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Abstract

Weibel-Palade bodies (WPBs) provide a rapidly releasable reservoir of 
pre-stored inflammatory, angiogenic and hemostatic components in 
endothelial cells. Recently, we have shown that insulin-like growth factor 
binding protein 7 (IGFBP7) is also stored in this subcellular compartment. 
Here, we analyzed structural components on von Willebrand factor (VWF) 
that mediate targeting of IGFBP7 to WPBs. We have previously shown that 
a truncated variant (designated VWF-CA1) lacking the A2-CTCK domains 
of VWF is unable to support targeting to pseudo-WPBs in transfected 
HEK293 cells. Here, we show that an amino-terminal truncation of VWF 
encompassing the A3-CTCK domains is capable of binding to immobilized 
IGFBP7. Chemical footprinting in combination with mass spectrometry 
was employed to identify exposed lysines in IGBP7 and VWF-A3-CTCK. 
Incubation of IGFBP7 with VWF-A3-CTCK resulted in shielding of several 
lysine-residues in the C8-4, TIL-4, C6 and CTCK domains of VWF-A3-CTCK. 
This observation indicates that residues in these domains contribute to the 
binding of IGFBP7. A series of carboxy-terminal truncated VWF variants was 
constructed to study the requirements for co-targeting to pseudo-WPBs. 
A truncated VWF-D1-D4N variant (lacking the domains beyond D4N) was 
defective in targeting endogenous IGFBP7 to pseudo WPBs. Replacement 
of C2 and C3 regions in full-length VWF by the homologous chordin-like 
cysteine-rich repeats of collagen alpha I(II) did not affect targeting of 
IGFBP7. Also, modification of the CXXC-motif in the D4 domain did not 
affect targeting of IGFBP7 to pseudo-WPBs. Our study highlights critical 
determinants for IGFBP7 sorting located within the carboxy-terminal  
D4-CTCK domains of VWF.  
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Introduction

Weibel-Palade bodies (WPBs) are endothelial cell-specific storage-
organelles that are quickly released following agonist-induced stimulation 
[1-3]. Von Willebrand factor (VWF) is the major component of WPBs and 
several studies have shown that VWF is critical for the biogenesis of these 
organelles [4-9]. Apart from VWF a number of other components have been 
identified; these include P-selectin, CD63, osteoprotegerin, angiopoietin-2, 
IL-8, calcitonin gene-related peptide, eotaxin-3, α1-3 fucosyltrasferase VI, 
endothelin-1 and endothelin-converting enzyme have also been localized 
to these organelles (for review see [1,10]). More recently, interleukin-6, 
monocyte chemoattractant protein-1 (MCP-1), tissue-type plasminogen 
activator and growth-regulated oncogen α have also been localized in WPBs 
[11]. Quantitative assessment of the storage efficiency of these molecules 
revealed that sorting to WPBs was less efficient for these molecules when 
compared to VWF [11]. An earlier study suggested that sorting of IL-8 to 
WPBs was dependent on its binding to VWF since equal molar amounts 
of IL-8 and VWF were stored in WPBs [12]. Also P-selectin and OPG have 
been shown to bind to VWF providing a possible mechanism for sorting 
of these proteins to WPBs [13-15]. Co-immunoprecipitation experiments 
revealed binding of P-selectin to the amino-terminal D’D3 domains of VWF 
[15]. Binding of OPG to VWF requires the presence of the A1 domain [13]. 
These findings suggest that multiple domains on VWF can contribute to 
the sorting of other components to WPBs. Recently, we identified insulin-
like  growth factor binding protein 7 (IGFBP7) as a novel component of 
WPBs [16]. Using heterologous expression of a series of VWF variants we 
showed that targeting of IGFBP7 to pseudo-WPBs was dependent on the  
carboxy-terminal domains of VWF [16]. The domain structure of VWF has 
recently been re-annotated resulting in subdivision of the D domains into 
VWD, C8, TIL and E domains [17]. Also, the amino acid sequence comprising 
the B and C domains has been re-annotated to 6 consecutive VWC 
domains. Our data on IGFBP7-targeting to pseudo-WPBs suggests that the 
D4N, VWD4, C8-4, TIL-4, C1-C6 or CTCK domain of VWF contains a sorting 
determinant for IGFBP7. In this study we used chemical modification as 
well as a set of distinct VWF variants based on the re-annotated domain 
structure of VWF to explore the requirements of VWF mediated sorting of 
IGFBP7 to WPBs. 
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Materials and methods

Reagents

Recombinant human IGFBP7, carrier free, was purchased from R&D 
(Minneapolis, USA). The TMT-duplex isobaric mass tagging kit, dithiotreitol 
(DTT) and iodoacetamide were obtained from Thermo Scientific  
(Bremen, Germany). HEPES was from Serva (Heidelberg, Germany) and 
calcium chloride was from Merck (Darmstadt, Germany). Phosphate 
buffered saline (PBS) was from Fresenius Kabi (‘s-Hertogenbosch, the 
Netherlands), methanol was purchased from Merck (Darmstadt, Germany) 
and saponin was obtained from Sigma. Human serum albumin (HSA) was 
obtained from Sanquin (Amsterdam, the Netherlands). Alexa488- and 
568-conjugated secondary antibodies and Prolong Gold Antifade Reagent 
were from Molecular Probes (Breda, the Netherlands).
 
Construction of VWF variants

The previously described construct pcDNA3.1-VWF was used as a 
template for mutagenesis [18]. The N-terminal truncated VWF variant  
VWF-A3-CTCK was constructed by deleting the propeptide from beyond 
the signal peptide until the A2 domain of mature VWF (amino acid 34 to 
1670 deleted) using pcDNA3.1-VWF as a template and by using primers 
5’ TCATCCACGG-CC//TCCGGAGAGGGGC 3’ and 5’ CCCTCTCCGGA//
GGCCGTGGATGACC 3’ (boundary between the signal peptide and the 
A3 VWF domain is indicated with //). Plasmid pcDNA3.1-VWFΔA1-A3 
lacking the A1, A2 and A3 domain was constructed using pcDNA3.1-
VWFΔA1 (described previously [16]) as a template employing 
primers 5’ GAAGCCTGCCAGGAGCCG//AGGATTTGCATGGATGAG 3’ and  
5’ CTCATCCATGCAAATCCT//CGGCTCCTGGCAGGCTTC 3’ (amino acids 
1241-1876 deleted). The putative protein disulfide isomerase (PDI) 
motif (CGIC) at amino acids 2085-2088 was modified by insertion 
of a glycine between residues Gly2086 and Ile2087 [19]; primers  
5’ ACGTATGGTCTGTGTGGGGGAATCTGTGATGAGAACGGA 3’ and 5’ TCCGT 
TCTCATCACAGATTCCCCCACACAGACCATACGT 3’ (inserted glycine amino 
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acids underlined) were used to generate pcDNA3.1-VWFinsGly2086. 
The putative PDI-motif at 2085-2088 was also modified by replacing 
both Cys2085 and Cys2088 for an alanine VWF-C2085A/C2088A using 
primers 5’ ACGTATGGTCTGGCTGG GATCGCTGATGAGAACGGA 3’ and  
5’ TCCGTTCTCATCAGCGATCCCAGCCAGACCATACGT 3’. Mutagenesis was 
performed using the Quickchange II XL Site-directed Mutagenesis kit from 
Stratagene (La Jolla, CA) following the instructions of the manufacturer. 
We also constructed two variants in which the C3 or C5 VWC repeats were 
replaced by the corresponding VWC domain encompassing Cys33 until 
Cys89 of the collagen alpha I(II) chain (COL2A1; protein accession number 
P02458). Hybrid VWF-COL2A1 sequences including the VWC domain of 
COL2A1 were synthesized (Mr Gene, Regensburg Germany) and cloned into 
pcDNA3.1-VWF. In pcDNA3.1-VWC3-COL2A1 Cys2431-Cys2494 (VWC3) 
was replaced by Cys33-Cys89 of COL2A1 and in pcDNA3.1-VWC5-COL2A1 
Cys2582-Cys2644 (VWC5) was replaced by the corresponding region of 
COL2A1. Carboxy-terminal truncated VWF cDNA was prepared using primers  
5’ TAATACGACTCACTATAGGG 3’ (T7 promotor primer from Invitrogen) 
and 5’ TAAGGCGCGCCTCAGCAGGGGCAGGTCC AGCGGCAGCC 3’ with 
pcDNA3.1-VWF as a template. The obtained PCR-product was cloned 
into the pcDNA3.1/V5-His TOPO-TA vector. Amplification of VWF cDNA 
employing these primers resulted in an insertion of a stop codon beyond 
the D4N domain. The coding sequence of all constructs used in this study 
was verified by sequencing. 

VWF-IGFBP7 binding assay 

Analysis of binding between VWF and IGFBP7 was performed with 
a BIAcoreTM 3000 system (Upsala, Sweden). In short, 3 different 
concentrations of recombinant human IGFBP7 were immobilized on  
3 separate channels on a CM5 chip from GE Healthcare using an amine-
coupling kit according to the manufacturer’s instructions. Subsequently 
wtVWF and VWF-A3-CTCK variant were dialysed to a 20 mM HEPES, 5 
mM CaCl2 buffer (pH 7.4) and perfused over the IGFBP7-coupled chip for  
8 minutes at a flowrate of 5 μl/min at 25°C. Maximal binding in response 
units (RU) of VWF per concentration of coupled IGFBP7 was determined. 
Values of binding to the uncoated blank channel were subtracted.



102

Chapter 5

55

Chemical modification of exposed lysines in VWF-A3-CTCK / IGFBP7-
complex

TMT labelling of VWF and IGFBP7 and peptide identification was essentially 
performed as described before (Figure 1) [20,21]. In short, 9 pmol (2 μg) 
VWF-A3-CTCK was incubated for 1 hour with a 3 fold molar excess of 
IGFBP7 in 50 mM HEPES, 5 mM CaCl2 (pH 7.4) in a final volume of 80 μl 
at 37°C to allow complex formation. Chemical modification employing a  
10.000 molar excess of tandem mass tag TMT-127 was used to identify 
exposed lysines in the complex. An equal amount of purified VWF-A3-CTCK 
without IGFBP7 was labelled with TMT-126, to identify exposed lysines on 
VWF not complexed to IGFBP7. Reaction mixtures were quenched after  
15 minutes with a 150 molar excess of hydroxylamine over TMT-labels and the 
TMT-126 and 127 modified samples were pooled in a one-to-one molar ratio. 
Samples were reduced with 2.5 mM DTT (15 min at 56°C) and subsequently 
alkylated with 15 mM iodoacetamide (IAM) in a buffer containing 50 mM 
ammonium bicarbonate and 2 mM CaCl2. Protein mixtures were divided 
into 4 aliquots which were digested overnight with 0.8 μg/ml chymotrypsin, 
Asp-N, Glu-C or 5 μg/ml trypsin. Peptides were desalted and concentrated 
using a C18 Ziptip (Millipore Corporation, Billerica, USA) according to the 
manufacturer’s instructions. Mass spectrometry analysis of the obtained 
TMT-modified peptides containing lysines was performed as described 
previously [21]. Only trypsin derived peptides cleaved after an arginine were 
included in the analysis. Other selection criteria were that all lysines in a 
peptide were modified with a TMT-label and that all cysteines were alkylated. 
Often multiple variants of peptides containing one specific modified lysine 
were identified; also multiple modified lysines were identified within a single 
peptide. In agreement with previous studies, we pooled data from all peptides 
per identified lysine, obtained from 2 experiments and determined the mean 
TMT127/126 ratio [20,21]. Lysines with less than 3 identified peptides in total 
were excluded from further analysis. Only lysine-residues with a decreased 
TMT127/TMT126 were considered to be candidate-residues involved in 
binding. TMT ratios were normalized per experiment for the overall average 
TMT127/126 ratio obtained from all included peptides within that specific 
experiment. Two independent experiments were performed to identify 
exposed lysines in VWF-A3-CTCK / IGFBP7 complexes. Data were selected 
for a maximum false discovery rate of 5% and further analysed when at least 
3 peptides (in total of 2 experiments) per identified lysine were detected.
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Targeting of IGFBP7 to pseudo-WPBs in transfected HEK293 cells 

HEK 293 cells were cultured on glass coverslips and transfected employing 
FuGENEHD transfection reagens (Promega, Madison, WI). Medium was 
refreshed 24 hours after transfection and cells were fixed for 10 minutes 
with ice-cold methanol, 72 hours after transfection. VWF was visualized 
with a polyclonal rabbit-anti VWF antibody with an Alexa488-conjugated 
secondary goat anti-rabbit IgG antibody. Endogenous IGFBP7 was visualized 
using a monoclonal mouse anti-human IGFBP7 antibody together with an 
Alexa568-conjugated goat anti-mouse IgG antibody [16]. Stainings were 
performed in PBS supplemented with 0.02% saponin and 2% HSA. Cells 
were mounted in Prolong Gold Antifade reagent and analyzed by confocal 
microscopy using a LSM510 microscope and a plan-neofluor 40x or 63x/0.3 
oil immersion lens (Carl Zeiss, Sliedrecht, the Netherlands).  

 
Figure 1. Schematic overview of experimental approach using tandem mass tags to identify 

shielded lysines in VWF / IGFBP7 complex. The N-terminal truncated VWF variant VWF-A3-CTCK 

was modified with TMT-126 and VWF-A3-CTCK in complex with IGFBP7 was modified with  

TMT-127. Samples were pooled in a one-to-one molar ratio and cysteines were reduced and 

alkylated. Proteins were digested with trypsin, chymotrypsin, Asp-N or Glu-C. Peptides were 

analyzed using mass spectrometry.
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Results

Binding of VWF to immobilized IGFBP7

Previously, we have shown that sorting of IGFBP7 to pseudo-WPBs 
in transfected HEK293 cells requires the carboxy-terminal D4N-CTCK 
domains of VWF. To determine whether VWF-A3-CTCK and IGFBP7 can 
interact in vitro we performed binding studies using purified VWF and 
VWF-A3-CTCK. Purified VWF was fully processed and displayed the full 
range of multimers (Figure 2A). Analysis of purified VWF-A3-CTCK by  
SDS-PAGE under reducing and non-reducing conditions revealed that 
VWF-A3-CTCK was composed of a dimer in agreement with previous 
observations (Figure 2B) [22]. We assessed VWF binding to IGFBP7 by using 
a surface plasmon resonance (SPR) based setup. Different concentrations of 
IGFBP7 were immobilized and subsequently wild type VWF and truncated 
VWF-A3-CTCK were perfused (Figure 3). A concentration dependent binding 
of wild type VWF to immobilized IGFBP7 was observed. As expected,  
VWF-A3-CTCK also displayed binding to IGFBP7. The extent of binding of 
VWF-A3-CTCK to IGFBP7 appeared to be lower when compared to wild 
type VWF since higher molar amounts of VWF-A3-CTCK were needed 
to obtain appreciable binding. These data indicate that VWF as well  
VWF-A3-CTCK can interact directly with IGFBP7. 

Figure 2. Multimer analysis of wtVWF and VWF-

A3-CTCK variant by gel electrophoresis. (A) Gel 

electrophoresis showed a normal full-range multimer 

pattern for the purified wild-type VWF contruct. (B) 

Analysis of purified VWF-A3-CTCK by SDS-PAGE under 

reducing (R) and non-reducing (NR) conditions shows 

that VWF-A3-CTCK is a dimer. The protein marker is 

indicated with (M).
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Identification of surface-exposed lysines within VWF-A3-CTCK and IGFBP7

To assess the conformational characteristics of VWF-A3-CTCK and 
IGFBP7, we employed chemical modification to identify exposed 
lysines within these proteins using amine-reactive TMT-126 (for  
VWF-A3-CTCK) and TMT-127 (for VWF-A3-CTCK and IGFBP7 in 
complex). We first investigated the coverage of identified peptides on  
VWF-A3-CTCK and IGFBP7 obtained by digestion. Sequence coverage of  
VWF-A3-CTCK was 91% (Figure S1A). Within the A3-CK domains 7 
consensus sites for N-linked glycosylation sites are present at amino 
acids 2223, 2290, 2357, 2400, 2546, 2585 and 2790. Peptides overlapping 
Asn at position 2223, 2290, 2400, 2546, 2585 and 2790 were not identified in 

Figure 3. WtVWF and the N-terminal truncated VWF-A3-CTCK variant bind to immobilized IGFBP7. 

IGFBP7 was immobilized in various concentrations (I, II and III, respectively 870, 1772 and 3039 

Response Units) expressed in response units (RU) on a CM5 biacore chip and subsequently wtVWF 

and truncated VWF-A3-CTCK were perfused in a HEPES, CaCl2 buffer, pH 7.4. (A) WtVWf bound to 

immobilized IGFBP7 in a concentration dependent manner. (B) Similar results were obtained for 

the truncated VWF-A3-CTCK variant. Flowrate was 5 μl/min.
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VWF-A3-CTCK suggesting that an N-linked glycan is attached to these 
residues or that the peptides for this sequence were out of mass range  
(Figure S1A). Interestingly, peptides encompassing Asn2357 were identified, 
strongly suggesting that the addition of glycans at this position is not 
complete (Figure S1A). We subsequently addressed which lysines within  
VWF-A3-CTCK were modified by amine-targeting. VWF-A3-CTCK contains 
46 lysine of which most were modified (Figure 4). Lys1794 (A3) and Lys2805, 
2810 and 2813 (CK) were not included in the analysis since the peptides 
containing these lysines did not meet the inclusion criteria (indicated 
in red). Lys2300 (C1) and Lys2593 (C5) were contained within peptides 
that were not detected by mass spectrometry presumably because 
these peptides contained an N-linked glycan (amino acids 2290 
and 2585 respectively). The average sequence coverage for IGFBP7 
was 77% (Figure S1B). Upon exclusion of the signal peptide (1-26), 
the sequence coverage increased to 81%. Peptides encompassing 
the putative N-linked glycosylation site at Asn171 were not found 
indicating that a glycan moiety might be attached to this residue 
(Figure S1B and C). Also, a peptide encompassing a fragment of the 
proposed heparin-binding site of IGFBP7 [23,24] (amino acid position 
Ser90-Lys95), containing Lys 92 and 95, and peptides containing  
Lys195 and Lys197 were not identified  (Figure S1B and C). 

Figure 4. Modification of lysine residues in truncated VWF-A3-CTCK variant and IGFBP7 

using Tandem-Mass Tags and mass spectrometry. The positions of 46 lysines in the truncated  

VWF-A3-CTCK variant and 15 lysines in IGFBP7 are indicated with lollipops in the schematic domain 

compositions. TMT-labeled lysines in peptides of VWF-A3-CTCK are depicted in black. Unlabeled 

lysines or lysines on peptides that were out of mass range or obtained by cleavage after a lysine in 

red. Numbers indicate the first amino acid of the domain starting from A3 towards the CTCK.
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Shielding of lysines within VWF-A3-CTCK by IGFBP7 

To investigate the surface exposure of lysines of VWF in complex with 
IGFBP7 the following approach was used. VWF-A3-CTCK was labeled with 
TMT-126 and VWF-A3-CTCK in complex with IGFBP7 (molar ratio 1:3) was 
modified with TMT-127. The ratio of TMT-127/126 provides a measure 
for surface exposure of a specific lysine residue, with a ratio lower than 1 

Figure 5. Identification of shielded lysine residues on VWF in complex with IGFBP7. Employing a 

TMT-lysine modification approach using mass spectrometry, lysine 2241 in the TIL-4 domain and 

lysine clusters 2700-2707-2710 and 2735-2740, within the C6 and C-terminal cysteine knot (CTCK) 

domain (indicated with green datapoints) had the lowest TMT127 / TMT-126 ratio, indicating that 

they are less accessible for modification when VWF is in complex with IGFBP7. Black lollipops 

indicate lysines in the VWF domain structure. The shielded lysines are indicated in green. Datapoints 

represent the mean TMT-ratio with standard deviation of all peptides from 2 experiments per 

identified lysine. Data for certain lysines were excluded from analysis according to the exclusion 

criteria mentioned before.
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indicating that the lysine is shielded from modification when in complex 
and a ratio higher than 1 suggests a higher surface exposure in complex. As 
a control we labeled VWF-A3-CTCK in the absence of IGFBP7 with TMT-126 
and TMT-127. As expected, we observed no difference of incorporation of 
the TMT-126 or TMT- 127, which was revealed by the overall TMT-127/126 
ratio of 1,080 for VWF-A3-CK. When VWF-A3-CTCK was incubated with a 
3-fold molar excess of IGFBP7, lysine 2152 in the C8-4 domain and lysine 
2241 in the TIL-4 domain had a low average TMT-127/126 ratio (0,31 and 
0,44 respectively) (Figure 5). Similarly, lysine clusters 2700-2707-2710 and 
2735-2740, within the C6 and C-terminal cysteine knot (CTCK) domain, 
also had TMT-127/126 ratios below 0,5 (0,47 and 0,39 respectively). 
This indicates that these lysines in the C8-4, TIL-4, C6 and CTCK domains 
in VWF become shielded from modification by TMT labels when  
VWF-A3-CTCK is in complex with IGFBP7. Based on these observations we 
propose that the binding site for IGFBP7 on VWF is in proximity of these 
lysines or might even directly involve these residues. 

C-terminal domains of VWF provide a sorting determinant for IGFBP7

We have previously shown that expression of recombinant VWF in HEK293 
cells triggers sorting of IGFBP7 to WPBs [16]. To identify crucial domains 
of VWF involved in targeting of endogenous IGFBP7 to WPBs in HEK293 
cells, we transfected different VWF variants and assessed the subcellular 
localization of these 2 proteins. In agreement with our previous data 
trafficking of endogenous IGFBP7 to pseudo WPBs was observed in cells 
expressing wild type VWF (Figure 6). A VWF variant lacking all three A domains 
(VWFΔA1-A3) also showed co-staining of IGFBP7 and VWF indicating that the 
A domains are not required for co-trafficking of IGFBP7 (Figure 6). Expression 
of VWFΔA1-A3 induced mostly spherical vesicles indicating that deletion of 
the A domains alters the morphology of pseudo-WPBs. Two VWC domain 
VWF variants, in which the VWC3 or VWC5 domains were exchanged for 
a collagen type 2A1 cysteine repeat, were expressed in HEK293 cells. Both 
variants induced recruitment of IGFBP7 to WPBs similar to wild-type VWF  
(Figure 6). Expression of VWF-VWC5-COL2A1 also induced formation of 
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Figure 6. C-terminal domains of VWF provide a sorting determinant for IGFBP7. To identify crucial 

domains of VWF involved in targeting of endogenous IGFBP7 to WPBs in HEK293 cells, various VWF 

variants were transfected and subsequently the subcellular localization of these 2 proteins was 

assessed. VWF was visualized using a polyclonal rabbit antibody (green) and IGFBP7 was visualized 

using a mouse monoclonal antibody (red). 
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primarily spherical WPBs. A carboxy-terminally truncated VWF variant 
lacking the domains beyond D4N (VWF-D1-D4N), was defective in 
targeting of IGFBP7 to pseudo WPBs. We also modified the putative  
PDI-motif present in the VWD4 domain. Insertion of Gly at amino acid 
position 2086 did not affect pseudo WPB morphology and also did not affect 
targeting of IFGBP7 to pseudo WPBs (Figure 6). A variant in which both 
Cys2085 and Cys2088 were replaced by an Ala induced spherical vesicles 
in HEK293 cells which retained the ability to recruit IGFBP7. Altogether our 
findings show that a sorting determinant in the carboxy-terminal domains  
(VWD4-CTCK) is critical for co-targeting of VWF and IGFBP7 to pseudo 
WPBs.
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Discussion

Elongation and condensation of small VWF tubules drives the formation 
of WPBs from the trans-Golgi network (TGN) [25]. The mechanism of 
recruitment of other WPB components to these organelles has yet to be 
defined. Direct binding of proteins to VWF in the TGN and subsequent  
co-trafficking to WPBs has been proposed as a mechanism for recruitment. 
It has been established that WPB components such as IL-8, OPG, FVIII and 
P-selectin all are able to bind to VWF [12-15]. The presence of certain 
proteins in WPBs is not always dependent on active-targeting, but can 
also be due to a defective or inefficient removal mechanism, as recently 
proposed for chemokines such as IL-6, MCP-1 and Gro-α [11]. These 
compounds therefore have a poor storage efficiency to WPBs when 
compared to VWF.  The same study also suggested that sorting of tPA into 
WPBs was dependent on its level of upregulation [11]. A more indirect 
regulation mechanism dependent on expression levels was observed in 
blood outgrowth endothelial cells overexpressing KLF2, which abolished 
Ang2 recruitment to WPBs [26]. All together these studies suggest that 
WPB content is not exclusively regulated by VWF binding.
We have recently identified IGFBP7 as a novel component of WPBs and 
have shown that IGFBP7 remains associated with UL-VWF strings following 
exocytosis [16]. Consistent with these findings we now show that IGFBP7 
can interact directly with VWF as well as a VWF dimeric variant (designated 
VWF-A3-CTCK). Our binding studies show that relatively large amounts of 
VWF-A3-CTCK are needed for binding to immobilized IGFBP7. Full length 
multimeric VWF contains multiple in cis connected binding sites for 
IGFBP7 and this may promote enhanced binding of multimeric VWF when 
compared to dimeric VWF-A3-CTCK. 
Using a chemical modification approach we investigated the binding 
of VWF to IGFBP7. Chemical modification of VWF-A3-CTCK revealed 
that under our experimental conditions most lysines are exposed. 
Previously, it has been shown that A3-CTCK VWF assembles into a dimeric 
bouquet at pH 6.0 through the formation of a rigid stem comprising the  
carboxy-terminal C1-C6 domains [22]. Chemical modification of  
VWF-A3-CTCK was performed at neutral pH and under these conditions, 
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with the C1-C6 stem in a more flexible conformation [22], most lysines 
are accessible for the amine-targeting TMT-label. Interestingly, peptides 
identified for VWF-A3-CTCK and IGFBP7 did not fully cover the amino 
acid sequence of both proteins. Peptides containing a consensus site 
for N-linked glycosylation present within IGFBP7 and VWF-A3-CTCK 
were not identified. Also, a stretch of positively charged amino acids,  
Lys92-Arg93-Arg94-Lys95 in IGFBP7 was not identified, possibly due to 
extensive cleavage by trypsin and chymotrypsin (Figure S1B and C) [27]. This 
motif is part of a heparin-binding site as well as a cleavage site for serine 
proteases such as trypsin [28]. Chemical modification by amine-targeting 
TMT-labels of complexes between VWF-A3-CTCK and IGFBP7 indicated that 
several putative binding sites for IGFBP7 are present within VWF-A3-CTCK. A 
reduced TMT127/TMT126 ratio was observed for Lys2152 (C8-4), Lys2241 
(TIL-4) and lysine clusters 2700-2707-2710 (C6) and 2735-2740 (CTCK). 
Altogether this approach suggested that multiple areas within the A3-
CTCK domains of VWF contribute to the binding of IGFBP7. 
Co-targeting studies in transfected HEK293 cells revealed that the A1-A3 
domains of VWF are not involved in co-targeting of IGFBP7 to pseudo-
WPBs [16]. Expression of a truncated variant VWF-D1-D4N did not 
support targeting of endogenous IGFBP7 to pseudo-WPBs. Replacement 
of VWC3 and VWC5 by the homologous COL-2A1 domain of collagen IIA 
did not affect the targeting of IGFBP7 to pseudo-WPBs. These different 
approaches exclude involvement of the A1, A2, A3, D4N, C3 and C5 domain 
in targeting of IGFBP7. Altogether the co-transfection studies suggest that 
structural determinants within the D4, C8-4, Til-4, C1, C2, C4, C6 or CTCK 
domains most likely direct sorting of IGFBP7 to pseudo-WPBs. Several of 
these domains (C8-4, TIL-4, C6 and CTCK) have also been implicated in 
binding to IGFBP7 by our chemical footprinting approach. Therefore, we 
hypothesize that binding of IGFBP7 to one of these carboxy-terminal VWF 
domains drives the targeting of IGFBP7 to WPBs. 

Grant support

Supported by grant TSN2007.01 of the Netherlands Thrombosis 
Foundation. Dr. B. de Laat is supported by a personal grant of the Dutch 
Heart Foundation (NHS2006T053). 



113

Requirements of VWF mediated targeting of IGFBP7 to WPBs

55

References

1  Rondaij MG, Bierings R, Kragt A, van Mourik JA, Voorberg J. Dynamics and Plasticity 
of Weibel-Palade Bodies in Endothelial Cells. Arterioscler Thromb Vasc Biol 
2006;26:1002-07.

2  Valentijn KM, Sadler JE, Valentijn JA, Voorberg J, Eikenboom J. Functional architecture 
of Weibel-Palade bodies. Blood 2011; 117:5033-43.

3  Weibel ER, Palade GE. New cytoplasmic components in artherial endothelia. The 
Journal of Cell Biology 1964;23:101-12.

4  Wagner DD, Saffaripour S, Bonfanti R, Sadler JE, Cramer EM, Chapman B, Mayadas 
TN. Induction of specific storage organelles by von Willebrand factor propolypeptide. 
Cell 1991;64:403-13.

5  Voorberg J, Fontijn R, Calafat J, Janssen H, van Mourik JA, Pannekoek H. Biogenesis of 
von Willebrand factor-containing organelles in heterologous transfected CV-1 cells. 
The EMBO journal 1993;12:749-58.

6  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;105:145-52.

7  De Meyer SF, Vanhoorelbeke K, Chuah MK, Pareyn I, Gillijns V, Hebbel RP, Collen D, 
Deckmyn H, VandenDriessche T. Phenotypic correction of von Willebrand disease 
type 3 blood-derived endothelial cells with lentiviral vectors expressing von 
Willebrand factor. Blood 2006;107:4728-36.

8  Reinders JH, De Groot PG, Gonsalves MD, Zandbergen J, Loesberg C, Van Mourik JA. 
Isolation of a storage and secretory organelle containing Von Willebrand protein from 
cultured human endothelial cells. Biochimica et Biophysica Acta (BBA) - Molecular 
Cell Research 1984;804:361-69.

9  Wagner DD, Olmsted JB, Marder VJ. Immunolocalization of von Willebrand protein 
in Weibel-Palade bodies of human endothelial cells. The Journal of Cell Biology 
1982;95:355-60.

10  Metcalf DJ, Nightingale TD, Zenner HL, Lui-Roberts WW, Cutler DF. Formation and 
function of Weibel-Palade bodies. Journal of Cell Science 2008;121:19-27.

11  Knipe L, Meli A, Hewlett L, Bierings R, Dempster J, Skehel P, Hannah MJ, Carter T. A 
revised model for the secretion of tPA and cytokines from cultured endothelial cells. 
Blood 2010;116:2183-91.

12  Bierings R, Van Den Biggelaar M, Kragt A, Mertens K, Voorberg J, Van Mourik JA. 
Efficiency of von Willebrand factor-mediated targeting of interleukin-8 into Weibel–
Palade bodies. Journal of Thrombosis and Haemostasis 2007;5:2512-19.

13  Shahbazi S, Lenting PJ, Fribourg C, Terraube V, Denis CV, Christophe OD. Characterization 
of the interaction between von Willebrand factor and osteoprotegerin. Journal of 
Thrombosis and Haemostasis 2007;5:1956-62.

14  Zannettino ACW, Holding CA, Diamond P, Atkins GJ, Kostakis P, Farrugia A, Gamble 
J, To LB, Findlay DM, Haynes DR. Osteoprotegerin (OPG) is localized to the Weibel-
Palade bodies of human vascular endothelial cells and is physically associated with 
von Willebrand factor. Journal of Cellular Physiology 2005;204:714-23.

15  Michaux G, Pullen TJ, Haberichter SL, Cutler DF. P-selectin binds to the D’-D3 domains 
of von Willebrand factor in Weibel-Palade bodies. Blood 2006;107:3922-24.



114

Chapter 5

55

16  van Breevoort D, van Agtmaal EL, Dragt BS, Gebbinck JK, Dienava-Verdoold I, Kragt 
A, Bierings R, Horrevoets AJG, Valentijn KM, Eikenboom JC, Fernandez-Borja M, 
Meijer AB, Voorberg J. Proteomic Screen Identifies IGFBP7 as a Novel Component 
of Endothelial Cell-Specific Weibel-Palade Bodies. Journal of Proteome Research 
2012;11:2925-36.

17  Zhou Y-F, Eng ET, Zhu J, Lu C, Walz T, Springer TA. Sequence and structure 
relationships within von Willebrand factor. Blood 2012;120:449-58.

18  van den Biggelaar M, Meijer AB, Voorberg J, Mertens K. Intracellular cotrafficking 
of factor VIII and von Willebrand factor type 2N variants to storage organelles. 
Blood 2009;113:3102-09.

19  Mayadas TN, Wagner DD. Vicinal cysteines in the prosequence play a role in von 
Willebrand factor multimer assembly. Proceedings of the National Academy of 
Sciences of the United States of America 1992;89:3531-35.

20  Bloem E, Meems H, van den Biggelaar M, van der Zwaan C, Mertens K, Meijer 
AB. Mass Spectrometry-assisted Study Reveals That Lysine Residues 1967 and 
1968 Have Opposite Contribution to Stability of Activated Factor VIII. Journal of 
Biological Chemistry 2012;287:5775-83.

21  Castro-Núñez L, Bloem E, Boon-Spijker MG, van der Zwaan C, van den Biggelaar M, 
Mertens K, Meijer AB. Distinct Roles of Ser-764 and Lys-773 at the N Terminus of 
von Willebrand Factor in Complex Assembly with Coagulation Factor VIII. Journal 
of Biological Chemistry 2013;288:393-400.

22  Zhou Y-F, 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;30:4098-111.

23  Kishibe J, Yamada S, Okada Y, Sato J, Ito A, Miyazaki K, Sugahara K. Structural 
Requirements of Heparan Sulfate for the Binding to the Tumor-derived Adhesion 
Factor/Angiomodulin That Induces Cord-like Structures to ECV-304 Human 
Carcinoma Cells. Journal of Biological Chemistry 2000;275:15321-29.

24  Sato J, Hasegawa S, Akaogi K, Yasumitsu H, Yamada S, Sugahara K, Miyazaki K. 
Identification of cell-binding site of angiomodulin (AGM/TAF/Mac25) that interacts 
with heparan sulfates on cell surface. Journal of Cellular Biochemistry 1999;75:187-95.

25  Zenner HL, Collinson LM, Michaux G, Cutler DF. High-pressure freezing provides insights 
into Weibel-Palade body biogenesis. Journal of Cell Science 2007;120:2117-25.

26  van Agtmaal EL, Bierings R, Dragt BS, Leyen TA, Fernandez-Borja M, Horrevoets AJG, 
Voorberg J. The Shear Stress-Induced Transcription Factor KLF2 Affects Dynamics 
and Angiopoietin-2 Content of Weibel-Palade Bodies. PLoS ONE 2012;7:e38399.

27  Ahmed S, Yamamoto K, Sato Y, Ogawa T, Herrmann A, Higashi S, Miyazaki 
K. Proteolytic processing of IGFBP-related protein-1 (TAF/angiomodulin/
mac25) modulates its biological activity. Biochemical and Biophysical Research 
Communications 2003;310:612-18.

28  Sato T. Molecular characterization of a novel serine protease involved in activation 
of the complement system by mannose-binding protein. International Immunology 
1994;6:665-69.



115

Requirements of VWF mediated targeting of IGFBP7 to WPBs

55

Supplementary data

Figure S1. Peptide coverage for VWF-A3-CTCK and IGFBP7. (A) Peptide coverage of truncated VWF-

A3-CTCK variant in amine-targeting TMT labeling approach employed to identify surface exposed 

lysines using mass spectrometry. Identified peptides are depicted in green. (B) Peptide coverage of 

IGFBP7 in the same set-up. Peptides were obtained by cleavage with trypsin, chymotrypsin, Asp-N 

and Glu-C. (C) TMT-labeled lysines in tryptic peptides of IGFBP7 are depicted in black. Lysines on 

peptides that were out of mass range or undetected due to glycosylation, are depicted in red. Data 

presented is from 1 experiment. 


