain disulfide bond formation has been recently shown 

to be facilitated by the low pH seen in the trans Golgi and WPB [6,7]. At the trans 

Golgi, VWF is organized into proteinaceous tubules (tubulation) that are stored into 

WPB. Under an electron microscope VWF tubules appear as striations (if viewed 

longitudinally) or as hollow rings (if viewed in cross-section) [4,5]. 

VWF contains numerous cysteines [8] and a large number of mutations of 

cysteines have been identified in VWD patients with either quantitative (VWD types 

1 and 3) or qualitative (VWD type 2) defects of VWF (ISTH-SSC VWF mutation 

database www.vwf.group.shef.ac.uk/). The mechanisms by which specific cysteine 

mutations lead to the different clinical phenotypes of VWD are largely unknown. 

Based on the expression data of cysteine mutations in VWF, we and others have 

shown that intracellular retention of VWF is a common mechanism underlying VWD 

with quantitative deficiencies of VWF [9-12]. Recently we showed that impaired 

WPB formation and reduced regulated secretion of VWF contributes to this 

intracellular retention [13]. However, cysteines p.Cys2771 and p.Cys2773 that are 

involved in the interchain-disulfide bond formation at the CK domain [14] have been 

implicated in type 2A(IID) VWD patients with normal plasma VWF antigen level [15-

17] suggesting normal storage and secretion. Therefore, we hypothesize that 

disruption of interchain disulfide bonds may not hamper VWF induced biogenesis 

of WPB and secretion into the circulation whereas disruption of intrachain disulfide 

bonds does. 

To address this hypothesis, the intracellular storage and secretion of VWF mutant 

p.Cys2773Ser was compared with that of two other mutants, p.Cys1130Phe and 
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p.Cys2671Tyr, that disrupt intrachain disulfide bonds in VWF. We found that 

disruption of intrachain disulfide bonds in VWF by mutations p.Cys1130Phe and 

p.Cys2671Tyr impairs WPB biogenesis whereas disruption of an interchain 

disulfide bond by p.Cys2773Ser does not affect WPB formation. Our findings also 

confirmed that VWF tubulation and storage in WPB is not dependent on C-terminal 

dimerization. 

 

Materials and methods 
Patients and mutations 
The mutations investigated in this study were all identified earlier in VWD patients. 

p.Cys1130Phe (c.3389G>T) was identified in heterozygous state in patients 

originally diagnosed with type 1 VWD with moderately severe bleeding tendencies 

[18,19]. The phenotype of patients carrying p.Cys1130Phe has more recently also 

been classified as 2A(IIE) [20,21]. p.Cys2671Tyr (c.8012G>A) was described in a 

compound heterozygous type 3 VWD patient with a deletion of the second allele 

[22]. p.Cys2773Ser (c.8318G>C) was identified in heterozygous type 2A(IID) 

patients and described before [17]. 

 

Plasmid constructs 
Recombinant pSVH expression plasmids containing full length cDNAs encoding 

either the wild-type human VWF (WT-VWF) or the p.Cys2671Tyr and 

p.Cys2773Ser VWF variants have been described before [9]. The full-length VWF 

cDNA fragments, obtained by EcoRI restriction of these pSVH-VWF plasmids, were 

cloned into the pCI-neo mammalian expression vector (Promega, Madison, WI, 

USA). Mutation p.Cys1130Phe was introduced into pCI-neo WT-VWF plasmid with 

the QuikChange XL Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA) 

and verified by sequencing. 

 

Cell culture and transfection 
HEK293 cells were purchased from the ATCC (Rockville, USA) and cultured in 

Minimum Essential Medium eagle alpha modification (MEM-α, Sigma-Aldrich, St. 

Louis, MO, USA) supplemented with 10% fetal calf serum, 2 mM L-glutamine and 

50 µg/mL gentamicin (Invitrogen, Carlsbad, CA, USA). Using FuGENE HD 

transfection reagent (Roche Diagnostics, Mannheim, Germany), 0.66 µg/mL 

plasmid constructs (final concentration in the medium; 0.33 µg/mL WT-VWF and 

mutant VWF plasmids, respectively, for co-transfections) were transiently 
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transfected into HEK293 cells according to the manufacturer’s instruction.  

 

Immunofluorescent staining and antibodies 
Transfected cells were stained with immunofluorescent antibodies and analyzed 

with Leica SL confocal laser scanning microscopy with a 63X/1.40 NA oil objective, 

as previously described [13]. Monoclonal antibody CLB-RAg35 and polyclonal 

rabbit anti-human Protein Disulfide Isomerase (PDI) antibody A66 (obtained from 

Prof. I. Braakman, Department of Chemistry, Utrecht University, Utrecht, The 

Netherlands) were used as primary antibodies against VWF and  the ER marker 

PDI, respectively [23,24]. Alexa 488- and Alexa 594-conjugated secondary 

antibodies were purchased from Invitrogen. To quantify the extent of retention of 

VWF in the ER, we determined the percentage of cells expressing VWF that also 

showed retention of VWF in the ER by co-staining of VWF with PDI. 

 

Transmission electron microscopy 
Transfected cells grown on 35-mm petri dishes were fixed and prepared for 

transmission electron microscopy (TEM) as previously described [13,25]. Briefly, 

osmium tetroxide and tannic acid treated cells were serially dehydrated with 

ethanol and embedded in Epon. The samples cut into thin sections of 70-100 nm 

were stained with uranyl acetate and lead citrate, and then analyzed with a Tecnai 

12 at 120 kV equipped with a 4kx4k CCD camera (Model Eagle, Fei Company, The 

Netherlands). 

 

Structural analysis of VWF 
Seventy-two hours post transfection cells were incubated with release medium 

(OPTIMEM1 medium, 10 mM HEPES [N-2-hydroxyethylpiperazine-N’-2-

ethanesulfonic acid], 0.2% bovine serum albumin, pH7.4) for 24 hours. The 

conditioned media were electrophoresed through 1.6% agarose gel containing 1% 

sodium dodecyl sulphate for multimer analysis. VWF multimers were visualized by 

Western blot as described [9]. Electrophoresis as well as blotting was performed 

under non-reducing conditions. To analyze the processing of VWF, reducing SDS-

PAGE and Western blot was performed for the conditioned media and cell lysates. 

Cell lysates were prepared with Passive Lysis Buffer (Promega) supplemented with 

100μM phenylmethylsulfonyl fluoride (Roche) and the protease inhibitor cocktail 

CompleteTM with EDTA (Roche). Samples were reduced using 20 mM dithiothreitol, 

separated by Novex 6% Tris-Glycine gel electrophoresis (Invitrogen), 
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immunostained with polyclonal rabbit anti-human VWF conjugated to horseradish 

peroxidase (DAKO) and visualized with Supersignal WestFemto (Thermo 

Scientific, Rockford, IL, USA). 

 

Basal and regulated secretion of VWF 
In the absence of stimulation, VWF is mainly secreted via the basal secretory 

pathway from WPB [3]. HEK293 cells are known to form pseudo-WPB that are 

similar to the WBP in endothelial cells [13]. Basal and regulated secretion was 

determined as previously described [13]. Briefly, 24-hours post transfection, cells 

were incubated with fresh culture medium for 48 hours and then the conditioned 

media and cell lysates were collected to determine basal secretion of VWF. To 

analyze the regulated secretion of VWF, 72-hours post transfection cells were 

incubated for 60 minutes with release medium containing 160 nM phorbol 12-

myristate 13-acetate (PMA) (Sigma-Aldrich) or vehicle (DMSO). VWF:Ag in the 

media and cell lysates was determined by ELISA assay. For the calculation of the 

regulated secretion, secreted VWF was expressed as a fraction of total VWF 

(medium plus lysate). Statistical analyses were performed by the Student’s t-test 

using GraphPad Prism (version 4.02). 

 

Results 
Retention of VWF in the ER 
As shown in Figure 1, WT-VWF formed numerous elongated pseudo-WPB 

organelles. Each of the VWF mutants was able to form pseudo-WPB although 

those organelles were relatively short or more granular compared with those 

formed by WT-VWF. As indicated by the co-localization of VWF and the ER marker 

PDI, both p.Cys1130Phe and p.Cys2671Tyr led to considerable retention of 

synthesized VWF in the ER. In contrast, most of VWF p.Cys2773Ser was stored in 

pseudo-WPB similar to those observed for WT-VWF. Quantification of VWF 

storage showed that 60~80% of cells expressing p.Cys1130Phe or p.Cys2671Tyr 

displayed retention of VWF in the ER, whereas this was less than 10% for WT-

VWF or p.Cys2773Ser (Figure 1). The retention of p.Cys1130Phe in the ER was 

reduced by co-transfection with WT-VWF. The proportion of cells with ER retention 

decreased from 83% to 26%. There was no reduction in ER retention upon co-

transfection with WT-VWF for p.Cys2671Tyr. The differential efficiencies in storage 

of VWF variants were also reflected by the PMA-induced pseudo-WPB exocytosis 

(see section on “Secretion of VWF”). 
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Figure 1. Intracellular localization of VWF variants in transfected HEK293 cells. HEK293 cells were 

transiently transfected with WT-VWF or VWF mutants as indicated. Fixed cells were stained for VWF 

(left panel, green) and for PDI (the ER marker, middle panel, red). In the right panel (merge of green and 

red channels), the pseudo-WPB show up in green (VWF staining only), and the ER containing VWF 

shows up in yellow as a result of double staining for VWF and PDI. Scale bar = 5 μm. 175~370 cells 

expressing each of VWF variants from two independent experiments were analyzed and the percentage 

of cells that showed retention of VWF in the ER (cells displaying yellow) is indicated on the right.  

 

 

Analysis of the cell ultrastructure with TEM revealed pseudo-WPB containing VWF 

tubules in cells expressing WT-VWF as well as each of the mutants (Figure 2A-E). 

The tubules formed by the three VWF mutants appeared normal compared to those 

formed by WT-VWF (Figure 2A) [25]. This indicates that all three mutants were able 

to form pseudo-WPB though it was rare for p.Cys1130Phe. Furthermore, grossly 

dilated ER was frequently observed in cells expressing p.Cys1130Phe (Figure 2F) 

or p.Cys2671Tyr (Figure 2G). The ER morphology in cells expressing 

p.Cys2773Ser was normal (Figure 2H). 

The retention of VWF mutants in the ER was further confirmed, using Western 

blotting under reducing condition, by evaluating the extend to which VWF was 

processed into its mature form. Secreted VWF consisted mainly of fully processed 
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mature VWF subunits (Figure 3A). In the cell lysates, both mature subunits and 

uncleaved proVWF were detectable for all VWF variants (Figure 3B). However, 

p.Cys1130Phe and p.Cys2671Tyr showed relatively much more uncleaved 

proVWF compared to WT-VWF and p.Cys2773Ser (Figure 3C), indicating that 

VWF p.Cys1130Phe and p.Cys2671Tyr were retained in the ER, and did not reach 

the Golgi apparatus where furin cleaves proVWF [26-28]. 

 

 

 
 
Figure 2. Ultrastructure of transfected HEK293 cells visualized by TEM. HEK293 cells were transiently 

transfected as indicated. Pseudo-WPB displaying VWF tubules were formed by WT-VWF (A) and the 

three mutants (B-E). Dilated ER was observed in cells expressing p.Cys1130Phe (F) or p.Cys2671Tyr 

(G) but not in cells expressing p.Cys2773Ser (H) or WT-VWF (not shown). Note that the VWF tubules 

were clearly visualized in the cross sections of pseudo-WPB (indicated by the arrows in panels B and 

E). The ER (indicated by the arrowheads) shown in panels F, G and H were imaged respectively in the 

same cells shown in panels B, C and D. The stars in panels C, G and H indicate mitochondria. In panel 

A-E, scale bar = 200 nm; in panels F-H, scale bar = 500 nm. 
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Secretion of VWF 
WPB contributes to both the basal and regulated secretion of VWF [3]. To 

determine the effect of pseudo-WPB formation on the secretion of VWF mutants, 

both secretory pathways were examined. Basal secretion of VWF was defined as 

the secreted VWF:Ag level in the conditioned medium over 48 hours (supplemental 

Table S1). Compared to WT-VWF, both p.Cys1130Phe and p.Cys2671Tyr 

significantly reduced the basal secretion of VWF, which was apparent from a 

decrease in VWF level in the medium as well as from the decreased ratio of 

VWF:Ag in medium over lysate. In contrast, p.Cys2773Ser displayed a normal 

basal secretion of VWF, and a similar ratio medium/lysate as WT-VWF. 

 

 

 
 

Figure 3. Subunit composition of VWF under reducing conditions. HEK293 cells were transiently 

transfected with WT-VWF or VWF mutants as indicated. VWF secreted into the medium (panel A: 

Medium) or VWF retained in lysate (panel B: Lysate) was reduced with DTT and analyzed with SDS-

PAGE and Western blot. In panel C, the ratio of proVWF (p) and mature VWF subunit (m) in the cell 

lysate was analyzed with Image J (NIH software, version 1.44P). Note that in panels A and B the parts 

separated by the space between p.Cys2671Tyr and p.Cys2773Ser are from the same Western blot. 

 

 

To mimic the heterozygous state of the mutations in carriers, co-transfections of 

VWF mutants with WT-VWF at a 1:1 ratio were done. After co-transfection with 
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WT-VWF, all three mutants showed similar basal secretion of VWF:Ag into 

medium. However, the decreased ratio of VWF:Ag in medium over lysate observed 

for p.Cys1130Phe and p.Cys2671Tyr indicates that the secretion of these VWF 

variants remained compromised in the heterozygous state (supplemental Table 

S1). Furthermore, the absolute amount of VWF protein produced by WT-VWF or 

the three variants was similar (total VWF:Ag in the medium and lysates; about 100 

mU VWF per 7×105 cells) in both single and co-transfections, confirming that the 

effects on WPB formation and ER retention of VWF (Figure 1) could not be 

explained by the expression level of those mutants. The secretion and total amount 

of VWF (medium plus lysate) of p.Cys2773Ser was higher than WT-VWF, although 

this was not statistically significant (supplemental Table S1; 126.5 mU in single 

transfections and 117.7 mU in co-transfections versus 97.9 mU for WT-VWF per 

7×105 cells), consistent with the normal to high plasma levels of VWF in the 

patients [17]. For p.Cys1130Phe and p.Cys2671Tyr, rapid clearance in vivo was 

shown to account for more severe phenotypes of the patients [29]. 

The regulated secretion of VWF was analyzed with PMA that efficiently induces 

exocytosis of pseudo-WPB in HEK293 cells [13]. Incubation of HEK293 cells for 60 

minutes with PMA increased the secretion of WT-VWF by 2.7 fold (12.2% of total 

VWF was secreted by PMA stimulated cells versus 4.5% by control cells, Figure 4). 

Both p.Cys1130Phe and p.Cys2773Ser transfected cells showed good response to 

PMA stimulation albeit that the total secretion of VWF p.Cys1130Phe was much 

lower. Only a minimal increase in the secretion of VWF p.Cys2671Tyr was 

observed after stimulation. Co-transfections of p.Cys2773Ser or p.Cys1130Phe 

showed a regulated secretion of VWF comparable to that of WT-VWF if judged by 

the folds increase, but to a much lower absolute level in the case of p.Cys1130Phe. 

Co-transfection of p.Cys2671Tyr only slightly increased the secretion of VWF 

during stimulation. These in vitro data for p.Cys1130Phe (co-transfection mimicking 

the heterozygous state) and p.Cys2671Tyr (single transfection mimicking the 

compound heterozygous state) are consistent with the response to DDAVP infusion 

in the patients with these mutations [29,30]. One may speculate that patients with 

p.Cys2773Ser will show a normal response to DDAVP, however, no patient was 

available for testing. 
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Figure 4. Regulated secretion of WT-VWF or VWF variants. HEK293 cells were transiently transfected 

with WT-VWF, p.Cys1130Phe, p.Cys2671Tyr and p.Cys2773Ser, respectively (Panel A). In panel B, 

p.Cys1130Phe, p.Cys2671Tyr or p.Cys2773Ser were co-transfected with WT-VWF at 1:1 ratio. Seventy-

two hours post transfection HEK293 cells were rinsed twice with the release medium and incubated at 

37°C for 60 minutes in the release medium without (Ctr) or with 160 nM PMA (PMA). Each bar 

represents VWF secreted into the release medium as a fraction of total VWF (medium plus lysate) times 

100%. Mean and SEM are based on three independent experiments in duplicate. The numbers above 

the bars indicate the fold increase of secreted VWF comparing the stimulated (PMA) and control (Ctr) 

samples. 
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Figure 5. Multimer analysis of secreted VWF. Multimers are shown for single transfections (A) and co-

transfections with WT-VWF at 1:1 ratio (B). The N-terminal dimers and odd-numbered multimers formed 

by VWF p.Cys2773Ser are indicated by the arrow and arrowheads, respectively. In panel A, the 

multimers of VWF p.Cys2671Tyr are from a different gel, the other separated parts are from one same 

gel. In panel B, the separated parts are from the same gel. The multimer patterns of secreted VWF were 

analyzed by SDS-agarose gel electrophoresis and Western blot under non-reducing conditions.   

 

 

Multimeric analysis of secreted VWF 
We performed multimer analysis of the conditioned media (Figure 5). A full range of 

VWF multimers is present in the conditioned medium for WT-VWF and VWF 

p.Cys2671Tyr, while VWF p.Cys1130Phe showed relative loss of large multimers 

indicating that mutations close to the interchain disulfide bonds may have a minor 

but significant effect on VWF multimerization. VWF p.Cys2773Ser mainly displayed 

monomers and dimers. The appearance of double bands for the dimers was 

caused by the different mobility between C-terminal dimers and N-terminal dimers 

formed by p.Cys2773Ser [17]. The multimeric defects caused by p.Cys1130Phe 

and p.Cys2773Ser were only partly restored by co-transfections with WT-VWF. 

This is consistent with the multimer patterns in the patients [17,19,20]. 

Furthermore, the odd-numbered VWF multimers produced by co-transfection of 

p.Cys2773Ser with WT-VWF confirm co-expression of both constructs in individual 

cells. 
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Discussion 
Chemical modification and mutagenesis studies have demonstrated that cysteines 

p.Cys2771 and p.Cys2773 are involved in interchain disulfide bond formation and 

are equally essential for VWF dimerization [14]. Natural mutations in the two 

cysteines led to essentially the same clinical phenotype [15-17]. In addition, 

extensive studies have indicated that p.Cys1130 at the N-terminal and p.Cys2671 

at the C-terminal are not involved in the interchain disulfide bonds but rather 

involved in the intrachain disulfide bonds [14,31,32]. We therefore selected the 

three mutations p.Cys2773Ser, p.Cys1130Phe and p.Cys2671Tyr that were 

identified in our center [17,18,22] as exemplary mutants to examine the differential 

effects of interchain versus intrachain disulfide bonds on WPB biogenesis. 

p.Cys2773Ser was normally stored in and secreted from transfected HEK293 cells 

despite strongly reduced dimerization and multimerization. In contrast, 

p.Cys1130Phe and p.Cys2671Tyr resulted in strong retention of VWF in the ER 

and less VWF stored in WPB, which is consistent with previous reports for other 

cysteine mutations that disrupt intrachain disulfide bonds in VWF [13,33]. 

Therefore, our data suggest that VWF mutations that disrupt interchain disulfide 

bonds differ from mutations that disrupt intrachain disulfide bonds in the effect on 

WPB biogenesis. 

The mutations that were analyzed in this study are located in different domains in 

VWF: p.Cys1130Phe in the D3 domain, p.Cys2671Tyr in the region immediately 

amino-terminal to the CK domain and p.Cys2773Ser in the CK domain itself. The 

different phenotypes of these mutations may be ascribed to the fact that they 

disrupt different domains of VWF but the differences in phenotypes may also be 

related to interchain versus intrachain defects. Several cysteine mutations, all 

involved in intrachain disulfide bonds, located in the D’ (p.Cys788Arg), D3 

(p.Cys1060Tyr, p.Cys1149Arg and p.Cys1225Gly) and CK (p.Cys2739Tyr and 

p.Cys2754Trp) domains showed very similar disruptive effects on the storage and 

secretion of VWF as p.Cys1130Phe and p.Cys2671Tyr [13,33]. This suggests that 

the effects are not domain specific. Furthermore, p.Cys2739Tyr and p.Cys2754Trp 

in the CK domain are not stored properly, whereas p.Cys2773Ser in the same 

domain but involved in interchain disulfide bonds showed normal storage [13]. In 

addition, another mutation p.Cys1099Tyr in the D3 domain that disrupts interchain 

disulfide bonds between N-termini of VWF was identified in VWD type II C Miami 

patients characterized by normal plasma level of VWF [31,34,35]. Even stronger 

support for our hypothesis comes from the 2010 version of the ISTH-SSC VWF 
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mutation database (www.vwf.group.shef.ac.uk/). It lists 72 different mutations 

involving cysteine residues, 50 loss of cysteines, 18 gain of cysteines and 4 

premature stop codons (Supplemental Table S2). Among these mutations, 42 that 

predict the loss of intrachain disulfide cysteines are associated with low plasma 

levels of VWF, whereas 5 (p.Cys1099Tyr, p.Cys2771Ser/Tyr and 

p.Cys2773Arg/Ser) that predict the loss of interchain disulfide cysteines are 

associated with normal to relatively high plasma levels of VWF [14-17,31,35]. 

Therefore, we believe the differences are related to differential effects of mutations 

involved in intrachain versus interchain disulfide bonds. 

 

 

 
 

Figure 6. Schematic illustration of VWF intracellular trafficking. WT-VWF (left) is synthesized and 

dimerized in the ER, and passes the quality control to Golgi apparatus to multimerize and tubulize 

therein, and is eventually packed into WPB. Part of VWF mutants with impaired intrachain disulfide bond 

formation (middle) escape the quality control and are stored in WPB, the other part are retained in the 

ER undergoing aggregation or intracellular degradation. VWF mutants with impaired C-terminal 

interchain disulfide bond formation (right) fail to form C-terminal dimers in the ER. The monomers can 

get through the ER to the Golgi and partly form N-terminal dimers which are tubulized and stored into 

WPB. The remaining monomers are presumably stored into WPB, however, whether they are 

incorporated into VWF tubules is unknown. This hypothesis may also apply to the mutants lacking N-

terminal interchain disulfide bonds. 
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We propose a model to explain the differential effects of intrachain versus 

interchain disulfide bonds on WPB formation (Figure 6). Disruption of intrachain 

disulfide bonds in VWF may mainly disturb the conformation of VWF such that the 

ER quality control system prevents trafficking to the Golgi apparatus [36]. The 

retained VWF molecules either aggregate in the ER to lead to ER dilation (Figure 

2F-G) [13,33] or undergo intracellular degradation [13,37]. A fraction of VWF 

mutant molecules appear to escape the quality control system and are able to 

reach the Golgi apparatus. The extent to which this escape takes place appears to 

depend on the nature of defects. Once the mutants get to the trans Golgi where 

further processes of VWF are highly regulated by pH [6,7,38], their effects are 

minimal unless the defects cause severe changes in VWF conformation. In 

contrast, disruption of interchain disulfide bonds such as that in VWF C-terminal 

does not hamper trafficking to the Golgi apparatus and WPB thereafter. Therefore, 

C-terminal dimerization of VWF is not required for WPB formation. According to the 

notion that N-terminal dimerization (ie. multimerization) of VWF is not required for 

WPB formation [39], the mutations that disrupt interchain disulfides in VWF N-

terminal may not disrupt the biogenesis of WPB as well. It is thus temping to 

speculate that unpairing all the five interchain disulfide bonds (two at N-terminal 

and three at C-terminal) should have minimal, if any, effect on the storage and 

secretion of VWF. 

Tubulation is a key step to store VWF into WPB. Recent studies provide emerging 

evidence for a hypothesis that VWF tubulation is regulated by the low pH in trans 

Golgi and WPB [7,38,40,41]. In a cell-free system with low pH as seen in trans 

Golgi, Huang and colleagues showed that truncated N-terminal dimers of VWF 

D’D3 domains together with VWF propeptide formed tubular structures by self-

assembly [38]. The present data confirmed this finding for full-length VWF in a cell 

system. The VWF p.Cys2773Ser that forms N-terminal dimers [17] and partly 

remains as monomers showed normal tubulation (Figure 2E). The persistence of 

monomers raises two questions: 1) whether (and how) are the monomers stored 

into pseudo-WPB, and 2) are those monomers able to form VWF tubules? As VWF 

is mainly secreted from WPB via basal and regulated pathways, the large amount 

of monomers that were detected in the medium of cells expressing p.Cys2773Ser 

(Figure 5A) suggest that VWF monomers are probably stored in the pseudo-WPB. 

Furthermore, immunofluorescent staining showed that very little VWF 

p.Cys2773Ser was localized in the ER (Figure 1D), indicating that the excessive 

monomers found in the lysate (data not shown) are indeed stored in the pseudo-
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WPB. It is unknown whether those monomers are able to form tubules in the trans 

Golgi network as it has been suggested that N-terminal dimerization is required for 

the tubulation of VWF in the cell-free system [38]. Strikingly, Zhou and colleagues 

observed a dimeric bouquet-like VWF complex formed at the acidic pH of the trans 

Golgi and WPB [7]. C-terminal dimer of VWF was zipped up by the acidic pH from 

CK to B1 domain (six domains) into a dimeric stem. This process was proposed to 

facilitate VWF tubulation [7]. As such, unpairing the interchain disulfide bonds at 

the CK domain, such as by mutation p.Cys2773Ser, will unlock the start point of the 

zip. It is unknown whether the stability and/or conformation of the dimeric complex 

will be affected. As formation of the dimeric complex is highly pH dependent, the 

p.Cys2773Ser monomers are likely to form the bouquet-like complex and therefore 

to incorporate into VWF tubules. In contrast, VWF mutations p.Cys2739Tyr and 

p.Cys2754Trp that cause severe conformational changes by defects in intrachain 

disulfide bonds led to disorganized tubular storage of VWF [13]. This suggests that 

the conformational changes in VWF may be more disruptive to VWF tubulation 

than no interchain pairing. 

In conclusion, we postulate that natural mutations of cysteines involved in the 

formation of interchain disulfide bonds, p.Cys2771, p.Cys2773 and p.Cys2811 in 

the CK domain and p.Cys1099 and p.Cys1142 in the D3 domain, do not affect the 

storage and secretion of VWF, whereas mutations of cysteines forming intrachain 

disulfide bonds will lead to reduced VWF storage and secretion due to ER 

retention. 

 

Acknowledgements 
This work was supported by grants from the China Scholarship Council 

(2007U21083) and the Netherlands Organisation for Scientific Research (NWO, 

grant no. 91209006). 

The authors would like to thank Jos J.M. Onderwater, Marco Brand and Annelies 

van der Laan, Department of Molecular Cell Biology, Leiden University of Medical 

Center for expert technical assistance. 

 

References 
 1.  Sadler JE. Biochemistry and genetics of von Willebrand factor. Annu Rev Biochem 1998; 

67:395-424. 

 2.  Sporn LA, Marder VJ, Wagner DD. Inducible secretion of large, biologically potent von 

Willebrand factor multimers. Cell 1986; 46:185-190. 



Chapter 4 

82 

 3.  Giblin JP, Hewlett LJ, Hannah MJ. Basal secretion of von Willebrand factor from human 

endothelial cells. Blood 2008; 112:957-964. 

 4.  Wagner DD. Cell biology of von Willebrand factor. Annu Rev Cell Biol 1990; 6:217-246. 

 5.  Valentijn KM, Sadler JE, Valentijn JA, Voorberg J, Eikenboom J. Functional architecture of 

Weibel-Palade bodies. Blood 2011; 117:5033-5043. 

 6.  Dang LT, Purvis AR, Huang RH, Westfield LA, Sadler JE. Phylogenetic and functional 

analysis of histidine residues essential for pH-dependent multimerization of von Willebrand 

factor. J Biol Chem 2011; 286:25763-25769. 

 7.  Zhou YF, Eng ET, Nishida N, Lu C, Walz T, Springer TA. A pH-regulated dimeric bouquet in 

the structure of von Willebrand factor. EMBO J 2011; 30:4098-4111. 

 8.  Marti T, Rosselet SJ, Titani K, Walsh KA. Identification of disulfide-bridged substructures 

within human von Willebrand factor. Biochemistry 1987; 26:8099-8109. 

 9.  Tjernberg P, Vos HL, Castaman G, Bertina RM, Eikenboom JC. Dimerization and 

multimerization defects of von Willebrand factor due to mutated cysteine residues. J Thromb 
Haemost 2004; 2:257-265. 

 10.  Eikenboom J, Hilbert L, Ribba AS, Hommais A, Habart D, Messenger S, Al-Buhairan A, 

Guilliatt A, Lester W, Mazurier C, Meyer D, Fressinaud E, Budde U, Will K, Schneppenheim R, 

Obser T, Marggraf O, Eckert E, Castaman G, Rodeghiero F, Federici AB, Batlle J, 

Goudemand J, Ingerslev J, Lethagen S, Hill F, Peake I, Goodeve A. Expression of 14 von 

Willebrand factor mutations identified in patients with type 1 von Willebrand disease from the 

MCMDM-1VWD study. J Thromb Haemost 2009; 7:1304-1312. 

 11.  Tjernberg P, Castaman G, Vos HL, Bertina RM, Eikenboom JC. Homozygous C2362F von 

Willebrand factor induces intracellular retention of mutant von Willebrand factor resulting in 

autosomal recessive severe von Willebrand disease. Br J Haematol 2006; 133:409-418. 

 12.  Hommais A, Stepanian A, Fressinaud E, Mazurier C, Meyer D, Girma JP, Ribba AS. 

Mutations C1157F and C1234W of von Willebrand factor cause intracellular retention with 

defective multimerization and secretion. J Thromb Haemost 2006; 4:148-157. 

 13.  Wang JW, Valentijn KM, de Boer HC, Dirven RJ, van Zonneveld AJ, Koster AJ, Voorberg J, 

Reitsma PH, Eikenboom J. Intracellular storage and regulated secretion of von Willebrand 

factor in quantitative von Willebrand disease. J Biol Chem 2011; 286:24180-24188. 

 14.  Katsumi A, Tuley EA, Bodo I, Sadler JE. Localization of disulfide bonds in the cystine knot 

domain of human von Willebrand factor. J Biol Chem 2000; 275:25585-25594. 

 15.  Enayat MS, Guilliatt AM, Surdhar GK, Jenkins PV, Pasi KJ, Toh CH, Williams MD, Hill FG. 

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 IID) von Willebrand disease. Blood 2001; 98:674-680. 

 16.  Schneppenheim R, Brassard J, Krey S, Budde U, Kunicki TJ, Holmberg L, Ware J, Ruggeri 

ZM. Defective dimerization of von Willebrand factor subunits due to a Cys-> Arg mutation in 

type IID von Willebrand disease. Proc Natl Acad Sci U S A 1996; 93:3581-3586. 

 17.  Tjernberg P, Vos HL, Spaargaren-van Riel CC, Luken BM, Voorberg J, Bertina RM, 

Eikenboom JC. Differential effects of the loss of intrachain- versus interchain-disulfide bonds 

in the cystine-knot domain of von Willebrand factor on the clinical phenotype of von 

Willebrand disease. Thromb Haemost 2006; 96:717-724. 



Differential effects of intrachain and interchain disulfide bonds in von Willebrand factor 

83 

 18.  Eikenboom JC, Matsushita T, Reitsma PH, Tuley EA, Castaman G, Briet E, Sadler JE. 

Dominant type 1 von Willebrand disease caused by mutated cysteine residues in the D3 

domain of von Willebrand factor. Blood 1996; 88:2433-2441. 

 19.  Goodeve A, Eikenboom J, Castaman G, Rodeghiero F, Federici AB, Batlle J, Meyer D, 

Mazurier C, Goudemand J, Schneppenheim R, Budde U, Ingerslev J, Habart D, Vorlova Z, 

Holmberg L, Lethagen S, Pasi J, Hill F, Hashemi SM, Baronciani L, Hallden C, Guilliatt A, 

Lester W, Peake I. Phenotype and genotype of a cohort of families historically diagnosed with 

type 1 von Willebrand disease in the European study, Molecular and Clinical Markers for the 

Diagnosis and Management of Type 1 von Willebrand Disease (MCMDM-1VWD). Blood 

2007; 109:112-121. 

 20.  Budde U, Schneppenheim R, Eikenboom J, Goodeve A, Will K, Drewke E, Castaman G, 

Rodeghiero F, Federici AB, Batlle J, Perez A, Meyer D, Mazurier C, Goudemand J, Ingerslev 

J, Habart D, Vorlova Z, Holmberg L, Lethagen S, Pasi J, Hill F, Peake I. Detailed von 

Willebrand factor multimer analysis in patients with von Willebrand disease in the European 

study, molecular and clinical markers for the diagnosis and management of type 1 von 

Willebrand disease (MCMDM-1VWD). J Thromb Haemost 2008; 6:762-771. 

 21.  Schneppenheim R, Michiels JJ, Obser T, Oyen F, Pieconka A, Schneppenheim S, Will K, 

Zieger B, Budde U. A cluster of mutations in the D3 domain of von Willebrand factor correlates 

with a distinct subgroup of von Willebrand disease: type 2A/IIE. Blood 2010; 115:4894-4901. 

 22.  Eikenboom JC, Castaman G, Vos HL, Bertina RM, Rodeghiero F. Characterization of the 

genetic defects in recessive type 1 and type 3 von Willebrand disease patients of Italian 

origin. Thromb Haemost 1998; 79:709-717. 

 23.  Romani de WT, Rondaij MG, Hordijk PL, Voorberg J, van Mourik JA. Real-time imaging of the 

dynamics and secretory behavior of Weibel-Palade bodies. Arterioscler Thromb Vasc Biol 
2003; 23:755-761. 

 24.  Benham AM, Cabibbo A, Fassio A, Bulleid N, Sitia R, Braakman I. The CXXCXXC motif 

determines the folding, structure and stability of human Ero1-Lalpha. EMBO J 2000; 19:4493-

4502. 

 25.  Valentijn KM, Valentijn JA, Jansen KA, Koster AJ. A new look at Weibel-Palade body 

structure in endothelial cells using electron tomography. J Struct Biol 2008; 161:447-458. 

 26.  Wise RJ, Barr PJ, Wong PA, Kiefer MC, Brake AJ, Kaufman RJ. Expression of a human 

proprotein processing enzyme: correct cleavage of the von Willebrand factor precursor at a 

paired basic amino acid site. Proc Natl Acad Sci U S A 1990; 87:9378-9382. 

 27.  Shapiro J, Sciaky N, Lee J, Bosshart H, Angeletti RH, Bonifacino JS. Localization of 

endogenous furin in cultured cell lines. J Histochem Cytochem 1997; 45:3-12. 

 28.  van de Ven WJ, Voorberg J, Fontijn R, Pannekoek H, van den Ouweland AM, van Duijnhoven 

HL, Roebroek AJ, Siezen RJ. Furin is a subtilisin-like proprotein processing enzyme in higher 

eukaryotes. Mol Biol Rep 1990; 14:265-275. 

 29.  Schooten CJ, Tjernberg P, Westein E, Terraube V, Castaman G, Mourik JA, Hollestelle MJ, 

Vos HL, Bertina RM, Berg HM, Eikenboom JC, Lenting PJ, Denis CV. Cysteine-mutations in 

von Willebrand factor associated with increased clearance. J Thromb Haemost 2005; 3:2228-

2237. 

 30.  Castaman G, Lethagen S, Federici AB, Tosetto A, Goodeve A, Budde U, Batlle J, Meyer D, 

Mazurier C, Fressinaud E, Goudemand J, Eikenboom J, Schneppenheim R, Ingerslev J, 

Vorlova Z, Habart D, Holmberg L, Pasi J, Hill F, Peake I, Rodeghiero F. Response to 



Chapter 4 

84 

desmopressin is influenced by the genotype and phenotype in type 1 von Willebrand disease 

(VWD): results from the European Study MCMDM-1VWD. Blood 2008; 111:3531-3539. 

 31.  Purvis AR, Gross J, Dang LT, Huang RH, Kapadia M, Townsend RR, Sadler JE. Two Cys 

residues essential for von Willebrand factor multimer assembly in the Golgi. Proc Natl Acad 
Sci U S A 2007; 104:15647-15652. 

 32.  Voorberg J, Fontijn R, Calafat J, Janssen H, van Mourik JA, Pannekoek H. Assembly and 

routing of von Willebrand factor variants: the requirements for disulfide-linked dimerization 

reside within the carboxy-terminal 151 amino acids. J Cell Biol 1991; 113:195-205. 

 33.  Michaux G, Hewlett LJ, Messenger SL, Goodeve AC, Peake IR, Daly ME, Cutler DF. Analysis 

of intracellular storage and regulated secretion of 3 von Willebrand disease-causing variants 

of von Willebrand factor. Blood 2003; 102:2452-2458. 

 34.  Ledford MR, Rabinowitz I, Sadler JE, Kent JW, Civantos F. New variant of von Willebrand 

disease type II with markedly increased levels of von Willebrand factor antigen and dominant 

mode of inheritance: von Willebrand disease type IIC Miami. Blood 1993; 82:169-175. 

 35.  Schneppenheim R, Obser T, Drewke E, Ledford MR, Lavergne JM, Meyer D, Plendl H, 

Wieding JU, Budde U. The first mutations in von Willebrand disease type IIC Miami. Thromb 
Haemost 2001; Suppl.:P1805. 

 36.  Allen S, Goodeve AC, Peake IR, Daly ME. Endoplasmic reticulum retention and prolonged 

association of a von Willebrand's disease-causing von Willebrand factor variant with ERp57 

and calnexin. Biochem Biophys Res Commun 2001; 280:448-453. 

 37.  Bodo I, Katsumi A, Tuley EA, Eikenboom JC, Dong Z, Sadler JE. Type 1 von Willebrand 

disease mutation Cys1149Arg causes intracellular retention and degradation of heterodimers: 

a possible general mechanism for dominant mutations of oligomeric proteins. Blood 2001; 

98:2973-2979. 

 38.  Huang RH, Wang Y, Roth R, Yu X, Purvis AR, Heuser JE, Egelman EH, Sadler JE. Assembly 

of Weibel-Palade body-like tubules from N-terminal domains of von Willebrand factor. Proc 
Natl Acad Sci U S A 2008; 105:482-487. 

 39.  Haberichter SL, Merricks EP, Fahs SA, Christopherson PA, Nichols TC, Montgomery RR. Re-

establishment of VWF-dependent Weibel-Palade bodies in VWD endothelial cells. Blood 

2005; 105:145-152. 

 40.  Springer TA. Biology and physics of von Willebrand factor concatamers. J Thromb Haemost 
2011; 9 Suppl 1:130-143. 

 41.  Berriman JA, Li S, Hewlett LJ, Wasilewski S, Kiskin FN, Carter T, Hannah MJ, Rosenthal PB. 

Structural organization of Weibel-Palade bodies revealed by cryo-EM of vitrified endothelial 

cells. Proc Natl Acad Sci U S A 2009; 106:17407-17412. 

 

 

 

 



Differential effects of intrachain and interchain disulfide bonds in von Willebrand factor 

85 

Supplemental data 
 

 

 

T
a

bl
e 

S
1

. E
xp

re
ss

io
n 

o
f V

W
F

 v
ar

ia
nt

s 
in

 tr
an

sf
ec

te
d 

H
E

K
29

3 
ce

lls

V
ar

ia
nt

 
T

ra
ns

fe
ct

io
n 

V
W

F
:A

g*
 M

ed
iu

m
 

m
U

   
   

   
   

   
   

  %
 

 
V

W
F

:A
g*

 L
ys

at
e 

m
U

   
   

   
   

   
   

  %
 

R
at

io
† 

W
T

-V
W

F
 

 
74

.1
 ±

 4
.7

 
10

0 
 

23
.8

 ±
 3

.2
 

10
0 

3.
2 

±
 0

.2
 

p.
C

ys
11

30
P

he
 

S
in

gl
e 

tr
an

sf
ec

tio
n 

41
.3

 ±
 2

.7
 

56
.4

 ±
 6

.4
 

 
59

.2
 ±

 1
1.

1 
25

5.
9 

±
 5

6.
7 

0.
7 

±
 0

.1
‡ 

 
C

o-
tr

an
sf

ec
tio

n 
63

.7
 ±

 4
.8

 
86

.3
 ±

 4
.1

 
 

44
.0

 ±
 5

.8
 

18
6.

3 
±

 9
.9

 
1.

5 
±

 0
.1

‡ 
p.

C
ys

26
71

T
yr

 
S

in
gl

e 
tr

an
sf

ec
tio

n 
55

.2
 ±

 5
.8

 
76

.0
 ±

 1
2.

7 
 

45
.5

 ±
 4

.8
 

19
4.

3 
±

 1
8.

2 
1.

2 
±

 0
.2

‡ 
 

C
o-

tr
an

sf
ec

tio
n 

65
.8

 ±
 4

.4
 

89
.0

 ±
 4

.1
 

 
32

.2
 ±

 3
.2

 
13

6.
5 

±
 5

.9
 

2.
1 

±
 0

.1
‡ 

p.
C

ys
27

73
S

er
 

S
in

gl
e 

tr
an

sf
ec

tio
n 

90
.8

 ±
 1

0.
7 

12
4.

0 
±

 1
8.

2 
 

35
.7

 ±
 2

.1
 

15
4.

1 
±

 1
6.

1 
2.

5 
±

 0
.2

§ 
 

C
o-

tr
an

sf
ec

tio
n 

84
.1

 ±
 1

1.
6 

11
4.

7 
±

 1
7.

7 
 

33
.6

 ±
 4

.1
 

14
2.

1 
±

 5
.9

 
2.

5 
±

 0
.4

§ 

*V
W

F
:A

g 
(m

U
) 

w
as

 p
ro

du
ce

d 
by

 a
bo

ut
 7

×
10

5  c
el

ls
 in

 t
he

 m
ed

iu
m

 o
r 

ly
sa

te
. 

In
 p

ar
al

le
l, 

V
W

F
:A

g 
is

 e
xp

re
ss

ed
 a

s 
pe

rc
en

ta
ge

 r
el

at
iv

e 
to

 

th
e 

am
ou

nt
 o

f 
V

W
F

:A
g 

in
 t

he
 m

ed
iu

m
 a

nd
 l

ys
at

e 
of

 c
el

ls
 e

xp
re

ss
in

g 
W

T
-V

W
F

. 
E

ac
h 

va
lu

e 
re

pr
es

en
ts

 t
he

 m
ea

n 
±

 S
E

M
 o

f 
th

re
e 

in
de

pe
nd

en
t e

xp
er

im
en

ts
 in

 d
up

lic
at

e.
 

†R
at

io
 o

f t
he

 a
bs

ol
ut

e 
am

ou
nt

 o
f V

W
F

:A
g 

in
 M

ed
iu

m
 to

 V
W

F
:A

g 
in

 L
ys

at
e.

 

‡C
om

pa
re

d 
w

ith
 W

T
-V

W
F

 p
<

0.
01

. 

§C
om

pa
re

d 
w

ith
 W

T
-V

W
F

 p
>

0.
05

. 



Chapter 4 

86 

Table S2. VWF cysteine mutations identified in VWD* 

Loss of cysteine 

Domain Mutation VWD type VWF level 
D1 p.Cys57* 3 ↓ 
D1 p.Cys263_E270del 3 ↓ 

D1 p.Cys275(Ser/Arg)† 1 or 3 ↓ 

D2 p.Cys570Ser 2A ↓ 
D2 p.Cys623Trp 2A ↓ 
D’ p.Cys709Leufs*3 2A ↓ 
D’ p.Cys788(Arg/Tyr) 2N ↓ 
D’ p.Cys804Phe 2N ↓ 
D’ p.Cys858Phe 2N ↓ 
D3 p.Cys996Glu 1 ↓ 
D3 p.Cys1060(Arg/Tyr) 1 or 2N ↓ 
D3 p.Cys1071Phe 3 ↓ 
D3 p.Cys1099Tyr‡§ IIC Miami =/↑ 
D3 p.Cys1101(Arg/Trp) Unclassified N.A. 
D3 p.Cys1111Tyr 1 ↓ 
D3 p.Cys1130(Phe/Gly/Arg) 1 ↓ 
D3 p.Cys1149Arg 1 ↓ 
D3 p.Cys1157Phe Unclassified ↓ 
D3 p.Cys1190Arg 1 ↓ 
D3 p.Cys1196Arg 2M or 3 ↓ 
D3 p.Cys1225Gly 2N ↓ 
D3 p.Cys1227Arg 1 ↓ 
D3 p.Cys1234Trp Unclassified ↓ 
A1 p.Cys1272(Phe/Gly/Arg/Ser) 2A ↓ 
A1 p.Cys1458Tyr 2A N.A. 
D4 p.Cys2174Gly 3 ↓ 
D4 p.Cys2257Ser 1 ↓ 

B1-B3 p.Cys2304Tyr 1 ↓ 
B1-B3 p.Cys2340Arg 1 ↓ 
B1-B3 p.Cys2362Phe 1 or 3 ↓ 

C2 p.Cys2477(Ser/Tyr) 1 ↓ 
C2 p.Cys2533* Unclassified ↓ 
C2 p.Cys2557Serfs*8 3 ↓ 

C2-CK¶ p.Cys2671Tyr 3 ↓ 
C2-CK¶ p.Cys2693Tyr 1 ↓ 

CK p.Cys2739Tyr 3 ↓ 
CK p.Cys2754Trp 3 ↓ 
CK p.Cys2771(Ser/Tyr)‡ 2A(IID) =/↑ 
CK p.Cys2773(Arg/Ser)‡ 2A(IID) =/↑ 
CK p.Cys2804(Tyr/fs) 1 or 3 ↓ 
CK p.Cys2806Arg Unclassified ↓ 
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Table S2. VWF cysteine mutations identified in VWD* (continued) 

Gain of cysteine 

Domain Mutation VWD type VWF level 
D1 p.Trp377Cys 3 ↓ 
D2 p.Arg760Cys 2N ↓ 

D’ p.Tyr795Cys 2N ↓ 

D3 p.Tyr1107Cys Unclassified ↓ 
D3 p.Tyr1146Cys 1 ↓ 
A1 p.Arg1308Cys 2B N.A. 
A1 p.Trp1313Cys 2B N.A. 
A1 p.Arg1315Cys 1 or 3 ↓ 
A1 p.Arg1342Cys 1 ↓ 
A1 p.Arg1374Cys 1 or 2A or 2M ↓ 
A1 p.Arg1379Cys 1 or unclassified ↓ 
A1 p.Arg1399Cys Unclassified N.A. 
A2 p.Phe1514Cys 2A N.A. 
A2 p.Tyr1584Cys 1 ↓ 
A3 p.Trp1745Cys 2M ↓ 

B1-B3 p.Arg2379Cys 1 ↓ 
C2 p.Gly2441Cys 1 ↓ 
C2 p.Arg2464Cys 1 or unclassified ↓ 

*Summarized from the ISTH-SSC VWF mutation database up to 2010 (www.vwf.group.shef.ac.uk/); 

†Multiple mutations reported at a position; ‡Cysteines involved in the interchain disulfide bonds in VWF; 

N.A., data not available; §Not yet in the ISTH-SSC VWF mutation database;35 ¶The connecting area 

between C2 and CK domain. 
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