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Abstract

VWF is a large multimeric glycoprotein crucial for platelet plug formation at 

the site of vascular injury and acts as a carrier for coagulation factor VIII. VWF 

is stored, together with other bioactive components, in endothelial-specific 

storage organelles, designed Weibel-Palade bodies. Regulated secretion of 

VWF and co-stored mediators of hemostasis, inflammation and angiogenesis, 

is essential for vascular homeostasis. Genome wide association studies have 

identified an association between VWF plasma levels and genetic variation 

in syntaxin-binding protein 5 (STXBP5). In the present study we show that 

STXBP5 decreases the probability of release of WPBs and thereby controls 

VWF levels in the circulation. We found that siRNA mediated silencing of 

STXBP5 expression potentiates secretagogue-induced VWF secretion. To 

further elucidate the role of STXBP5 in VWF secretion we went on to express 

full length and a truncated version of STXBP5 and assessed its effect on 

WPB exocytosis. We show that expression of the carboxy-terminal VAMP-

like domain of STXBP5 inhibited VWF secretion. Using immunoprecipitation 

studies we show that STXBP5 is able to bind endogenous syntaxin-3 and 

syntaxin-4 in endothelial cells via its VAMP-like domain. Taken together, our 

results suggest that STXBP5 attenuates VWF secretion by sequestering SNARE 

proteins using its VAMP-like domain.
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Introduction
Vascular endothelial cells comprise a tightly regulated physical barrier that 

separates blood from the underlying tissues. Apart from its barrier function 

the endothelium is critically involved in regulation of vascular tone, egress of 

leukocytes from blood to the underlying tissues, hemostasis and regulation of 

neo-vessel formation. 

Important bioactive mediators that participate in these processes are stored in 

endothelial cell-specific secretory organelles designated Weibel-Palade bodies 

(WPBs). The main component of this elongated organelle is von Willebrand 

factor (VWF), a large multimeric glycoprotein which through its ability to recruit 

platelets provides an important mediator of primary hemostasis[1]. Furthermore, 

several chemokines, including IL-6 and IL-8[2-4], and angiogenic mediators, 

including angiopoietin 2 and IGFBP7[5,6], are stored in WPBs. Exocytosis of WPBs 

is triggered in response to physiological secretagogues that raise intracellular 

Ca2+ or cAMP levels such as histamine and epinephrine[7]. Several components 

of the machinery controlling fusion of WPBs with the plasma membrane have 

been identified over the past decade, including N-ethylmaleimide-sensitive 

factor (NSF) and soluble NSF-attachment protein receptors (SNAREs) VAMP3 

and syntaxin-4[8-10]. SNARE proteins drive membrane fusion through the 

formation of a stable four helix complex that brings two opposite membranes 

in close proximity, a process that is required for granule exocytosis[11]. A 

SNARE complex consists of four core domains of three proteins, one Q-SNARE 

(syntaxin), two Qbc-domains (SNAP-23 or its homologues) and a R-SNARE 

(e.g. VAMP)[12]. Assembly of the SNARE complex is mediated by Sec1/Munc18 

(SM) proteins[11]. Recently, we identified the SM protein syntaxin binding 

protein 1 (STXBP1) as a positive regulator of WPB exocytosis[42], while others 

have also found indications for the involvement of STXBP3 (also known as 

Munc18c)[9]. Interestingly, genome wide association studies have recently 

found links between genetic variation in the gene encoding for syntaxin binding 

protein 5 (STXBP5) and VWF plasma levels[13-16]. STXBP5 is also known as 

tomosyn-1. STXBP5 was first identified as a syntaxin-1 binding protein[17] and 

is classified as an R-SNARE protein[12], because of its C-terminal VAMP-like 

domain (VLD) which contains an R-SNARE motif. A role for STXBP5 has been 

investigated in neurotransmitter release and insulin secretion[18-24]. In contrast 

to most R-SNARE proteins and SM proteins, which promote membrane fusion, 

STXBP5 has been shown to inhibit exocytosis[18-21,23,25,26]. Cumulative evidence 

suggests that this inhibitory role for STXBP5 is mediated by its capacity to 

bind through its VLD to syntaxins thereby preventing recruitment of VAMPs 
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into the SNARE complex[19,27,28]. This raises the possibility that STXBP5 controls 

VWF plasma levels by regulation of VWF secretion. In this study we tested 

the involvement of STXBP5 in WPB exocytosis from endothelial cells. The 

present study shows that depletion of STXBP5 in endothelial cells results in 

an increase in secretagogues-induced VWF secretion. In addition, we provide 

evidence that the VLD acts as an inhibitory moiety in the regulation of WPB 

exocytosis. In contrast to the current view, we demonstrate that in endothelial 

cells STXBP5 and the STXBP5-VLD interact with syntaxin-3 and syntaxin-4. 

These results suggest that STXBP5 decreases the probability of release of 

WPBs and thereby controls VWF levels in the circulation. 

Materials and methods
Materials
Monoclonal anti-GFP (JL-8) from Clontech (Mountain View, CA, USA) was 

used to visualize GFP on immunoblot. Mouse anti-α-tubulin (DM1A), control 

sheep IgG, histamine, forskolin, 3-isobutyl-1-methylxanthine (IBMX) and 

N-ethylmaleimide (NEM) were purchased from Sigma Aldrich (Steinheim, 

Germany). Sheep anti-GFP was from AbD Serotec (Kidlington, UK). Monoclonal 

anti-syntaxin-4 (49/Syntaxin 4) was from BD Biosciences (Breda, The 

Netherlands). Rabbit anti-syntaxin-3 was from Synaptic Systems (Goettingen, 

Germany). VWF was visualized using CLB-RAg20 as described previously[29]. 

DAPI, Alexa-568 and Alexa-633-conjugated secondary antibodies and Protein 

G Dynabeads were purchased from Invitrogen (Breda, The Netherlands). 

IR dye-coupled donkey secondary antibodies were from LI-COR Biosciences 

(Cambridge, UK). Halt Protease/phosphatase Inhibitor cocktail and 

bis[sulfosuccinimidyl] suberate (BS3) were purchased from Thermo Scientific 

Pierce (Rockford, IL, USA). Paraformaldehyde was from Electron Microscope 

Sciences (Harfield, PA, USA). All chemicals used were of analytical grade. 

Cell culture and secretion assay
Primary human umbilical vein endothelial cells (HUVECs) were obtained 

from Promocell (Heidelberg, Germany) and were grown in EGM-18 medium 

which consists of EGM-2 medium (Lonza, Basel, Switzerland) supplemented 

with fetal calf serum (FCS) (Bodinco, Alkmaar, The Netherlands) to a final 

concentration of 18% FCS. Cells were stimulated with serum free (SF) medium 

or SF medium containing 100 µM histamine or 10 µM forskolin supplemented 

with 100 µM IBMX (SF; 50% M199, 50% RPMI1640, 300 mg/l L-glutamine, 

100 U/ml penicillin and 100 μg/ml streptomycin, all obtained from Invitrogen). 
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VWF secretion was assayed by ELISA as described previously[30]. For total 

intracellular VWF measurements, cells were lysed in SF medium containing 

1% Triton X-100; samples were assayed for VWF content by ELISA. HEK293T 

cells were purchased from ATCC (Wessel, Germany) and grown in DMEM 

supplemented with 10% FCS, penicillin and streptomycin.

 

siRNA mediated knockdown of STXBP5
Downregulation of STXBP5 was performed essentially as described 

previously[31]. Pools of 4 siRNA oligo duplexes (ON-TARGETplus SMARTpool, 

Dharmacon, Lafayette, USA) were used to deplete HUVECs of STXBP5 (L-

017286). A pool of 4 non-targeting siRNAs (ON-TARGETplus Non-targeting 

pool, #D001810) was used as a control. 

Quantitative PCR analysis of RNAi knockdown
Total RNA was isolated using the RNeasy mini kit (Qiagen). 500 ng total RNA 

was used to synthesize cDNA using the Quantitect Reverse Transcription 

kit (Qiagen). qPCR primers for detection of human STXBP5 (fwd: 

GATACCACAGGCTGCTTAATACC; rev: ATTTCTCCTTTTCGTCTTTTTCTTCA) and 

18S (part of PerfectProbe geNorm 12 gene kit; Primerdesign, Southampton, 

United Kingdom)  were designed and synthesized by Primerdesign. Amplification 

was detected using PerfectProbe (Primerdesign) according to manufacturer’s 

instructions and analyzed on a StepOnePlus (Thermo Scientific) using 95ºC 

for 10 minutes, then 50 cycles of 15 seconds at 95ºC, 15 seconds at 60ºC, 

and 20 seconds at 72ºC. STXBP5 knockdown efficiency was calculated using 

the ΔΔCT method[32]. 

DNA constructs
For construction of mEGFP tagged to the N-terminus of human 

STXBP5 the STXBP5 coding sequence was amplified with RBNL017 

(5’-GGGCGCGCCTGGTGGGGCCATGAGGAAATTCAACATCAGGAAGG-3’) and 

RBNL018 (5’-GCGGCCGCCTGCTCGTCCATCAGAACTGGTACCACTTCTTATC-3’)

using a human STXBP5 cDNA clone (clone ID 8322460, Thermo 

Scientific) as template. For construction of mEGFP-STXBP5-VLD the VLD 

(residue 1031-1115) was amplified using RBNL171 (5’-GGGCGCGCCTG 

GTGGGGCCATGGAATCGTCCTCAGGAAAGGCTTCAAG-3’) and RBNL172 (5’-

GCGG CCGCCTGCTCGTCCATCAGAACTGGTACCACTTCTTATC-3’). The PCR 

products were cloned in frame behind mEGFP in the mEGFP-LIC vector 

by ligation independent cloning essentially as described [31]. In order 
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to construct a lentiviral vector compatible with the mEGFP-LIC format, 

RBNL067 (5’-TCGACCTGCAGGACCTAGGAGGATCCAGC-3’) and RBNL068 

(5’-GGCCGCTGGATCCTCCTAGGTCCTGCAGG-3’) were annealed, resulting in 

an artificial DNA fragment containing SbfI, AvrII and BamHI sites. The linker 

was inserted between the XhoI and NotI sites of LVX-mCherry-N1 (Clontech, 

Mountain View, CA), resulting in intermediate vector LVX-mCherry-AvrII. The 

mEGFP-LIC cassette was cut from mEGFP-LIC using SbfI and XbaI and was 

transferred to LVX-mCherry-AvrII between the SbfI and XbaI sites, yielding 

LVX-mEGFP-LIC. LVX-mEGFP-STXBP5 and LVX-mEGFP-STXBP5-VLD were 

constructed by insertion of 3377 bp or 290 bp AscI-NotI fragments from 

mEGFP-STXBP5 or mEGFP-STXBP5-VLD respectively between the AscI and 

NotI site of LVX-mEGFP-LIC. All constructs were verified by sequence analysis.

Lentiviral expression
Lentiviral mEGFP, mEGFP-STXBP5 and mEGFP-STXBP5-VLD were produced 

in HEK293T cells grown on a collagen-matrix. LVX-mEGFP-LIC, LVX-mEGFP-

STXBP5 and LVX-mEGFP-STXBP5-VLD were transfected together with VSV-G, 

REV and MDL helper plasmids[33] using TransIT-LT1 transfection reagent (Mirus 

Bio, Ochten, The Netherlands) according to manufacturer’s recommendation.  

After overnight incubation medium was exchanged for fresh EGM-2 medium 

(Lonza) supplemented with 18% FCS. Endothelial cells were transduced by 2 

subsequent overnight incubations with 0.45 μm filtered culture supernatants 

of virus producing HEK293T cells. 

Immunoprecipitation and immunoblotting
HUVECs were rinsed twice in PBS and incubated with 4 mM N-ethylmaleimide 

(NEM) for 10 min on ice. Subsequently, cells were washed with PBS and 

incubated with 1 mM DTT on ice for 10 min. Cells were washed three times 

with PBS and were lysed in NP40 lysis buffer containing 1% NP40, 10% 

glycerol, 137 mM NaCl, 25 mM HEPES, 2mM EDTA, pH 7.4 containing protease/

phosphatase inhibitors. Total cell lysates were centrifuged for 10 minutes at 

4°C at 20,000g. Fifty ml magnetic Protein G Dynabeads were coupled with 

10 mg sheep anti-GFP antibody or control sheep IgG and were subsequently 

crosslinked using BS3 according to manufacturer’s instructions. Supernatants 

were incubated with antibody-coupled beads for 2 hours at 4°C and were 

washed 4 times with 1% NP40 lysis buffer. Proteins were eluted using SDS 

sample buffer following incubation at 95°C for 5 min. Proteins were separated 

on pre-cast 4-12% NuPAGE gels (Invitrogen, Breda, The Netherlands) and 

transferred to 0.2 μm nitrocellulose membrane. Subsequently, membranes 
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were probed with primary antibodies, followed by the appropriate IR dye-

coupled donkey secondary antibodies. Membranes were scanned with the LI-

COR Odyssey Infrared Imaging system (LI-COR Biosciences). 

Fluorescence microscopy
Cells were grown on coverslips and were fixed with 4% PFA. Subsequently, 

cells were blocked with 1% bovine serum albumin (BSA) (Albumin Fraktion V, 

Merk Darmstad, Germany) in the presence of 0.2% saponin (Sigma-Aldich). 

Immunostaining was performed with indicated antibodies and embedded in 

Fluorsave mounting medium (Calbiochem, Nottingham, United Kingdom). 

Images were acquired by point scanning confocal microscopy using a Zeiss 

LSM 510 (Carl Zeiss, Jena, Germany).

Statistic analysis
Data were plotted in GraphPad Prism 6.02 (Graphpad, La Jolla, CA). Statistical 

analysis was performed by paired t-test or one-way ANOVA and Bonferroni 

post-test analysis using GraphPad Prism 6.02. Significance values are shown 

on the Figures or in Figure legends. Data are shown as mean ± SEM.   

                                                                                                                                                                                                                        
Results
Depletion of STXBP5 potentiates secretagogues-evoked VWF 
secretion 
To address a possible role for STXBP5 in WPB exocytosis, we investigated 

the effect of STXBP5 silencing on Ca2+- and cAMP-mediated VWF secretion 

from HUVECs. For this purpose, we depleted STXBP5 using siRNA mediated 

knockdown. Analysis of mRNA expression by qPCR in cells treated with siRNA 

oligos specific for STXBP5 revealed a downregulation of 60% when compared 

to that observed in control siRNA treated endothelial cells (Figure 1A). Down 

regulation of STXBP5 expression did not affect total levels of intracellular 

VWF (Figure 1B). We subsequently analyzed the effect of STXBP5 silencing on 

histamine and forskolin induced VWF release. We exposed STXBP5 knockdown 

cells and control cells to serum free medium or serum free medium containing 

either histamine or a combination of forskolin and IBMX for 30 minutes. 

STXBP5 depletion was found to promote histamine-induced release of VWF 

(Figure 1C). Similarly, forskolin-induced VWF secretion was also increased 

in STXBP5 depleted cells when compared to cells treated with control siRNA 

(Figure 1D). These results suggest that STXBP5 negatively regulates stimulus 

induced WPB exocytosis.
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The inhibitory function of STXBP5 is mediated by its VAMP-like 
domain
Previously, it has been reported that overexpression of STXBP5 reduces 

secretory vesicle release[17,18,23,27]. However, despite the reported inhibitory 

role for STXBP5 in secretion in various cells types, contradicting results 

demonstrated a positive role for STXBP5 in pancreatic β-cells[24]. In order 

to investigate the effect of overexpression of STXBP5 on WPB exocytosis 

we exogenously expressed mEGFP and STXBP5 fused to mEGFP in HUVECs 

via lentiviral transduction. Immunocytochemistry revealed that mEGFP and 

mEGFP-STXBP5 displayed a diffuse cytosolic localization, similar as reported 

in chromaffin cells and HEK293 cells[18,28] (Figure 2A-B). Overexpression 

of STXBP5 did not affect WPB morphology nor did it lead to altered WPB 
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Figure 1: Increased hormone-evoked VWF secretion after STXBP5 depletion.

A) HUVECs were nucleofected with siRNA oligos against STXBP5 (siSTXBP5) or non-targeting 

control oligos (siCTRL). Knockdown efficiency was assessed 72 hours post-nucleofection by 

qPCR. STXBP5 mRNA expression was normalized against expression of the reference gene 

18S. B) Endothelial cells were lysed in SF medium containing 1 % Triton-X100. Intracellular 

VWF levels were assayed by ELISA.  C) Endothelial cells were incubated with SF medium 

(basal) or SF medium supplemented with 100 mM histamine (HIS) for 30 minutes. VWF 

secretion was assayed by ELISA (n=4) ** P<0.01. D) Endothelial cells were incubated with 

SF medium (basal) or SF medium supplemented with 10 mM forskolin and 100 mM IBMX 

(FSK) for 30 minutes. VWF secretion  was assayed by ELISA (n=3). *** P<0.005
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distribution when compared to HUVECs overexpressing mEGFP. These results 

are in agreement with studies performed in bovine chromaffin cells, where no 

morphological difference in docked vesicles were observed between control 

cells or cells overexpressing STXBP5[34].

We subsequently investigated the effect of STXBP5 overexpression on agonist-

induced WPB exocytosis. Overexpression of mEGFP-STXBP5 did not affect VWF 

secretion when compared to HUVECs expression mEGFP (data not shown). It 

should be noted that the expression level of mEGFP-STXBP5 appears to be 

low when compared to the expression level of mEGFP (Figure 2C). Therefore 

we cannot exclude that the lack of effect of STXBP5 expression on agonist-

induced VWF release is caused by the limited amounts of STXBP5 present in 

transduced endothelial cells. The low expression level of full-length STXBP5 

might be due to the large size of mEGFP-STXBP5 (approximately 155kD 

fusion protein), which could preclude sufficient expression to inhibit secretion. 

STXBP5 is a 130 kDa protein which consists of three distinct domains: 1) an 

N-terminal region that contains series of WD40 repeats, 2) a hypervariable 

linker domain (HVD) and 3) a C-terminal coiled-coil VAMP-like-domain (VLD) 

containing an R-SNARE motif[35] (Figure 3A). Several reports have suggested 
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Figure 2: mEGFP-STXBP5 expression in endothelial cells. 

A-B) HUVECs were transduced with lentiviral mEGFP (A) or mEGFP-STXBP5 (B) and were 

fixed with 4% PFA. WPBs were visualized by immunostaining for VWF (red) using RAg20 and 

goat anti-mouse Alexa568. Bar represents 10 μm. C) mEGFP and mEGFP-STXBP5 expression 

levels were assayed by immunoblotting. Cell lysates were separated by SDS-page and were 

probed with mouse anti-GFP followed by incubation with IRdye-labeled donkey anti-mouse 

IgG. Subsequently, the blot was stripped and was reprobed with mouse anti-α-tubulin 

followed by incubation with IRdye-labeled donkey anti-mouse IgG. 
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Figure 3: STXBP5-VLD inhibits hormone-evoked VWF secretion. 

Schematic representation of mEGFP-STXBP5 and mEGFP-STXBP5-VLD. WD40 domain: 

domain containing 7 WD40 repeats (according to http://smart.embl-heidelberg.de/smart/

job_status.pl?jobid=206122102522342013 92652556YmMUBFrrsI). HVD: a hypervariable 

domain. VLD: VAMP-like domain. B) HUVECs were transduced with lentiviral contructs mEGFP 

or mEGFP-STXBP5-VLD. mEGFP and mEGFP-STXBP5-VLD expression levels were assayed by 

immunoblotting. Cell lysates were separated by SDS-page and were probed with mouse-anti-

GFP followed by incubation with IRdye-labeled donkey anti-mouse IgG. Subsequently, the 

blot was stripped for reprobing with mouse-anti-tubulin followed by incubation with IRdye-

labeled donkey anti-mouse IgG. C) Endothelial cells expressing mEGFP of mEGFP-STXBP5-

VLD were lysed in SF medium containing 1% Triton-X100. Subsequently, intracellular VWF 

levels were assayed by ELISA.  D) Endothelial cells expressing mEGFP or mEGFP-STXBP5-VLD 

were fixed with PFA. WPBs were visualized by immunostaining for VWF (red) using RAg20 and 

goat anti-mouse Alexa568. Bar represents 10 μm.  C). Endothelial cells were exposed to SF 

medium (basal) or SF medium containing histamine (HIS) of SF medium containing forskolin 

and IBMX (FSK) for 30 minutes. VWF secretion was assayed by ELISA (n=3) ** P<0.01
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that the inhibitory role for STXBP5 is mediated by its capacity to inhibit SNARE 

complex formation through binding of its VLD to syntaxins[19-21,27,28]. In order 

to get a better insight into the mechanism of the inhibitory effect of STXBP5 

we constructed a truncated variant containing only the VAMP-like domain of 

STXBP5 fused to mEGFP (Figure 3A).  The expression of mEGFP and mEGFP-

STXBP5-VLD was verified by immunoblot analysis (Figure 3B). Expression 

of mEGFP-STXBP5-VLD did not affect intracellular VWF levels (Figure 3C). 

Similar to mEGFP-STXBP5, mEGFP-STXBP5-VLD was primarily localized to 

the cytoplasm; also WPB morphology and WPB distribution were not affected 

in mEGFP-STXBP5-VLD expressing cells (Figure 3D). To investigate whether 

overexpression of the VLD of STXBP5 affected WPB exocytosis, we examined 

histamine and forskolin-evoked VWF secretion in cells expressing mEGFP 

or mEGPF-STXBP5-VLD. Cells overexpression mEGFP-STXBP5-VLD showed 

a significant decrease in histamine-evoked VWF secretion (Figure 3E). In 

addition, forskolin-evoked VWF secretion was decreased albeit not statistically 

significantly in mEGFP-STXBP5-VLD expressing endothelial cells (Figure 3E).  

Interaction of STXBP5 and STXBP5-VLD with syntaxin-3 and 

syntaxin-4 

Previously, it has been shown that STXBP5 is a syntaxin-1 binding protein[17]. 

In addition, binding of STXBP5 to syntaxin-4 has been demonstrated in 

adipocytes[22]. We explored which syntaxins are able to interact with STXBP5 

in endothelial cells. In order to address this question, we performed co-

immunoprecipiation studies with HUVECs overexpressing mEGFP-STXBP5 

and investigated the interaction with endogenously expressed syntaxins. Both 

syntaxin-3 and syntaxin-4 were found to co-immunoprecipitate with mEGFP-

STXBP5 (Figure 4A). We found that syntaxin-3 and syntaxin-4 were also 

precipitated by the VLD (Figure 4B). These results identify syntaxin-3 and 

syntaxin-4 as binding partners for STXBP5 in endothelial cells. 
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Discussion
In the present study we showed using siRNA mediated knockdown of STXBP5 

that this syntaxin-binding protein has a net negative contribution towards 

secretagogue induced WPB exocytosis. Furthermore, our data suggest that 

the VAMP-like domain of STXBP5 mediates its inhibitory effect by preventing 

syntaxin-3 and syntaxin-4 mediated membrane fusion steps. Our findings 

on the partial inhibition of the VAMP-like domain of STXBP5 are consistent 

with previous findings that have documented the intrinsic ability of the 

VAMP-like domain of STXBP5 to inhibit SNARE complex formation [20,21,25]. We 

did not observe an inhibitory effect on stimulus-induced WPB release upon 

overexpression of full length STXBP5. A likely explanation for this finding is 

that the expression of full-length STXBP5 is too low to allow for inhibition of 

WPB exocytosis. Although a considerable body of evidence suggests that the 

inhibitory role for STXBP5 is mediated by the capacity of its VLD to prevent 

binding of the VAMP component of the SNARE complex to syntaxin[19,27,28], we 

cannot exclude the possibility that the WD40 domain or the hypervariable 

domain also contribute to the function of STXBP5. Indeed, the hypervariable 

domain has been shown to also play a crucial role in the inhibitory activity 

of STXBP5[36]. Furthermore, WD40 repeats have been reported to serve as 

binding sites for other proteins[37] e.g. it has been reported that STXBP5 

through its amino-terminal WD40 repeats can bind to the low affinity Ca2+ 

sensor synaptogtagmin-1[38]. Synaptotagmin promotes the final membrane 

fusion step in Ca2+ dependent synaptic vesicle release through its ability to 
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Figure 4: Interaction of STXBP5 with SNARE proteins.

HUVECs were transduced with lentiviral mEGFP or mEGFP-STXBP5 (A) or mEGFP-STXBP5-

VLD (B). After incubation with NEM and DTT cells were lysed in NP40 containing lysis buffer. 

Cell lysates were incubated with Protein G Dynabeads covalently coupled to sheep anti-GFP 

(GFP) or naïve sheep IgG (IgG). Lysates (in) and (co)-immunoprecipitates were separated by 

SDS-page and probed with mouse anti-GFP, mouse anti-syntaxin-4 or rabbit anti-syntaxin-3 

antibodies followed by incubation with IRdye labeled donkey anti-mouse or anti-rabbit IgG.
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induce membrane bending by its two lipid-binding C2 domains[38].

In addition, STXBP5 fragments encompassing amino acid sequence 1-642 

which encode the 7 amino-terminal WD40 repeats can bind syntaxin-1 and 

induce SNARE complex oligomerization[21]. STXBP5 induced SNARE complex 

oligomerization has been suggested to inhibit neurotransmitter release[21]. 

Interestingly, a synonymous SNP in the STXBP5 gene (rs9390459) has been 

linked with decreased VWF levels in a large meta-analysis of 5 prospective, 

population based cohorts (the CHARGE consortium)[13,14]. The rs9390459 SNP 

is in strong linkage disequilibrium with the non-synonymous SNP rs1039084 

that corresponds to an Asn to Ser substitution at amino acid position 436 in 

the 6th WD40 repeat of STXBP5 (Figure 5A); rs1039084 has also been linked 

to decreased VWF levels[14,15]. So far it has not been established how variation 

in the STXBP5 gene affects VWF levels. The non-synonymous SNP rs1039084 

may affect the function of STXBP5; alternatively SNPs may exert their effect 

by modulation of STXBP5 expression. The results reported in this study 

strongly suggest that modulation of STXBP5 levels and or activity affects 

WPB exocytosis. As such, our study provides a rationale for the observed 

association between genetic variation in STXBP5 and circulating VWF levels. 

Baba and colleagues reported that STXBP5 is phosphorylated by cAMP-

dependent protein kinase (PKA) at Ser724 in its hypervariable domain[39]. 

Their findings suggest that PKA mediated phosphorylation of STXBP5 reduces 

the affinity of STXBP5 for syntaxin-1 thereby relieving the STXBP5-mediated 

inhibition of SNARE complex formation required for synaptic vesicle release[39]. 

We and others have previously shown that cAMP mediated WPB exocytosis 

is dependent on PKA[40,41]. Whether PKA also phosphorylates STXBP5 under 

these conditions remains to be established.

STXBP5 has been shown to bind to syntaxin-1[17]. In addition, it has been 

shown that STXBP5 interacts with syntaxin-4 in adipocytes[22]. In this study 

we show that the VLD of STXBP5 can associate with syntaxin-4 in endothelial 

cells. Syntaxin-4 has been shown to localize on the plasma membrane 

of endothelial cells[9,10] and has been implicated in WPB exocytosis [9]. We 

hypothesize that the VLD of STXBP5 binds to syntaxin-4, thereby preventing 

SNARE complex formation between syntaxin-4 on the plasma membrane and 

a VAMP on the WPB. VAMP3 has been shown to be associated with syntaxin-4 

in endothelial cells[10]. Based on our data we propose that STXBP5 inhibits 

complex formation between syntaxin-4 and VAMP3 (Figure 5B). In addition 

to syntaxin-4 we also observed an interaction of the VLD of STXBP5 with 

syntaxin-3. Previously, we reported that syntaxin-3 localizes to WPBs and 



Chapter 5

122

we demonstrated a role for syntaxin-3 in basal VWF secretion (Chapter 4). 

Binding of STXBP5 to syntaxin-3 has not been observed previously. Further 

studies are needed to assess whether the observed binding of STXBP5 and 

syntaxin-3 contributes to the regulation of VWF secretion. Taken together, 

the results obtained in this study suggest that STXBP5 acts as a negative 

regulator of VWF secretion through its ability to interact with syntaxin-3 and 

syntaxin-4. 

Ca2 /cAMP 

A

B

STX4

VAMP3

STXBP5

STXBP5

WD40 domain 

HVD
VLD

WD40 repeat 

rs1039084 
    N436S

+

WPB

VLD

VLDHVD

?

Figure 5: Hypothetical model of regulation of the inhibitory activity of STXBP5 on 

WPB exocytosis. 

A) Schematic representation of STXBP5 domain structure indicating the position of the 

asparagine to serine substitution at position 436 caused by the non-synonymous SNP 

rs1039084. B) The VLD of STXBP5 interacts with syntaxin-4 (STX4) on the plasma membrane 

thereby precluding syntaxin-4 from participating in SNARE complex formation. An as yet 

unknown trigger, possibly a phosphorylation event on STXBP5 (or the syntaxin) by a rise 

in intracellular cAMP or Ca2+, leads to disassembly of the interaction between syntaxin-4 

and STXBP5 and enables the interaction of syntaxin-4 and its cognate VAMP on the WPB, 

possibly VAMP3, allowing for fusion of Weibel-Palade bodies with the plasma membrane.
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