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Introduction n 

INTRODUCTIO N N 

Endotheliall  cells constitute a highly regulated barrier between tissue and blood, which can 
respondd rapidly to changes in their microenvironment (Cines et at., 1998). Triggering of 
endotheliumm by inflammatory reagents results in altered expression of surface molecules 
allowingg for modulation of their adhesive properties. In addition, endothelial cells contribute 
too a considerable extent to processes like vasodilatation and vasoconstriction. A further 
illustrationn of the active role of endothelium in maintaining vascular homeostasis is provided 
byy the presence of intracellular storage pools for a number of bioactive components. Upon 
activationn with an appropriate agonist the contents of these intracellular storage pools is 
releasedd into the circulation. In 1964, a novel subcellular organelle was described that was 
exclusivelyy present in endothelial cells {Weibel and Palade, 1964). Subsequent investigations 
revealedd that the contents of these organelles, nowadays known as Weibel-Palade bodies, is 
secretedd upon stimulation of endothelial cells with agonists such as thrombin. Several proteins 
havee been localized to these subcellular organelles, which include von Willebrand factor 
(vWF)) and P-selectin. In this thesis, the molecular mechanism of regulated exocytosis of 
Weibel-Paladee bodies is studied. Recently, evidence has been obtained for the involvement of 
memberss of the superfamily of Ras-like small GTP-binding proteins in this process. This 
introductionn summarizes the current knowledge on the biogenesis and exocytosis of Weibel-
Paladee bodies. In the last paragraph, a short introduction is given on small GTP-binding 
proteinss that have been implicated in release of storage granules in cells of non-endothelial 
origin. . 

WEIBEL-PALAD EE BODIES 

Inn 1964, Weibel and Palade described a rod-shaped cytoplasmic structure only present in 
endotheliall  cells which consisted of a bundle of fine tubules, enveloped by a tightly fitted 
membrane.. They were found in endothelial cells of small arteries in various organs in rat and 
men.. These organelles have a length of approximately 3 um and a width of 0.15 urn (Weibel 
andd Palade, 1964; Figure 1A). Vascular endothelial cells from a number of sources, including 
bovinee aorta and human adipose tissue capillaries, do not contain Weibel-Palade bodies 
(Schwartz,, 1978; Kern et al., 1983). Immunolocalization and cell fractionation studies 
revealedd that vWF is a major component of Weibel-Palade bodies (Wagner et al., 1982; 
Reinderss et al., 1984; Ewenstein et al., 1987). VWF is a multimeric protein involved in 
adhesionn of blood platelets to a damaged vessel wall. In plasma, it serves as a carrier protein 
forr factor VII I (Sadler, 1998). In addition to vWF, P-selectin, a transmembrane receptor 
whichh mediates adhesion of neutrophils, and CD63 (also called lysosome-associated 
membranee protein 3, LAMP-3) have been found in Weibel-Palade bodies (McEver et al., 
1989;; Bonfanti et al.. 1989; Vischer and Wagner, 1993). In recent reports, also endothelin has 
beenn localised to these organelles and, after prolonged stimulation of endothelial cells, 
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Chapterr 1 

interleukin-88 is stored in Weibel-Palade bodies as well (Russell et al., 1998; Wolff et al., 

1998;; Utgaard et al., 1998). A number of studies have shown that condensation of multimeric 

vWFF plays a crucial role in the biogenesis of Weibel-Palade bodies (Wagner et al.. 1991: 

Voorbergg et al.. 1993; Hop et al.. 1997). in the next paragraph, intracellular processing steps, 

requiredd for the generation of fully processed, high molecular weight multimers of vWF are 

described. . 
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Figuree 1. Weibel-Palade bodies arc storage organelles for high molecular weight multimers of von Willebrand 

factor. . 

A.. Electron microscopic image of endothelial cell stained with polyclonal antibody directed to von Willebrand 

factor.. Labelling of a rod-shaped Weibel-Palade body is observed. B. Schematic representation of the domain 
organizationn of vWF. The arrow indicates the cleavage site at Arg763 that releases the propeptide from pro-

vWF.. C. Multimeric structure of vWF. Pro-vWF monomers dimerize through cysteine residues located at the 

carboxyy terminus of vWF. Multimers are formed via cysteine residues in Dl. D2. D', and D3 domain 

BiosynthesisBiosynthesis of von Willebrand factor 

Duringg the last decade, significant insight has been obtained in the biosynthesis and 

processingg of vWF (reviewed by Hop and Pannekoek, 1996: Sadler. 1998). VWF is 
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synthesisedd by megakaryocytes and endothelial cells as a precursor polypeptide of 2813 
aminoo acids (pre-pro-vWF). The vWF gene is located on chromosome 12 and consists of 52 
exons.. A pseudogene representing partial duplication of exons 23-34 is located on 
chromosomee 22 (Mancuso et al., 1991). The translation product includes a signal peptide of 
222 amino acids, a propeptide of 741 amino acids and mature subunit of 2050 amino acids. 
VWFF contains repetitive homologous domains D1-D2-D'-D3-A1-A2-A3-D4-B1-B2-B3-C1-
C2,, where D1-D2 comprises the propeptide and D'-D3-A1-A2-A3-D4-B1-B2-B3-C1-C2 the 
maturee subunit (Figure IB). The protein is remarkably rich in cysteines, which comprise 234 
off  the 2813 amino acids of pre-pro-vWF (Verweij et al, 1986; Bonthron et al., 1986). 
Followingg synthesis, the signal peptide is cleaved off upon translocation of the protein into the 
endoplasmicc reticulum (ER). In the ER, disulphide bonding mediated by the cysteine residues 
locatedd in the last 151 amino acids on the carboxy-terminal part results in the formation of 
pro-vWFF dimers (Voorberg et at., 1991; Figure 1C). Interestingly, the last 90 amino acids at 
thee carboxy terminal part constitute a conserved motif that also occurs in a number of growth 
factorss and mucins (McDonald and Hendrickson, 1993; Meitinger et al., 1993). This so-called 
"cysteinee knot motif' contributes to formation of dimers, that are often stabilized by 
disulphidee bonds. The physiological importance of cysteine residues in this region is 
underscoredd by the presence of two point mutations (C2671Y and C2773R) in patients with 
thee severe form of von Willebrand disease (Schneppenheim et al., 1996; Eikenboom et al., 
1998).. Von Willebrand disease is a bleeding disorder, characterized by a quantitative (type 1 
andd 3) or qualitative (type 2) defect in vWF (Sadler et al., 1998). Substitution of Cys2773 for 
ann Arg interferes with dimerization of pro-vWF (Schneppenheim et al., 1996). Reduced levels 
off  vWF in plasma of patients carrying this point mutation are most likely caused by the 
aberrantt biosynthesis of vWF in endothelial cells and megakaryocytes. Correctly assembled 
pro-vWFF dimers are transported to the Golgi apparatus where further processing takes place. 
Multimerizationn of pro-vWF dimers requires cysteine residues in domains Dl, D2, D' and D3 
off  vWF (Voorberg et al., 1990; Mayadas and Wagner, 1992). Mutations in the D3 domain of 
vWFF (C1159R and D879N), observed in type 1 vWD, result in aberrant assembly of 
multimerss (Eikenboom et al., 1996; Jorieux et al., 1998). Proteolytic processing in the trans-
Golgii  network releases the propeptide (D1-D2) from the mature subunit (Wagner, 1990). 
Non-covalentt interactions mediated by the vWF propeptide direct assembly of multimers. The 
presencee of CXXC sequences, similar to that observed in thioredoxin, suggests that the 
propeptidee catalyzes interchain disulfide bonding at the amino-terminus of mature vWF 
(Mayadass et al., 1992). These findings are supported by co-transfection experiments with 
propeptidee (domains D1-D2) and vWFdelpro (lacking domains D1-D2) encoded on separate 
cDNAs.. Under these conditions, formation of multimers proceeds as efficiently as observed 
uponn transfection of full-length vWF cDNA (Wise et al., 1988; Voorberg et al., 1993). These 
resultss suggest that multimer assembly may continue following proteolytic processing of pro-
vWFF in endothelial cells. 

Followingg transport through the Golgi apparatus, vWF partitions between two different 
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pathwayss in endothelial cells. Not fiill y processed, low molecular weight vWF multimers are 
secretedd in a constitutive manner. In contrast, high molecular weight multimers are stored in 
Weibel-Paladee bodies which release their contents upon stimulation of endothelial cells by 
agonistss like thrombin (Wagner, 1990). The requirements for biogenesis of vWF containing 
granuless have been studied extensively by heterologous expression of vWF cDNA variants. 
Densee granules containing vWF are observed following transfection with wild type vWF 
cDNAA in AtT-20 mouse pituitary cells, RJN5F rat insulinoma cells, CV-1 monkey kidney 
cellss and MDCK canine epithelial cells (Wagner et al., 1991; Mayadas and Wagner, 1992; 
Voorbergg et al., 1993; Hop et al., 1997). The amino-acid sequences involved in directing vWF 
too storage compartments are only partially elucidated. Most likely, (non-) covalent 
interactionss occurring at multiple sites on vWF direct the biogenesis of vWF-containing 
granuless (Voorberg et al, 1993). Remarkably, secretion of vWF containing granules is not 
sensitivee to extracellular stimuli in AtT-20, RIN5F and CV-1 cells (Wagner et al., 1991; 
Voorbergg et al., 1993). In contrast, exocytosis of vWF storage organelles can be induced in 
MDCKK cells upon stimulation with an agent that activates the protein kinase C pathway (Hop 
ett al., 1997). This observation suggests that regulated exocytosis of vWF granules requires 
integrationn of exocytotic machinery with appropriate signalling pathways. 

ExocytosisExocytosis of Weibel-Palade bodies in endothelial cells 
Inn endothelial cells, the contents of Weibel-Palade bodies is released upon stimulation of the 
cellss with various agents such as thrombin, epinephrine, reactive oxygen intermediates, 
adenosinee nucleotides, peptido-leukotrienes, cytokines and under conditions of hypoxia 
(Levinee et al., 1982; Vischer et al., 1995, 1997; Palmer et al., 1994; Datta et al., 1995; 
Paleologg et al., 1990; Pinsky et al., 1996). In plasma, the level of vWF can be increased by 
infusionn of the vasopressin analog l-desamino-8-D-arginine vasopressin (DDAVP) 
(Mannuccii  et al., 1977; Borchiellini et al., 1996). The action of DDAVP in vivo seems to be 
indirectt since cultured endothelial cells do not respond to DDAVP (Booth el al., 1987). 
Monocytess treated with DDAVP secrete platelet-activating factor that mediates vWF release 
fromm endothelial cells (Hashemi et al., 1993). 
Exocytosiss of Weibel-Palade bodies induced by thrombin is coupled to phospholipid 
methylationn and can be blocked by 3-deazaadenosine, a methyl transferase inhibitor (de Groot 
ett al., 1984). Evidence for the involvement of calcium in the regulated exocytosis of vWF has 
beenn provided by the observation that BAPTAM. a calcium chelator, in combination with the 
extracellularr calcium chelator EGTA, inhibits thrombin-induced secretion {Van den Eijnden-
Schrauwenn et al., 1997). In permeabilizcd cells, thrombin-induced exocytosis of Weibel-
Paladee bodies can be blocked by a caimodulin-binding inhibitory peptide suggesting that this 
processs is mediated by calcium/calmodutin (Birch et al., 1992). Activation of protein kinase C 
iss not necessary for thrombin-induced release of vWF while staurosporin, an inhibitor of 
PKC,, did not affect exocytosis of Weibel-Palade bodies (Birch et al., 1992). 

Limitedd information is available concerning the cellular components that are involved in 
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exocytosiss of Weibel-Palade bodies. In many cell types, regulated secretion is mediated by 
smalll  GTP-binding proteins of the Ras superfamily. Therefore, it seems likely that also in 
endotheliall  cells small GTP-binding proteins are involved in release of vWF through the 
regulatedd pathway. Initially, no evidence could be obtained for the involvement of GTP-
bindingg proteins in the exocytosis of Weibel-Palade bodies using electropermeabilized 
endotheliall  cells (Frearson et al., 1995). Only recently, a role for GTP-binding proteins has 
beenn suggested in this process (Van den Eijnden-Schrauwen, 1997; Fayos and Wattenberg, 
1997).. For instance, thrombin-induced release of vWF could be blocked by GDP(3S, an 
inhibitorr of GTP-binding proteins. To distinguish between heterotrimeric G proteins and 
smalll  GTP-binding proteins, human umbilical vein endothelial cells (intact or saponin-
permeabilized)) were incubated with aluminium fluoride, an activator of heterotrimeric G 
proteins.. A stimulatory effect was observed on vWF secretion suggesting that at least 
heterotrimericc G proteins are involved in this process (Van den Eijnden-Schrauwen, 1997). 
Anotherr study using digitonin- permeabilized cells suggested the involvement of a small 
GTP-bindingg protein of the Ras superfamily while incubation of the cells with aluminium 
fluoridee did not affect secretion of vWF (Fayos and Wattenberg, 1997). Taken together, these 
studiess do not provide evidence that this process is indeed mediated by small GTP-binding 
proteins.. However, in view of their pivotal role in vesicular transport and intracellular 
signallingg we postulated that small GTP-binding proteins serve an essential role in regulated 
exocytosiss of Weibel-Palade bodies in endothelial cells. 

SMALLL  GTP-BINDIN G PROTEINS OF THE RAS SUPERFAMIL Y INVOLVE D IN 
REGULATE DD EXOCYTOSIS 

Smalll  GTP-binding proteins function as a molecular switch alternating between an active 
'GTP'-- and inactive 'GDP'- bound conformation. The superfamily of Ras-like GTPases 
consistss of more than 50 proteins that can be divided in five subfamilies: Ras, Rho, Rab, Ran 
andd Arf. Ras proteins are involved in intracellular signalling pathways that determine growth 
andd differentiation of cells (Scheffzek et al., 1998). Single point mutations in Ras result in 
oncogenicc transformation and have been detected in a variety of human tumours (Bos, 1989). 
Memberss of the Rho subfamily play a role in organization of the cytoskeleton (Nobes and 
Hall,, 1995; Allen et al., 1997). In endothelial cells, Cdc42 and Rho have been shown to 
regulatee cytoskeleton reorganization in response lo shear stress (Li et al., 1999). Ran functions 
inn transport through the nuclear pore complex (Moore, 1998). The Rab and Arf subfamilies 
playy an essential role in budding and fusion of vesicles that move between different cellular 
compartmentss (Novick and Zerial, 1997; Chavrier and Goud, 1999). So far, a number of small 
GTP-bindingg proteins of the Rab-family have been identified in endothelial cells. An isoform 
off  Rab5 has been cloned from an endothelial cell cDNA library (Wilson and Wilson, 1992). 
Inn addition, the presence of Rabl, Rab3b, Rab4, Rab6 and Rab8 in endothelial cells was 
establishedd by immunoblotting (Kamiguian et al., 1993). 
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TABL EE 1: Small GTP-binding proteins involved in regulated exocytosis 

ProteinProtein Cell type 
Rab3AA Synaptic vesicles 

Rab3aa Neuroendocrine cells 
Rab3aa Adrenal chromaffin cells 
Rab3aa Insulin secreting cells 

Rab3aa RBL cells 
Rab3a/bb Epithelial cells 
Rab3bb Pituitary cells 

Rab3cc Synaptic vesicles 
Rab3dd Pituitary cells 
Rab3dd Mast cells 
Rab3dd Pancreas acini 

Rab44 Pancreatic acini 
Arf-lik ee PC 12 cells 
Arf66 Chromaffin cells 
Rhoo Pancreatic beta cells 
Rac/Rhoo Mast cells and PC 12 cells 

Rall  Dense granules in platelets 

References References 
Geppertt et al., 1998; Lledo et al., 1994 
Oishii  et a!., 1998; Fischer von Mollard 
etal.,, 1991; Matteoli etal., 1991 
Johanness et a!., 1994 
Holzetal.,, 1994, Lin et al., 1996 
Regazzii  et al., 1996; Johannes et al., 
1998;; Olszewski et al., 1994 
Smithh etal., 1997 
Weberr etal.. 1996 
Tasakaa et al., 1998, Perez et al.. 1994 
Lledoo etal., 1993 
Fischerr von Mollard et al., 1994 
Baldinii  et al., 1998 
Tuvimetal.,, 1999; Roa et al., 1997 
Valentijnn et al., 1996, Ohnishi et al., 
1997 7 
Ohnishii  etal., 1999 
Icard-Liepkalnss et al., 1997 
Caumontetal.,, 1998; Galas et al., 1997 
Kowluruu et al., 1997 
Pricee etal., 1995; Mariot et al., 1996 
Brownn et al., 1998; Komuro et al., 1996 
Markk etal., 1996 

Synapticc vesicles in nerve terminalsBielinski et al., 1993 

AA subset of small GTP-binding proteins has been implicated in regulated exocytosis (Table 
1).. Despite considerable effort, the precise function of small GTP-binding proteins in these 
processess has only been defined in a few cases. The role of Rab3A in regulated exocytosis of 
synapticc vesicles at the nerve terminal has been extensively studied (Siidhof, 1995; Bean and 
Scheller,, 1997, Gonzalez and Scheller, 1999). Under quiescent conditions, Rab3A in its GDP-
boundd form is attached to guanine dissociation inhibitor (GDI) (Figure 2). Following 
displacementt of Rab3A from its GDI by the action GDI displacement factor (GDF), Rab3A is 
translocatedd to the synaptic vesicle. This translocation occurs during or after formation of the 
vesicle.. Association of Rab3A with the synaptic vesicle is stabilized by guanine nucleotide 
exchangee factors (GEFs) which exchange GDP for GTP. Similar to other small GTPases. 
Rab3A,, in its GTP-bound conformation, interacts with a distinct set of effector molecules. In 
thee last few years many effector proteins have been identified for different Rab proteins. 
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Effectorr proleins specific for Rab3 are RIM and Rabphilin-3A (Wang et al., 1997; Shirataki et 

al.,, 1993). Both RIM and Rabphilin-3A contain Ca:~-binding C2 domains suggesting their 

involvementt in CaJ'-dependent process of synaptic vesicle docking and fusion. Recently, the 

crystall  structure of the Rab-binding domain of Rabphilin-3A with Rab3A was elucidated, 

providingg more insight on the specificity of interactions between effector proteins and their 

Rabb proteins (Ostermeier and Briingcr. 1999). In addition. Rab3 interacts with calmodulin in a 

Ca -̂- dependent manner (Park et al.. 1997; Coppola et al., 1999). Rab proteins are not solely 

responsiblee for targetting of vesicles to the appropriate membrane. The identification of 

SNAREE proteins on both vesicle- and target-membrane let to the hypothesis that these 

proteinss direct vesicle targeting and docking. A possible link between Rab3 and SNARE 

proteinss was suggested but the presence of Rab3 in SNARE complexes could not be 

establishedd yet (Johannes et al.. 1996). Also a number of other proteins that are involved in 

dockingg of vesicles have been identified. These findings suggest that a complex series of 

Kijjur ee 2. Model for cycling of Rab3A in regulated exocytosis. 

Rabb in us GDP-bound form (oval marked with 'GDP') is solubilized in the cytosol associated with guanine 

nucleotidee dissociation inhibitor (GDI). Upon action of GDI displacement factor (GDF). Rab dissociates from 
GDII  and translocates to vesicle. GDP is exchanged for GTP mediated by guanine nucleotide exchange factor 

(GEF)) which stabilizes the binding of Rab in its GTP-bound form (diamond marked with 'GTP') to the vesicle. 
Vesiclee is recruited to the target membrane most likely mediated by interaction of Rab,ll H with a number of 

effectorr molecules. GTP is hydrolyzed to GDP and inorganic phosphate catalyzed by a GTPase activating 

proteinn (GAP) and fusion of vesicle and target membranes occur. The cycle is completed by recruitment ot 
Rab,,Di'' from the membrane by GDI (Adapted from Bean and Scheller. 1997). For reasons of clarity. SNARE 

complexess and potential link of effector molecules lo the cvioskeleton are not included. 
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interactionss between proteins results in vesicle docking. The role of Rab proteins in this 
processs is still not clear (Chavrier and Goud, 1999). The Rab protein in its GTP-bound 
conformationn can recruit other proteins to the docking site or could regulate the formation of 
SNAREE complexes. GTP hydrolysis mediated by a GTPase activating protein (GAP) occurs 
simultaneouslyy or immediately after fusion of the vesicle with the plasma membrane. 
Recently,, a GTPase-activating protein specific for Rab3 has been identified (Nagano et al., 
1998).. Subsequently, Rab3A in its GDP-bound form is retrieved from the plasma membrane 
byy GDI and a new cycle can be initiated. 
Nextt to Rab3A, several other small GTPases have been implicated in regulated exocytosis. A 
rolee for Rab3b in Ca"+-dependent exocytosis in pituitary cells has been proposed based on 
studiess with antisense oligonucleotides (Lledo et at., 1993). In addition, studies employing 
expressionn of constitutively active (GTP-bound) and inactive (GDP-bound) Rab3b variants 
havee provided evidence for functional involvement of this small GTPase in regulated 
exocytosiss in neuroendocrine PC12 cells (Weber et al., 1996). A similar approach has been 
usedd to define a role for Rab3D in regulated secretion in pituitary and mast cells (Baldini et 
al.,, 1998; Roa et al., 1997). Recently, Rab4 has been implicated in regulated secretion in 
pancreaticc acini (Ohnishi et al., 1999), It should be noted that previous studies have assigned a 
functionn for Rab4 in endocytosis (van der Sluijs et al., 1992). In chromaffin cells, complexes 
off  Arf6 and hetero trim eric G-proteins have been localized to secretory granules (Galas et al., 
1997).. A number of studies have suggested functional involvement of members of the Rho 
subfamilyy in signalling pathways that are linked to regulated secretion (see Table 1). Finally, 
subcellularr fractionation studies have shown association of Ral with dense granules in 
plateletss and synaptic vesicles at nerve terminals (Mark et al., 1996; Bielinski et al., 1993). 
Togetherr these studies suggest that small GTP-binding proteins are involved hi regulated 
secretionn in a wide variety of cells. 

OUTLIN EE OF THI S THESIS 

Thee molecular mechanism underlying the regulated exocytosis of Weibel-Palade bodies by 
endotheliall  cells is largely unknown. In many cell types, regulated secretion is mediated by 
smalll  GTP-binding proteins of the Ras superfamily (Table I). In this thesis, wre examined the 
rolee of small GTP-binding proteins in exocytosis of Weibel-Palade bodies. Throughout this 
study,, we used cultured human umbilical vein endothelial cells (HUVEC) as a model. Limited 
informationn is available on the repertoire of small GTP-binding proteins in endothelial cells. 
First,, the repertoire of small GTP-binding proteins in HUVEC was identified (Chapter 2). In 
thiss study, we have also investigated the subcellular localization of Rab30, one of the small 
GTPasess identified in endothelial cells. In the course of this study, we identified a novel 
isoformm of Rab6, which results from alternative splicing of Rab6A gene (Chapter 3). We have 
studiedd whether (1) there are differences in biochemical properties between these two 
isoformss and (2) whether there are differences in expression among cells and tissues. In 
Chapterr 4, Weibel-Palade bodies were isolated and examined for the presence of small 
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GTPasess on these storage organelles. Small GTPase RalA was found to be associated with 

subcellularr fractions containing Weibel-Palade bodies. Subsequently, the functional 

involvementt of RalA in exocytosis of Weibel-Palade bodies was studied in more detail by 

expressionn of RalA variants in endothelial cells (Chapter 5). The results obtained from these 

studiess are discussed within the context of findings reported by other investigators (Chapter 

6). . 
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Smalll  GTP-binding proleins in endothelial cells 

ABSTRACT T 

Smalll  GTP-binding proteins of the Ras superfamily control an extensive number of 
intracellularr events by alternating between GDP- and GTP- bound conformation. The 
presencee of members of this protein family was examined in human umbilical vein 
endotheliall  cells employing RT-PCR. Sequence analysis of 215 cDNA clones revealed the 
presencee of a total of 28 different partial cDNAs encoding small GTP-binding proteins. Two 
sequencess corresponded to novel isoforms of Rab2 and Rab9. In addition, human analogues 
off  Rab4b, Rab7, Rab9, Rabl4, and Rabl5 were identified. Besides Rab proteins, members of 
otherr subfamilies were detected as well. As a first step towards elucidation of the function of 
thee different small GTP-binding proteins identified we have isolated full length cDNA 
correspondingg to Rab30 from a human endothelial cell cDNA library. In order to assess the 
subcellularr localization of Rab30, we expressed epitope tagged Rab30 cDNA in monkey 
kidneyy COS-1 cells. Immunoelectronmicroscopy of transfected COS-1 cells indicated that 
Rab300 is associated with Golgi stacks. 

INTRODUCTIO N N 

Endotheliall  cells constitute a continuous monolayer which has a crucial function in 
haemostasis,, thrombosis and atherosclerosis. Under quiescent conditions the endothelium 
providess a non procoagulant surface which serves to maintain the integrity of the vascular 
system.. Perturbation of endothelial celts by inflammatory reagents has been shown to alter its 
adhesivee properties dramatically. Several studies have suggested a role for small GTP-binding 
proteinss in the regulation of endothelial cell function. Injection of H-Ras into bovine aortic 
endotheliall  cells greatly alters motility of the cells suggesting the presence of a H-Ras 
sensitivee pathway (Fox el al., 1994). Pronounced effects were observed on endothelial cell 
morphologyy and migration by Clostridium botulinum C3 transferase, a reagent specific for the 
Rho-memberss of the superfamily of small GTPases (Yano et al., 1996). A number of small 
GTP-bindingg proteins of the Rab subfamily which mediate vesicular transport along the 
secretoryy pathway have been found in endothelial cells. An early report described the 
molecularr cloning of an isoform of Rab5 from endothelial cells (Wilson and Wilson, 1992). 
Subsequentt studies utilized specific antibodies directed against the highly variable carboxy 
terminall  part of Rab proteins to establish the localization of Rabl, Rab3b, Rab4, Rabó and 
RabSS in endothelial cells (Karniguian et al., 1993). 

Too obtain additional information on the repertoire of small GTP-binding proteins in human 
endotheliall  cells, we have used RT-PCR with primers directed to conserved regions of the 
Rabb subfamily essentially as described previously (Chavrier et al., 1992). As a first step in the 
characterizationn of the identified small GTP-binding proteins we have cloned full length 
cDNAA of Rab30 from a human endothelial cell cDNA library and studied the subcellular 
localizationn of this protein by heterologous expression in COS-1 cells. 
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MATERIAL SS AND METHOD S 

Materials Materials 
Oligonucleotidee primers and the vector pSVL were obtained from Pharmacia-LKB 
(Roosendaal,, The Netherlands). Radioactive chemicals were obtained from The 
Radiochemicall  Centre (Amersham, UK). Hybridoma producing monoclonal antibody 9E10, 
directedd against the first 11 amino acids of c-myc was purchased from American Type 
Culturee Collection (Rockville, USA). All other reagents and DNA modifying enzymes used 
weree of analytical grade. 

IsolationIsolation ofcDNA sequences homologous to small GTP-bindingproteins 
Humann umbilical vein endothelial cells (HUVEC) were grown as described previously 
(Brinkmann et al., 1994). RNA was isolated using RNAzol™B and reverse transcribed in 
cDNAA (Wak-chemie, Bad Homburg, Germany). CDNA was used as template in the 
polymerasee chain reaction using oligonucleotide primers corresponding to the conserved 
GTP-bindingg regions PM3 and G2 of the family of Rab proteins (WDTF (5'-
TGGGA(T/C)ACNGCNGGNCA(G/A)GA-3')) and NKXD (5'-

NA(G/A)(G/A)TCNNN(T/C)TT(G/A)TTNCC-3'' respectively. PCR fragments of 
approximatelyy 200 bp were obtained that were cloned into the vector pGEM-T (Promega, 
Madison,, USA), yielding pCLB-GTP-19701 to pCLB-GTP-20099. Plasmid DNA of 215 
cloness was isolated and the nucleotide sequence of the insert was determined using a 373 
DNAA sequencer (Applied Biosystems, Gouda, The Netherlands). All DNA sequences found 
weree compared and aligned with sequences of mammalian small GTP-binding proteins 
availablee from protein and nucleotide databases, using PCGENE software (Intelligenetics, 
Oxford,, UK). 

CloningCloning of full length Rab30 cDNAfrom an endothelial cell cDNA library» 
AA human umbilical vein endothelial cell cDNA library in the vector pcDNA-I consisting of 
approximatelyy 8 x 104 independent clones was screened to obtain full length Rab30 cDNA. 
Clonee pCLB-GTP-19902, which contained a partial cDNA that corresponds to Rab30, was 
digestedd with Ncol and Notl and a 192 bp insert was radioactive labeled and used as probe. 
Thee nucleotide sequence of the isolated clone (pcDNA-l-Rab30) with an insert of 1.6 kb was 
determinedd as described above. 

ConstructionConstruction of epitope tagged RabSO cDNA and expression in COS! cells 
Wee have used pcDNA-I-Rab30 and pBluescript-c-myc (kindly provided by Dr. F. Michiels, 
Netherlandss Cancer Institute) as templates to construct epitope tagged Rab30 in the 
eukaryoticc expression vector pSVL termed pSVL-Myc-Rab30. In the resulting construct the 
codingg sequence of Rab30 is preceded by 11 amino acids that constitute the epitope of 
monoclonall  antibody 9E10 (Evan et al., 1985). Monkey kidney COS-1 cells were transfected 
andd immunoelectronmicroscopy was performed as described previously (Voorberg et al., 

28 8 



Smalll  GTP-binding proteins in endothelial cells 

1991).. For quantification we have used the pictures of 5 different cells expressing epitope 
taggedd Rab30. The surface area of the Golgi stacks and of the rest of the cytoplasm was 
measuredd and the number of gold particles in each area was counted. 

RESULTS S 

IdentificationIdentification of small GTP-binding proteins in human endothelial cells 
Wee have addressed the presence of mRNA encoding small GTP-binding proteins in 
endotheliall  cells employing RT-PCR. Oligonucleotide primers corresponding to conserved 
regionss of small GTP-binding proteins of the Rab family were used to amplify partial cDNA 

TABLE .. Small GTP-binding proteins in endothelial cells. 
Partiall  cDNAs corresponding to members of the Ras superfamily of small 
GTP-bindingg proteins were obtained from endothelial cell RNA by RT-
PCR.. The nucleotide sequence of the partial cDNAs that were cloned was 
determinedd and compared with nucleotide sequences previously described. 

(A)) Rab subfamily 
Previouslyy identified in endothelial cells 

Rabb la, Rab3b, Rab4a, Rab5b, Rab6, Rab8, Rabl 1 

Newlyy identified in endothelial cells 
Rablb,, Rab2b, Rab4b*, Rab5a, Rab5c-like, Rab7, Rab9* 
Rab9b,, Rabl 1, Rabl 1BA, RabI4\ Rabl51, Rab22b, Rab30 

(B)) Other subfamilies identified in endothelial cells 
RasN,, Racl, Rho, Ran, RalA, Ray-1, Rheb 

Humann analogue of canine rab. 
111 Human analogue of rat rab. 

(Figuree la) as reported by other authors (Chavrier et al.t 1990). This suggests that clone 
pCLB-GTP-198333 represent a novel isoform of Rab9 and we propose to term this protein 
Rab9bb in accordance with current nomenclature rules. Similarly, clone pCLB-GTP-19940 
showedd 94% homology to human Rab2 (Tachibana et al.t 1988) and most likely represent a 
novell  isoform of Rab2 (Figure lb). A number of other Ras-related small GTP-binding 
proteinss were detected as well (Table IB). 

ExpressionExpression of epitope tagged Rab30 in eukatyotic cells 
Inn the previous paragraph we have provided an overview of the repertoire of small GTP-
bindingg proteins in endothelial cells. As a first step towards functional characterization of the 
smalll  GTP-binding proteins encountered in endothelial cells, we have isolated full length 
cDNAA corresponding to human Rab30. The sequence was compared with the published 
sequencee of Rab30 (Chen et a/., 1996) and one difference was observed at nucleotide position 

fragments.. Partial cDNA 
sequencess were cloned and 
sequencee analysis revealed 
thee presence of a large 
numberr of small GTP-
bindingg proteins (Table I). 
Thee majority of the partial 
cDNAA sequences 
correspondedd to Rab 
proteinss that have not been 
identifiedd in endothelial 
cellss previously (Table IA). 
Thee amino acid sequence 
encodedd by clone pCLB-
GTP-198333 was 84% 
homologouss to the 
correspondingg part of Rab9 
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1522 where A in stead of G is found, predicting a substitution of glycine for aspartic acid at 
aminoo acid position 45. We have constructed a fusion protein in which the first 11 amino 
acidss of the proto-oncogene c-myc are fused to the amino terminus of Rab30. The localization 
off  Rab30 in transfected COS-1 cells was studied using immunoelectronmicroscopy (Figure 
2).. Weak diffuse labelling was found all over the cytoplasm but a high labelling was always 
observedd on all cisternae of the Golgi apparatus (Figure 2a). In some COS-1 cells transfected 
withh pSVL-Myc Rab30 a large amount of label associated with an altered Golgi apparatus 
wheree the Golgi stacks are highly circularized and are partly disassembled into vesicular 
structuress (Figure 2b). Figure 2c shows an untransfected COS-1 cell in the same section in 
whichh some background labelling is present. However, no reactivity was observed on the 

Figuree 1. Alignment of endothelial cell 

derivedd cDNAs that are partially 
homologuouss lu amino acid sequences of 

previouslyy identified rab proteins, 

(a)) Rab9 related amino acid sequences in 
endotheliall  cells. CF9, partial amino acid 

sequencee of canine Rab9; HS9, amino acid 
sequencee of clone pCLB-GTP-19906; HS9b, 

aminoo acid sequence of clone pCLB-GTP-
19833.. (b) Rab2 related amino acid sequence. 

HS2,, partial amino acid sequence of human 

Rab2;; HS2b, amino acid sequence of clone 
pCLB-GTP-19940.. Numbering of amino 

acidss correspond to the amino acid sequence 

off  human Rab2 and canine Rab9. 

elaboratee Golgi apparatus in the untransfected cell. Quantitative analysis revealed that 97.5 
goldd particles/u.m2 were associated with the Golgi apparatus in transfected cells. In non-
transfectedd cells 5.4 gold particles/jam" were found to be associated with the Golgi apparatus. 
Thee amount of gold particles present in the cytoplasm did not significantly differ among 
transfectedd and non-transfected cells (respectively S.2 and 5.5 gold particles/uni"). It should 
bee noted that overexpression of Rab30 in COS-1 cells had no effect on the morphology of 
otherr organelles present in the transfected cell and this points at a specific interaction of 
Rab300 with the Golgi apparatus. 

DISCUSSION N 

Endotheliall  cells constitute a highly regulatory barrier between the bloodstream and tissue 
thatt controls processes like inflammation and atherosclerosis. In this study we have provided 

A A 
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ann inventory of small GTP-binding proteins in human endothelial cells derived from umbical 

vein.. Previous studies have established that endothelial cells may exhibit heterogeneity 

(Risau,, 1995). Consequently, care should be taken in extrapolation of our data to endothelial 

cellss of different vascular origin. Using RT-PCR we have found cDNA fragments 

correspondingg to 28 different small GTP-binding proteins. The use of oligonucleotide primers 

derivedd of the nucleotide sequence of the Rah family may have hampered the detection of 

additionall  members of the family of small GTPases in endothelial cells. The majority of GTP-

bmdingg proteins identified in this study has not been detected in human endothelial cells 

Figuree 2. [mmunoelectron microscopy of COS-1 cells transfected with Myc-Rab30 cDNA. COS-1 cells 

transfecledd with epitope lagged Rab?0 cDNA were incubated with monoclonal antibody 9E10 and !() nm gold 

conjugale,, (a), a cell expressing Myc-Rab30 shows labeling on all cisternae from the Golgi apparatus (G). The 
outlinee of the two Golgi stacks are marked by arrows, (b) a cell overexpressing Myc-Rab30. Labeling is high on 

thee altered Golgi apparatus. The Golgi stacks [arrows] are disassembling in vesicular structures (v). Nucleus (n). 
(cii  a cell from the same section that does not express Myc-Rab30. The two Golgi stacks (G) do not show 

labelingg above the background. Bars = 200 nm. 
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previouslyy (Table I). One clone which we have termed Rab9b was only 84% homologous to 

Rab99 indicating the presence of a novel isoform of Rab9. In addition, we have found a novel 

sequence,, termed Rab2b, that displayed 94% homology with the amino acid sequence of 

humann Rab2 (Tachibana et al, 1988). 

Thee inventory of small GTP-binding proteins presented in this study provides an attractive 

startingg point to address the function of these proteins in endothelial cells. Here, we show that 

overexpressionn of myc-tagged Rab30 in COS-1 cells results in association of Rab30 with the 

Golgi-apparatus.. We cannot exclude that association of Rab30 with Golgi stacks is due to the 

highh level of Rab30 in transfected COS-1 cells. Definite assignment of the subcellular 

localizationn of Rab30 in endothelial cells awaits the development of antibodies specific for 

Rab30.. Similarly, specific antibodies directed towards other small GTP-binding proteins 

identifiedd in this study should greatly facilitate future studies which aim at dissection of the 

secretoryy pathway in endothelial cells, 
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Alternativee splicing of a duplicated exon generates two isoforms of Rab6a 

ABSTRACT T 

Thee rab subfamily of small GTPases plays an essential role in the targeting of transport 
vesicless to their appropriate acceptor membrane. They control a variety of transport events in 
thee biosynthetic and endocytic pathways by alternating between GDP- and GTP-bound 
conformation.. One of the subfamily members, rabóa, is involved in retrograde transport of 
vesicless from the Golgi apparatus towards the ER. Here, we present the identification of an 
alternativelyy spliced variant of rabóa. Using a RT-PCR approach, we identified a novel rabó-
likee sequence and isolated the corresponding cDNA. The nucleotide sequence was identical to 
rab6aa except for a stretch of approximately 100 bp, which contained several nucleotide 
substitutions.. We show that the observed differences in nucleotide sequence originate from 
alternativee splicing of two highly homologous exons within the rab6a gene. Incorporation of 
eitherr of the two exons generates similar but distinct isoforms of rabóa, which differ in only 
threee amino acid residues. Both raböa and its isoform, termed rab6a', were ubiquitously 
expressed.. Equal levels of rabóa and rabóa1 niRNA were found in various human tissues and 
celll  lines. Analysis of the biochemical properties revealed that both rabóa variants bound 
efficientlyy to GTP. Morphological analysis of HeLa cells expressing either epitope-tagged 
rabóaa or rabóa', revealed that both proteins were mainly localized to the Golgi apparatus. 
Takenn together, our results indicate that constitutive alternative splicing events in the rabóa 
genee generate two rabóa isoforms with similar functional properties. 

INTRODUCTIO N N 

Vesicularr transport along biosynthetic and endocytic pathways requires coordinated activity 
off  a large number of protein families. One of these, the rab subfamily of small GTPases, is 
thoughtt to play an important role in unidirectional transport of vesicles to their correct 
subcellularr destination (Novick and Zerial, 1997). Of the many rab subfamily members 
identifiedd so far in a variety of eukaryotic cells, rabóa has been found to play a major role in 
intra-Golgii  transport (Martinez et al., 1994; Li and Warner, 1996). Rabóa is ubiquitously 
expressedd and associates with Golgi and trans-Go\g\ network membranes (Goud et al., 1990; 
Antonyy et al., 1992). Using chimeric ras-rab proteins, it was found that residues in the N-
terminall  region of rabóa were required for targeting of rabóa to the Golgi apparatus (Beranger 
ett al., 1994). Furthermore, anti-rabóa antibodies inhibited transport between cis and medial 
Golgii  cisternae in an in vitro assay (Mayer et al„  1996). Extensive studies with GTP- and 
GDP-boundd mutants of rabóa pointed towards a role for rabóa in a microtubule dependent 
retrogradee membrane traffic within the Golgi (Martinez et al., 1997; McConlogue et al., 
1996).. Rabóa binds to microtubules through rabkinesin-6, which thereby may control 
membranee dynamics and directional of vesicular transport (Echard et al., 1998). 
Limitedd information is available about the structure of the rabóa gene. The human rabóa gene 
hass been localized to chromosome 2ql4-q21 by in situ hybridization (Rousseau-Merck et al., 
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1991).. The mapping of rab subfamily members showed thai their genes are distributed 
throughoutt the genome (Barbosa et al., 1995). So far, the genomic organizations of four rab 
geness have been reported. The protein coding regions of rabl, rab3a, rab 11 b and S1Ü are 
dividedd into 2 to 6 exons (Wichmann et al.. 1989; Baumert el al., 1993; Lai et al., 1994; 
Zhengg et al., 1997). Interestingly, conservation of the positions of exon/intron boundaries was 
nott observed suggesting that genes encoding small GTPases of the rab subfamily diverged at 
ann early step of evolution (lwabe et al., 1996). 
Here,, we report on the alternative splicing of two homologous exons within the rabóa gene, 
whichh results in expression of two isoforms of rabóa. Functional analyses revealed that both 
proteinss have a high affinity for GTP and are localized to the Golgi apparatus. Possible 
implicationss of our findings for the role of the two rabóa isoforms in vesicular transport are 
discussed. . 

MATERIAL SS AND METHOD S 

LibraryLibrary screening and DNA sequencing 
Byy a RT-PCR based cloning approach with primers matching conserved domains PM3 and 
G22 of rab proteins, a raboa-like cDNA fragment (Figure la, product 2) was isolated from 
humann umbilical vein endothelial cells (HUVEC)(de Leeuw et al., 1998). The same procedure 
wass carried out on human colon carcinoma cells (Caco-2), but with primers corresponding to 
thee conserved GTP-binding regions PM1 and PM3 of the family of rab proteins (5'-GGN 
(A20,G80)(G20,A80)NN(A20,G20,C60)NNNN(A20,T20,G60)(G20,C20)T60)(A20,T80)GG G 
NAA(A/G)(A/T)C-3'' and 5'-TTC(C/T)TGNCC(A/T)GCNGT(A/G)TCCCA-3*  respectively). 
Thee latter RT-PCR also resulted in a rab6a-like sequence {see results. Figure la, product 1). 
Productt 2 was radiolabeled by random oligonucleotide priming (Feinberg and Vogelstein, 
1983)) and used as a probe to screen a human umbilical vein endothelial cell cDNA library 
consistingg of approximately 8xl04 independent clones. The nucleotide sequence of one 
isolatedd clone corresponding to the rabóa-like sequence was sequenced using T7 polymerase 
(Pharmacia-LKB,, Roosendaal The Netherlands). 

IsolationIsolation and analysis of genomic DNA 

Too analyze the genomic organization of rabóa, the following primers (Eurogentec, Belgium) 
weree used: 5*->3\ primer 1: ACAGTACGATTGCAATTA, primer 2: 
TCGTAAACTACTACAGCTG,, primer 3: AATCAGGCTTCAGCTG, primer 4: 
CCACAGTGGAGTCACGA,, primer 5: CAGGCAACAATTGGC, primer 6: 
ATCCACTTTGTAGTTTGC.. Combinations of primers (400 pmol) were used to perform a 
PCRR on human genomic DNA (100 ng) in a 50 ul volume in the presence of IxPCR buffer 
(500 mM KC1, 10 mM Tris-HCl, pH 8.3), 1.5 mM MgCl:, 200 uM of dNTPs and 5 units of 
TaqTaq polymerase. The reactions were overlaid with 20 ul mineral oil, transferred to a thermal 
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cyclerr (Perkin Elmer, Norwalk. USA) and incubated for 35 cycles of 94 °C for 1 min, 50 °C 

forr 1 min, and 72 °C for 6 min with a final extension at 72 °C for 10 min. The PCR samples 

(100 u.1) were loaded on a 2% agarose gel. For sequencing, the amplified products were 

extractedd from the gel using a gel extraction kit (Qiagen GMBH, Hilden, Germany) and 

clonedd into the vector pGEM-T (Promega, Madison, WI, USA). 

RNARNA isolation and cDNA synthesis 
Totall  RNA from various frozen human tissues and cultured cell lines was extracted employing 
standardd procedures (Chirgwin et al., 1979). About 1.5 jig RNA was reverse transcribed to 
cDNAA using random hexamers (2 u.g; Pharmacia LKB, Roosendaal, The Netherlands). The 
codingg regions of rabóa and rabóa* were amplified using the following primers: forward 5'-
ATGTCCACGGGCGGA-3'' and reverse 5'- CTGAAGAAGGTTGAAGATG-3\ Reaction 
conditionss were 35 cycles of 94 °C for 1 min, 50 °C for 30 s, and 72 °C for 1 min. Relative 
amountss of rabóa and rabóa1 were determined following digestion with Pstl. 

Cells,Cells, media and cell culture 
Forr RNA isolation, Caco-2 TC7 cells were cultured in DMEM (Gibco/BRL, Breda, The 
Netherlands),, supplemented with 20 % fetal calf serum (FCS) and 1% non-essential acids 
(Gibco/BRL)) and harvested one day after seeding (log fase), at 70% confluency 
{undifferentiatedd cells) or 5 days after reaching confluency (differentiated stadium). For 
differentiationn of HT-29 cells, cells were grown without D-glucose (Darmoul et al„  1992). 
BeWo-b244 (choriocarcinoma; ATCC number CCL-98) and other cell lines used were grown 
inn DMEM supplemented with 10% FCS. MEN-1 (mesothelial cells) and fibroblasts were 
clonedd in our laboratory. HeLa cells were grown in DMEM, supplemented with 10% FCS, 
1%% non-essential acids, L-glutamine, sodium pyruvate (Gibco/ BRL) and 0.001% p-
mercaptoethanoll  at 37 °C, 10% CO,. 

TransientTransient expression and Western blot detection 
Humann rabóa and rabóa' proteins were expressed using the eukaryotic expression vector 
pcDNA33 (Invitrogen, Leek, the Netherlands). Epitope-tagged rabóa and rabóa' cDNAs were 
constructedd by insertion of the c-myc epitope at amino terminus of both isoforms. HeLa cells 
weree transfected using lipofectamine according to the instructions of the manufacturer. 
Transfectedd cells were cultured for 48 hours in 10-cm dishes. Cells were harvested by 
scrapingg in ice-cold PBS, pelleted by centrifugation (1000xg, 5 min), resuspended in 50 jil of 
PBSS and directly lysed in 2x sample buffer (100 mM Tris-HCl, pH 6.8, 200 mM 
dithiothreitol,, 4% SDS, 0.2% bromophenol blue, 20% (v/v) glycerol). Protein lysates were 
analyzedd on a 12.5% (v/v) polyacryiamide gel and transferred to nitrocellulose membranes. 
Thee immuno blot was incubated with monoclonal antibody 9E10, directed against the c-myc 
epitope.. Immunostained proteins were visualized using CPD Star chemiluminescence 
accordingg to instructions provided by the manufacturer (Tropix, Bedford, MA, USA). 
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Immunofluorescence Immunofluorescence 
Transfectedd HeLa cells were cultured in 24-weIls plates on glass coverslips. After 48 h, cells 
weree washed with PBS, fixed in 1% paraformaldehyde for 1 h at room temperature and 
washedd twice in PBS/0.05% Tween 20 (PBST). Cells were incubated with monoclonal 
antibodyy 9E10 and a polyclonal antibody directed against CTR433, a medial Golgi marker, 
forr 1 h at room temperature and washed four times for 5 min in PBST. Coverslips were 
subsequentlyy incubated with fluorescein-conjugatcd goat anti-mouse IgG in PBST for 1 h. 
Cellss were mounted in Mowiol (Sigma, St Louis, MO, USA) and examined by confocal laser 
scanningg microscopy (MRC 1000, Bio-Rad, Veenendaal. The Netherlands). 

ExpressionExpression of GST fusion proteins in E.coii 
Constructss comprising the cDNA of GST and human raböa or raböa' within a single open 
readingg frame were prepared by subcloning the rab sequences into the BamHl/Xhol sites of 
thee vector pGEX (Pharmacia-LKB, Roosendaal, The Netherlands). Clones expressing rab6a 
orr rabóa' were grown to an OD(1,-J0 of 0.3-0.5 at 37 °C and induced with 0.1 mM isopropyl-1-
lhio-P-D-galactopyranosidee for 18 h at 30 °C. Cells were centrifuged, frozen, thawed, and 
lysedd by sonication for 15 s on ice. After treatment with 1% Triton X-100, the lysates were 
spunn at 10,000 rpm for 10 min, and the supernatant was collected. GST-fusion proteins were 
adsorbedd on glutathione-Sepharose by a batch procedure, and eluted with 10 mM glutathione 
inn 10mMTris/HCl(pH7.4). 

AnalysisAnalysis of GTP-bi tiding properlies of GST fusion proteins 

Purifiedd protein samples (1 pg/sample) were separated using 12.5% (v/v) SDS-
polyacrylamidee gelelectrophoresis. Gel was stained with Commassie Brilliant Blue, or 
proteinss were transferred onto nitrocellulose membranes. The blot was incubated with 1 nM 
[a-32P]GTPP (1 (aCi [a-J:P] GTP/ml) as described previously (Gromov and Celis, 1998). 
GTPyS-bindingg properties were determined as follows: Samples (500 ng/assay) were diluted 
too 30 p.1 with 20 mM Tris/HCI buffer (pH 8.0), 1 mM EDTA. I mM dithiothreitol. and 0.1% 
Tritonn X-100. To each sample 30 pj of GTPyS-binding mix (20 mM Tris/HCI buffer, pH 8.0, 
11 mM EDTA, 2 mM dithiothreitol. 2 uM GTPyS. and -1.5x10' cpm of [3iS]GTPyS) was 
added.. Nonspecific binding was assayed with samples containing 0.1 mM unlabeled GTPyS. 
Thee samples were incubated at 30 °C for 0, 5, 15, 30, 60, or 120 min and reaction was 
terminatedd by addition of 2 ml of ice-cold washing buffer (20 mM Tris/HCI, pH 8.0, 25 mM 
MgCl,,, 100 mM NaCl). The samples were filtered through nitrocellulose membranes (NC45, 
Schleicherr & Schuell, Dassei, Germany), subsequently washed four times in ice-cold washing 
buffer,, air dried, and counted in a water-compatible scintillation mixture (Opti-Fluor, Packard. 
Meriden,, CT, USA). All samples were assayed in duplo. 
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RESULTS S 

IsolationIsolation of a cDNA sequence highly homologous to rabóa 

Ass a preamble to study the involvement of rab proteins in the regulation of vesicular transport 

inn human epithelial Caco-2 cells and umbilical vein endothelial cells (HUVEC), an RT-PCR 

wass carried out with oligonucleotides corresponding to conserved domains of small GTP-

bindingg proteins. Primer sets corresponding to conserved domains PM3 and G2 involved in 

GIF-bindingg (nomenclature according to Valencia el al.. 1991) revealed the presence of a 

largee repertoire of small GTP-binding proteins in HUVEC (de Leeuw et al.. 1998). Also in 

Caco-22 cells a variety o\' partial sequences encoding rab proteins were identified, but with 

primerss corresponding to domains PM1 and PM3 involved in nucleotide binding (manuscript 

inn preparation). Both independent analyses revealed the presence of a partial cDNA (Figure 

la,, product 1 from Caco-2 cells, product 2 from HUVEC) which showed high homology to 

rabOa.. Using product 2 as a probe, we isolated a full-length cDNA from a human endothelial 

celll  cDNA library. Coding DNA sequences revealed several nucleotide substitutions when 

comparedd to the rabóa sequence. Nucleotide substitutions in the rab6a-like sequence, termed 

A A 
nriiducii 1 product 2 

i'Mii ( j ; I 'M : i'M.; 

II  1 I I 1 = 1 1 

Rab6A A 
Rab6A' ' 

GTAA CGA TT G CAA TT A TGG GAC ACA GCA GGT CAA GAG CGG TT C AGG AGC 
ATCC A- G C- T -- G C- G -  -  T  -  T  -- G G  -- A -- T C- T -

Rab6AA :  TT G A? T CCT AGC TA G AT T 
RabóA' ::  C- C -- -  -- C -- T -

; CC ACT GTG GCA 
-TT G-  -  CA -  T 

GTTT GTT TA T GAT 
-- AA -- -  -- C -- -

Rab6AA :  TVRLOLWDTAGOERFRSLIPSYIRDSTVAVWYD 
Rab6A''  :  - I  A A 

Figuree 1. Alignment of nucleotide sequence (A) and deduced amino acid sequence (Ü) of rabóa and rabóa' in 

theirr non-identical region. 
(A)) Domain structure of small GTP-binding proteins. The putative consensus domains for phosphate magnesium 

bindingg (PM1-3) and guanine nucleotide binding (Gl-3) are depicted as black boxes. Product 1 and 2. generated 
byy RT-PCR with two sets of degenerate rab specific primers amplified two distinct products flanking domain 

PM3,, are indicated. Partial sequences of rabóa and rabóa' cDNA were aligned. Differences in nucleotide 

sequencess are indicated. Nucleotide sequences resulting in amino acid substitutions are depicted in bold. (B) 
Comparisonn of partial amino acid sequences of rabóa and rabóa". Differences in amino acid sequences are 

depictedd in bold. Region PM3, involved in nucleotide binding is underlined. 
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raböa',, were restricted to one region of approximately 100 bp (Figure la). These nucleotide 

substitutionss resulted in 3 amino acid substitutions in the open reading frame ofrabóa' when 

comparedd to rabóa. One conservative substitution (V62I) and two non-conservative changes 

(T,-AA and VsgA) are positioned in the proximity of domain PM3 involved in GTP-binding 

B B 

6A'' 6A 
PXOIII e \ l l l l 

22 i 4  5  b - H  9  HM!  12 Ü 

exo nn CAG GCA ACA AT T QGC AT 7 GAC TT T TT A TCA AAA ACT AT G TA C TT G GAG GAT CGA ACA 

i n t r onn gtgagt -2kb- tttccacctcacag 

3 3 

6a''  exo n AT C AGG CT T CAG CT G TGG GAT AC T GCG GGT CAG GAA CGT TT C CGT AGC CT C AT T 

AGTT TA C AT C CGT GAT TC T GCT GCA GOT GTA GTA GTT TA C GAT AT C ACA 

6aa exo n 

gcaggcacactgcaacgggtrgacc tt  •-•-• .  •  ta l  ttt l  I  tgcttgtttgactgattttgetgtta g 

l l 

GTAA " A TTG CAA TTA TGG GAC ACA GCA GGT CAA GAG CGG TTC AGC- AGC TTG A T I _' : 

M3CC TAC AT T CGT GAC fCC ACT GTG GCA 3TT 3TT 5TT IA1 GA1 AT C ACA A 

gtgag tt  -2kb - cccLcccacacta g 

Figuree 2. Genomic PCR-strategy reveals alternatively spliced exons in the rabóa gene. 

(A)) Schematic drawing of the proposed genomic organization ofrabóa, which results in two alternative spliced 
forms;; i.e. rabóa and rabóa'. Arrows and numbers represent cDNA-based primers, constructed to reveal 
exonn intron positions. Primer 3 and 2 are sequence specific for rabóa'; primer 1 and 4 are specific for rabóa 
sequence;; primers 5 and ó are derived from regions that are identical in rah(>a and rabóa' cDNA. Putative exons 
aree depicted as black boxes. (B) I'CR on human genomic DNA with different combinations of primers. Lane 1-
4:: Amplication with the indicated sets of primers ofrabóa' cDNA lane 5-13: Amplification of genomic DNA 
usingg sets of primers that are indicated below the figure. (C) Partial sequence of the rabóa gene Nucleotide 
sequencee correspond to primers used for amplification are underlined. A unique Pstl restriction present in the 
Rabóa'exonn is depicted in bold. 
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(Figuree lb). 

AA duplicated exon is present within the rabóa gene 
Sincee nucleotide substitutions were confined to a region of 100 basepairs, we hypothesized 
thatt expression of the rabóa' sequence results from alternative splicing within the rabóa gene. 
Thus,, the restricted differences in nucleotide sequences found between rabóa and rabóa' might 
representt two homologous but distinct exons present in the rabóa gene. Mutually exclusive 
incorporationn of one of these exons would then generate either rabóa or rabóa'. According to 
thiss model, introns should flank both exons and one intron should be present in between the 
twoo homologous exons {Figure 2a). To investigate the organization of the rabóa gene, we used 
aa PCR-based strategy. Specific oligonucleotide primers were designed based on the cDNA 
sequencess of rabóa (primer 1 and 4) and raböa' (primer 2 and 3; Figure 2a). In addition, two 
oligonucleotidee primers, corresponding to regions flanking the stretch of 100 bp that differs 
betweenn the two rabóa isoforms were used (Figure2a, 5 and 6). Different combinations of 
primerss were used to amplify part of the rabóa gene using human genomic DNA as template. 
Primerr sets 1/4 and 2/3 both amplified a product of approximately 100 bp. These results 
indicatee that the stretch of 100 bp that differs between the two rabóa isoforms is contained 
withinn a single exon for each of two variants (Figure 2b, lane 5 and 6). Primer combinations 
1/22 and 3/4 should determine the order in which these two exons are positioned in the rabóa 
gene.. As can be seen in Figure 2b, combination 3/4 amplified a band of about 250 bp {lane 8), 
whereass primers 1 and 2 did not yield detectable amounts of product {lane 7). This suggests 
thatt the exon for rabóa' precedes the rabóa exon and that both exons are separated by a short 
intron.. Primer 5 or 6 in combination with the specific rabóa or rabóa' primers resulted all in 
ann amplified product of 2 kb or more {lanes 10, 11, 12 and 13). This indicates the presence of 
longg introns of about 2 kb flanking the duplicated exons. Combination 5 and 6 did not yield a 
product,, probably due to the inability of Taq polymerase to amplify a product calculated to be 
approximatelyy 4.5 kb. To confirm the proposed organization of the rabóA gene we determined 
thee sequence of the obtained PCR products. Sequence analysis revealed the presence of two 
homologouss but distinct exons, separated by an intron of 66 bp (Figure 2c). The rabóa' exon 
iss positioned upstream of the rabóa exon and both are flanked by an intron of about 2 kb. The 
exon/intronn boundary sequences conform to the GT-AG rule (Krawczak et al., 1992). 

TheThe rabóa and rabóa ' exon are subjected to constitutive alternative splicing 
Inn the previous paragraph, we have shown that alternative splicing may generate two rabóa 
isoforms.. We investigated whether both rabóa isoforms are expressed in a tissue and/or cell 
typee specific manner. Primers, corresponding to the 5' and 3' UTR regions were used to 
amplifyy rabóa and rabóa' from cDNA obtained from a variety of adult human tissues and cell 
lines.. We made use of an unique Pstl restriction site, specifically present in the rabóa' cDNA 
(Figuree 2c). to discriminate between both rabóa isoforms. The undigested amplified product, 
containingg one or both isoforms was present in all tissues and cell lines examined (Figure 3, 
PstlPstl -). Digestion of amplified products resulted in three bands (Figure 3, Pstl +); the upper 
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bandd corresponds to the undigested rabóa cDNA (675 bp) and the two lower bands (405 and 

2700 bp) represent rabóa' cDNA. This result shows that rabóa and rabóa' are co-expressed in 

alll  tissues and cell lines examined. Interestingly, no differences in expression levels between 

bothh isoforms were observed. To test for possible differentiation-dependent expression of 

rabóaa isoforms, their presence was examined in non-differentiated and differentiated epithelial 

Caco-22 and HT29 cells (Figure 3. lanes 21 and 23, and lanes 17, 19 and 25 respectively). Also 

inn these cells, no differences in the amount of rabóa and rabóa' mRNA was observed. 

11 2 5 4 5 6 7 8 9 101112 1314 15 16 17 18 19 20 2122 23 24 25 26 27 28 29 30 3132 33 

Figuree 3. Levels of rab6a and rab6a' mRNA in various human tissues and cell lines. 
AA RT-PCR with 5' and 3' LTR encoding primers was performed on total RNA isolated from various adult 
humann tissues and cell lines. The amplified products of- 675 bp (Pstl -) were digested with Pstl (Pstl  ), a 
restrictionrestriction site present in rabóa' but not in rabóa cDNA (see Figure 2, bold). Both digested fragments (405 bp 
andd 270 bp) represent rabóa' and the undigested product corresponds to rabóa. Control PCRs and digestions 
weree performed on rabóa and rabóa' cDNA (Lane 2-5). 

GTF'-bindingGTF'-binding properties of rabóa and rabóa ' 

Thee three amino acid changes that were found between the rabóa and rabóa' proteins flank 

domainn PM3, which is highly conserved in the ras superfamily of small GTPases (figure lb). 

Thiss region has been indicated to change dramatically in conformation upon binding to GTP 

andd GDP (Schweins and Wittinghofer, 1994). Therefore, we examined the GTP-binding 

propertiess of rabóa and rabóa'. GST-fusion proteins of rabóa and rabóa' were expressed in 

E.coli.E.coli. The recombinant fusion proteins were partially purified by glutathione-Sepharose. On 

SDS-PAGF.. the fusion proteins appeared as a single band migrating a! an apparent moleculai 

weightt of approximately 49 kl)a. which corresponds to the calculated molecular weight for 

GST-rabóaa and GST-rabóa' (Figure 4a). GTP-overlay indicated that rabóa and rabóa', and not 

GSTT alone, bound [a-'P]G'fP in a specific manner (Figure 4b). To elucidate the binding 

affinityy to GTP. we used the fusion proteins in a GTP-binding assay with the use of 

nonhydrolyzablee radiolabeled GTPyS (Figure 4c). The experiments illustrated that 

recombinanll  rabóa and rabóa' bound ['SJGTPyS in a saturable and specific manner. The time 
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Timee I min. I 

Figuree 4. GTP-binding assays show similar affinity of rab6a and rabóa' for GTP. 

GSTT fusion proteins were prepared for rabóa and rabóa'. One ug of purified GST-rab6a and GST-rabóa' were 

subjectedd to SDS-PAGE. (A) Gel was stained with Commassie brilliant blue or (B) blotted and incubated with 1 

n\II  [u-':P]GTP. (C) Time-course of ['5S]GTPyS-binding to rabóa and rabóa'. About 500 ng of GST-rabóa ) 

andd GST-rabóa' (-) were incubated with | "SJGTPyS at 30 °C. At indicated times, the binding activities were 

measuredd as described in Materials and Methods. As a control. GTPyS-bmding was measured to GST (X ) alone 

orr GST-rabóa in the presence of an excess of unlabeled GTPyS . The results show the means of two 

independentlyy performed assays. (D) Myc-tagged rabóa and rabóa' were expressed in HeLa ceils. Protein lysates 

weree analyzed by immunoblotting with anti-myc 9E10 antibody. 

coursee of binding reached its maximum already after 5 minutes (Figure 4c). Binding of 

[35S]GTPySS to rabóa and rabóa'could be competed by an excess of unlabeled GTP (Figure 4c). 

Thesee results suggest that GST-rab6a and GST-rab6a' have similar GTP-binding properties. 
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IntracellularIntracellular localization ofrabóa and rabóa ' 
Too examine the intracellular localization of both proteins, we expressed N- terminal myc-
taggedd rabóa and rabóa' in HeLa cells. Western blot analysis of cell lysates revealed that both 
rabóaa and rabóa' occurred as a doublet with an apparent molecular weight of approximately 
255 kDa (Figure 4d). The heterogeneity observed for both rabóa variants may be explained by 
thee presence of unprenylated protein in transfected HeLa cells that overexpress rabóa. 
Immunofluorescencee studies were performed to determine the subcellular localization of 
rabóaa and rabóa' (Figure 5, see page 103). As can be seen in figure 5, no significant 
differencess in subcellular localization ofrabóa and rabóa' were observed. Both rabóa isoforms 
aree mainly localized to the Golgi apparatus and colocalize CTR433, a marker for the medial-
Golgi. . 

DISCUSSION N 

Inn this study, we provide evidence for the existence of two homologous but distinct exons 
withinn the rabóa gene, which results in the expression of two rabóa isoforms by alternative 
splicing.. Sofar, alternative splicing of homologous but distinct exons has not been described 
forr other GTP-binding proteins. Alternative mRNA splicing has been previously suggested for 
thee rab28 gene, based on an insertion of 95 bp found in a homologous rab28 cDNA sequence 
(Brauerss et al., 1996). However, this insertion is assumed to be generated by an additional 
exonn rather than by mutual exclusive incorporation of a duplicated exon. It would be 
interestingg to investigate, whether exon duplication in the rabóa gene has arisen early in 
evolutionn or by recent DNA duplication. Early conserved divergence of homologous exons 
wass found for the chicken and human SNAP-25 gene (Bark, 1993; Bark and Wilson, 1994). 
Interestingly,, this specific neuronal protein, like rab proteins, also plays an important role in 
thee docking/fusion machinery of transport vesicles to acceptor membranes. It was suggested 
thatt this exon switch may modify membrane binding properties of SNAP-25. Splicing 
isoforms,, which are expressed from duplicated exons within one gene have been reported for 
aa variety of genes and/or families, like AMPA-selective receptors (Sommer et al., 1990; 
Monyerr et al., 1991), the human T-cell receptor gamma locus (Buresi et al.. 1989), and the 
alphaa subunit of prolyl 4-hydroxylase (Helaakoski et al., 1994). 

Thee cDNA sequences ofrabóa and rabóa' differ in a stretch of about 100 bp containing the 
conservedd PM3 region involved in GTP-binding. How:ever, the open reading frames only 
showedd three amino acid substitutions in the corresponding part ofrabóa' when compared to 
rabóa.. This would suggest a selective evolutionary pressure on the preservation of the triplets 
responsiblee for maintaining an appropriate conformation of the GTP-binding domain. On the 
otherr hand, the non-preserved three amino acids might induce functional differences between 
rabóaa and rabóa'. The conservative change of valine into an isoleucine at position 62 in rabóa' 
mightt be of less relevance for distinct properties of the protein. A database search revealed 
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thatt each member of the rab family contains one of the above mentioned amino acids on the 

correspondingg position. However, the non-conservative substitutions TS7A and V88A of rabóa* 

mightt influence the structural composition and/or functional behaviour. At the altered 

positions,, only the rabóa protein might be subject to phosphorylation as it contains a putative 

serine/threoninee phosphorylation motif [RxxT(V)] (Hardie, 1993). It has been reported that 

cellss can regulate their intracellular membrane transport by phosphorylation of rab proteins. 

Mitoti cc interruption of vesicular transport seemed to have an effect on rab4, which was shown 

too be C-terminalty phosphorylated leading to relocalization of the protein from endosomes to 

thee cytosol (van der Sluijs et al., 1992; Ayad et al., 1997), whereas rab6a remained 

unphosphorylatedd under the same conditions (Bailly et al., 1991). However, rabóa was found 

too be phosphorylated through activation of platelets by thrombin, an inducer of secretion 

(Karniguiann et al., 1993). 

Soo far, our analysis did not indicate functional diversity between rabóa and rabóa'. Both 

proteinss were expressed ubiquitously. Splicing of the duplicated exon appears to be random 

generatingg equal levels of rabóa and rabóa1 in all tissues and cells presently investigated. The 

aminoo acid substitutions did not effect the affinity for GTP, and both rabóa isoforms were 

foundd to be mainly localized to the Golgi membranes. Recently, an effector molecule for 

rabóa,, rabkinesin-6, which binds predominantly to rabóa in its GTP-bound form, has been 

identifiedd (Echard et al., 1998). Whether both rabóa isoforms interact in a similar manner with 

rabkinesin-66 or other effector molecules has to be established. Future studies should reveal 

whetherr expression via alternative splicing of two rabóa isoforms, reflects a mechanism for 

cellss to regulate intra-Golgi vesicular transport. 
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RalAA associates with Weibel-Palade bodies in endothelial cells 

ABSTRACT T 

Inn endothelial cells von Willebrand factor (vWF) and P-selectin are stored in dense granules, 
so-calledd Weibel-Palade bodies. Upon stimulation of endothelial cells with a variety of agents 
includingg thrombin, these organelles fuse with the plasma membrane and release their content. 
Smalll  GTP-binding proteins have been shown to control release from intracellular storage 
poolss in a number of cells. In this study wc have investigated whether small GTP-binding 
proteinss are associated with Weibel-Palade bodies. We isolated Weibel-Palade bodies by 
ccntrifugationn on two consecutive density gradients of Percoll. The dense fraction in which 
thesee subcellular organelles were highly enriched, was analysed by SDS-PAGE followed by 
GTPP overlay. A distinct band with an apparent molecular weight of 28,000 was observed. 
Two-dimensionall  gel electrophoresis followed by GTP overlay revealed the presence of a 
singlee small GTP-binding protein with an isoelectric point of 7.1. A monoclonal antibody 
directedd against RalA showed reactivity with the small GTP-binding protein present in 
subcellularr fractions that contain Weibel-Palade bodies. The small GTPase RalA was 
previouslyy identified on dense granules of platelets and on synaptic vesicles in nerve 
terminals.. Our observations suggest that RalA serves a role in regulated exocytosis of Weibel-
Paladee bodies in endothelial cells. 

INTRODUCTIO N N 

Vonn Willebrand factor (vWF) is a multimeric glycoprotein which is synthesized in endothelial 
cellss (Jaffe et al., 1973) and megakaryocytes (Nachman et al., 1970; Sporn et al., 1985). At 
sitess of vascular injury, vWF mediates adherence of platelets to the extracellular matrix, 
therebyy promoting formation of a haemostatic plug (Ruggeri, 1997). In plasma, vWF serves as 
carrierr protein for blood coagulation factor VIII . In endothelial cells vWF is stored in specific 
organelles,, Weibel-Palade bodies that are about 0.1 pm in width and up to 4 pm in length 
(Weibell  and Palade, 1964; Wagner et al., 1982; Rcinders et al., 1984). In addition to vWF, P-
selectin,, a transmembrane receptor which mediates adhesion of neutrophils (McEver et al., 
1989),, and CD63 (also called lysosome-associated membrane protein 3, LAMP-3) (Vischer 
andd Wagner. 1993) have been found in Weibel-Palade bodies. In recent reports, endothelin 
hass been localized to these organelles and after prolonged stimulation, interleukin 8 is stored 
inn Weibel-Paiade bodies as well (Russell et al., 1998; Wolff et al., 1998). Weibel-Palade 
bodiess undergo exocytosis upon stimulation with a large variety of agonists such as thrombin 
(dee Groot et al., 1984). epinephrine (Vischer and Wollheim, 1997), reactive oxygen 
intermediatess (Vischer et al., 1995), adenosine nucleotides (Palmer et al., 1994), trypsin 
(Collinss et al.. 1993), pepiido-leukotriencs (Datta et al., 1995), cytokines (Paleolog et al., 
1990)) and under conditions of hypoxia (Pinsky el al., 1996). 

Smalll  GTP-binding proteins of the Ras supcrfamily have been shown to play a pivotal role in 
reeulaledd exocytosis. Little information is available on the role of small GTP-binding proteins 
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inn secretion of Weibel-Palade bodies from endothelial cells. In saponine-pemieabilized 
endotheliall  cells a modulating effect of pertussis toxin and GDPpS was observed in thrombin 
inducedd secretion of vWF (van den Eijnden-Schrauwen et al.. 1997). A role for G proteins in 
regulatedd secretion of vWF could not be established in electropermeabilized cells (Frearson et 
al.,, 1995). Another study utilizing digitonin-permeabilized endothelial cells suggested the 
involvementt of a small GTP-binding protein of the Ras superfamily in the exocytosis of 
Weibel-Paladee bodies (Fayos and Wattenberg. 1997). Recently, we obtained evidence for the 
presencee of a large repertoire of small GTPases in endothelial cells (de Leeuw et al., 1998). In 
thiss study, we have determined whether small GTP-binding proteins are associated with 
Weibel-Paladee bodies. These organelles were isolated and subcellular fractions were analyzed 
byy two-dimensional gel electrophoresis followed by GTP overlay. We provide evidence for 
thee presence of the small GTPase RalA on Weibel-Palade bodies suggesting the involvement 
off  this protein in regulated exocytosis of these organelles from endothelial cells. 

MATERIAL SS AND METHOD S 

Materials Materials 

Culturee media, trypsin, penicillin, streptomycin and fungizone were from Gibco BRL 
(Rockville,, MD). Human serum was from healthy donors. Heparin (5000 IE/ml) was 
purchasedd from Leo Pharmaceutical Products (Weesp, The Netherlands). Bovine fibroblast 
growthh factor and soybean trypsin inhibitor were from Sigma-Aldrich Chemie (Zwijndrecht, 
Thee Netherlands). Chemiluminescence blotting substrate was from Boehringer Mannheim 
(Mannheim,, Germany). Ampholytes and Percoll were obtained from Pharmacia Biotech 
(Roosendaal,, The Netherlands). Monoclonal antibody CLB-RAg 35 directed against vWF has 
beenn described previously (Stel et al., 1984). Peroxidase-conjugaled polyclonal rabbit IgG 
againstt human vWF was obtained from Dakopatts a's (Glostrup, Denmark). Monoclonal anti-
RalAA antibody was from Transduction Laboratories (Lexington, KY). Nycodenz was from 
Nycomedd Pharma AS (Oslo, Norway). [u-3:P]GTP (specific activity 3000 Ci/mmol) was 
purchasedd from Amersham (UK). All chemicals used were of analytical grade. 

IsolationIsolation of Weibel-Palade bodies from human umbilical vein endothelial cells (HUVEC) 
Endotheliall  cells were isolated from human umbilical veins and cultured in medium 
containingg RPMI1640, M199, 20% human serum, 100 units/ml penicillin, 100 ng/mt 
streptomycin,, 5 ug/ml fungizone, 33 (.ig/ml glutamin, 1 ng/ml bFGF and 5 units/ml heparin 
essentiallyy as described previously (Jaffe et al., 1973; Brinkman et al.. 1994). 
Weibel-Paladee bodies were isolated using a Percoll density gradient essentially as described 
previouslyy (Reinders et al., 1984; Ewenstein et al., 1987). Briefly, confluent endothelial cells 
inn 175 cnr flask were trypsinized. Trypsin was inactivated with STE solution (0.2 M Sucrose, 
200 mM Tris (pH 7.4) and 1 mM EDTA) supplemented with soybean trypsin inhibitor (SBTI; 
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0.22 mg/ml). Cells were washed twice with STE solution (with SBTI) and once with STE 
solutionn (without SBTI). Cells were resuspended in 2 ml STE solution and homogenized 
usingg a Potter-Elvejhem homogenizer (20 strokes, 1400 rpm). After centrifugation at 300g for 
100 minutes (SS34 rotor, Sorvall centrifuge) the postnuclear supernatant was layered on top of 
aa 20 ml solution of 40% Percoll in STE solution which was embedded on 2 ml 2.5 M sucrose. 
Densityy gradient was established by centrifuging in Beckmann ultra centrifuge in fixed angle 
rotorr TFT50.38 for 30 minutes at 32,000 rpm (100,000g) at 15°C. One ml fractions were 
collectedd from the bottom and the density of the subcellular fractions was determined by 
weighing.. Von Willebrand factor antigen was quantified by an enzyme-linked immunosorbent 
assayy as described previously (Borchiellini et al., 1996) using monoclonal antibody CLB-RAg 
355 and peroxidase labeled polyclonal anti-vWF antibody. The distribution of other subcellular 
compartmentss over the density gradient was determined as described previously (Reinders et 
al.,, 1984). Fractions containing Weibel-Palade bodies were collected and mixed with 35% 
Percolll  in STE. The resulting solution was embedded on 2 ml 2.5 M sucrose, a density 
gradientt was established and fractions were collected as described above. Subcellular 
organelless were separated from Percoll by centrifuging on a Nycodenz gradient essentially as 
describedd previously (Vischer and Wagner, 1993). 

GelGel electrophoresis, immunoblotting and GTP overlay 
Subcellularr fractions were analyzed by 15 % SDS polyacrylamide gel electrophoresis under 
reducingg conditions (Laemlli, 1970). Two-dimensional gel electrophoresis of subcellular 
fractionss was performed according to O'Farrell (O'Farrell, 1975). Isoelectric focussing was 
performedd employing a gradient with a range of pH 4.4 to 8.2. Following electrophoresis, 
proteinss were transferred to nitrocellulose membrane. For GTP overlay, the membrane was 
firstfirst washed for 10 minutes in a buffer containing 50 mM Na:HP04 (pH 7.5), 10 mM MgCl,, 
22 mM DTT, 0.2 % Tween-20 and 4 uM ATP, and then incubated for 2 hours at room 
temperaturee in the same buffer containing 1 uCi/ml [a-3"P]GTP essentially as described 
previouslyy (Lapetina and Reep, 1987). Subsequently, the membrane was washed extensively 
withh the same buffer and bound [ct-j:P] GTP was detected using autoradiography. GTP 
overlayy of two-dimensional gel electrophoresis was performed in duplicate to ensure 
specificityy of the obtained signals. Following extensively washing with 10 mM Tris (pH 7,5), 
1000 mM NaCl and 0.1 % Tween-20 (TST), the membrane was blocked with 5% milkpowder 
inn TST. The blot was incubated for 1 hour with monoclonal anti-RalA antibody at a dilution 
off  1:500. Subsequently, the membrane was incubated with goat-anti-mouse immunoglobulin 
labeledd with peroxidase and RalA was visualized by chemiluminescence. 
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RESULTS S 

IsolationIsolation of Weibel-Palade bodies from HUVEC 

Humann umbilical vein endothelial cells were homogenized and Weibel-Palade bodies were 

separatedd from other subcellular compartments using a density gradient of Pcrcoll (Figure 1). 

Subcellularr fractions were analysed for the presence of v\VF. the major component of Weibel-

Paladee bodies. In agreement with previous studies (Reinders et al.. 1984; Vischer and Wagner, 

1993;; Ewenstcin et al., 19S7). subcellular organelles containing vWF scdimented at two 

differentt positions in the density gradient (Figure IB). The most dense fraction (1.12-1.13 

g/ml)) contains Weibel-Palade bodies, whereas the buoyant fraction (1.06-1.07 g/ml) consists 

Figuree 1. Isolation of Weibel-Palade bodies 
fromm HUVEC. 

Confluentt HUVEC were homogenized and 
fractionatedd on a density gradient of Percoll. 
(A)) Fractions were collected from the bottom 
off  the density gradient. Density was measured 
byy weighing. (B) Concentration of v\VF was 
determinedd by ELISA. Von Willebrand factor 
concentrationn is given in nM. (C) 
Hexosaminidasee activity was measured to 
detectt lysosomes. Activity is given as a 
percentagee of the total amount ol 
hexosaminidasee activity recovered from the 
gradient. . 

'' 2 3 > 5 6 7 8 S 10 11 12 13 14 15 

Fractionn nr. 

off  a number of other subcellular compartments (Reinders et al.. 1984; Vischer and Wagner. 

1993;; Ewcnstein el al.. 1987). We tested a number of markers specific for different organelles 

whichh indicated that fractions with density of 1.06-1.07 g ml consist primarily of 

mitochondria,, Golgi apparatus, endoplasmic reticulum and endosomes (data not shown). The 

distributionn of lysosomes in the density gradient was assessed by measuring hexosaminidase 

activityy in the different subcellular fractions (Figure 1C). The results of this analysis indicated 

thatt a small amount of lysosomes was still present in the fraction containing Weibel-Palade 

bodiess in agreement with previous reports (Vischer and Wagner, 1993; Ewenstein et al.. 

1987).. Weibel-Palade bodies were further purified on a second density gradient of Percoll 

(Figuree 2A). Weibel-Palade bodies migrated at a density of 1.12-1.13 g ml as indicated by the 

amountt of vWF present in these subcellular fractions. In the second density gradient 

hexosaminidasee activity was below the limit of detection in all subcellular fractions (data not 
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shown).. This observation indicates that the fractionation scheme presented above yields 

highlyy purified Weibel-Palade bodies, which do not contain detectable amounts of lysosomes. 

SmallSmall GTP-bindingproteins associated with Weibel-Palade bodies 

Too determine the presence of small GTP-binding proleins in subcellular fractions containing 

Weibel-Paladee bodies. GTP overlay was performed (Figure 2C). Small GTP-binding proteins 

withh apparent molecular weight of 28,000 were present in the fractions containing Weibel-

Paladee bodies. Our results indicate that small GTP-binding proteins are associated with 

Weibel-Paladee bodies in endothelial cells. 

Previously,, we have shown that a large number of small GTP-binding proteins is present in 

endotheliall  cells (de Leeuw et al.. 1998 

Figuree 2. Detection ot" small GTP-binding 
proteinss in subcellular fractions containing 
Weibel-Paladee bodies. 

Weibel-Paladee bodies were isolated as 
describedd in legend of Figure 1. (A) Fractions 
4.. 5 and 6 of the first density gradient were 
loadedd on second gradient of Percoll. Fractions 
weree collected from the bottom of the density 
gradientt and concentration of vWF was 
determinedd by ELISA. (B) After two 
consecutivee density gradients of Percoll, Percoll 
wass removed by centrifugation on a Nycodenz 
gradient.. Fractions were collected from the top 
andd the concentration of vWF was determined. 
Samplee I corresponds to fraction 4 and 5, 
samplee II to fraction 6 and 7. sample III to 
fractionn 8 and 9, sample IV to fraction 10 and 
11 1. sample V to fraction 12 and 13 and sample 
VII  to fraction 14 and 15. (C) Samples were 
loadedd on 15% SDS-PAGE, proteins were 
transferredd to nitrocellulose membrane and 
membranee was incubated with radiolabeled 
GTPP or (D) Western blot analysis was 
performedd employing monoclonal anti-RalA 
antibodyy Molecular weight markers are 
indicatedd at the left of the figure. 

associatedd with Weibel-Palade bodies we performed two-dimensional gel electrophoresis 

followedd by GTP overlay (Figure 3A). A few faint spots were observed which migrate at a pH 

off  6.4. A prominent signal was observed at pH of 7.1. In a previous study small GTP-binding 

proteinss were mapped according to their isoelectric point (Huber et a!.. 1994). A subset of 

monoclonall  antibodies directed against small GTP-binding proteins with an isoelectric point 

aroundd 7. were evaluated for their reactivity with Weibel-Palade bodies containing fractions. 

Too study which small GTP-binding proteins are 
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Westernn blotting employing monoclonal anti-RalA antibody revealed that the small GTP-

bindingg protein with an isoelectric point of 7.1. corresponds to RalA (Figure 3B). We then 

studiedd the distribution of small GTPase RalA in subcellular fractions obtained after two 

consecutivee density gradients of Percoll. Western blotting employing the monoclonal 

antibodyy directed against RalA indicated that the distribution of RalA in the density gradient 

correspondedd to that of vWF (Figure 2D). Similarly, the amount of RalA observed in the 

differentt subcellular fractions closely corresponds to the amount of GTP-binding proteins as 

assessedd by GTP overlay (Figure 2C and D). The results of this analysis indicate that RalA is 

thee most prominent small GTP-binding protein associated with Weibel-Palade bodies in 

endotheliall  cells. 
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Figuree 3. Two-dimensional gel electrophoresis of subcellular fraction containing Weibel-Palade bodies. 
Subcellularr fraction containing Weibel-Palade bodies (Figure 2) was concentrated on Centricon-10 concentrator 

andd analysed by two-dimensional gel electrophoresis as described in Materials and Methods. Proteins were 

transferredd to nitrocellulose membrane and small GTP-binding proteins were detected by (A) [a-32P]-GTP 
overlayy or (B) Western blot analysis with monoclonal anti-RalA antibody. pH is indicated at the top of the 

figure.. Molecular weight markers are mven at left of the figure. A black arrowhead indicates RalA. 
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DISCUSSION N 

Exocytosiss of Weibel-Palade bodies involves release of high molecular weight multimers of 
vWFF from endothelial cells which initiates platelet adhesion at sites of vascular injury. In this 
study,, we have investigated whether small GTP-binding proteins are associated with these 
endotheliall  cell-specific organelles. Analysis of highly purified Weibel-Palade bodies 
revealedd that small GTPase RalA associates with these organelles. The results of our analysis 
aree critically dependent on the purity of the subcellular fraction containing the Weibel-Palade 
bodies.. Previous studies have shown that a small portion of lysosomes co-purifies with 
Weibel-Paladee bodies in density gradients (Vischer and Wagner, 1993; Ewenstein et al., 
]]  987). Here, we employed two consecutive density gradients of Percoll to obtain highly 
purifiedd Weibel-Palade bodies. We were unable to detect lysosomes in the final preparation 
usingg hexosaminidase as a marker. Formally, we can not exclude that other subcellular 
organelless are present in the fractions analyzed. However, to our knowledge no subcellular 
organelless that migrate at the same density as Weibel-Palade bodies have been detected in 
endotheliall  cells. We have attempted to confirm the association of RalA with Weibel-Palade 
bodiess by morphological analysis. The monoclonal anti-RalA antibody used in this study did 
nott react with endothelial cells using a variety of fixation protocols. This may be due to the 
loww endogenous level of RalA. Alternatively, morphological analysis may have been 
hamperedd by poor reactivity of the monoclonal anti-RalA antibody on fixed cells. Currently, 
wee are evaluating the use of epitope-tagged RalA cDNA constructs for monitoring the 
subcellularr localization of RalA in transfected endothelial cells. 

Thee presence of RalA in subcellular fractions containing Weibel-Palade bodies suggests a role 
forr this small GTPase in regulated exocytosis. Previously, RalA has been detected on synaptic 
vesicless in nerve terminals (Bielinski et al., 1993; Votknandt et al., 1993) and on dense 
granuless in platelets (Mark el al., 1996). Together this may indicate that RalA serves a general 
rolee in regulated exocytosis. A number of studies have linked RalA to signal transduction 
pathwayss that may intersect with Ras signalling (Bos, 1998; Hofer et al., 1994; Kikuchi et al., 
1994;; Spaargaren and Bishoff, 1994). A functional link between RalA and Ras is provided by 
RalGDS,, a RalA specific guanine nucleotide exchange factor that is preferentially activated 
byy Ras (Hofer et al., 1994; Kikuchi et al, 1994; Spaargaren and Bishoff, 1994). RalA interacts 
downstreamm with phospholipase D in complex with arf-1 (Jiang et al., 1995; Luo et al., 
1997,1998).. Arf-1, a small GTPase, is involved in budding of vesicles from the Golgi 
apparatus.. Association of RalA with this complex implicates the involvement of RalA in 
formationn of vesicles from the Golgi. Another potential downstream target of RalA has 
recentlyy been identified and has been termed RalBP of RL1P76 (Bhullar and Seneviratne, 
1996;; Jullien-Flores et ai., 1995; Cantor et at., 1995). Interestingly, RalBP displays GTPase 
activatingg protein (GAP) activity for members of the rho-like subfamily, that function in the 
organizationn of the actin cytoskeleton (Tapon and Hall, 1994). These results suggest a 
functionall  link between activation of RalA and reorganization of the cytoskeleton which is 
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compatiblee with a role of RalA in regulated exocytosis. A recent study in human platelets has 

shownn that RalA can be activated following stimulation of platelets by thrombin (Wolthuis et 

al.,, 1998). In addition, RalA has been shown to interact with calmodulin in a Ca:'-dependent 

mannerr (Ling Wang et al„  1997). A functional role of calmodulin in regulated secretion of 

vWFF has been derived from studies that employed permeabilized cells in conjunction with 

calmodulin-derivedd peptides (Birch et al., 1992). Together these findings may suggest a role 

forr RalA in Ca:*-dependent exocytosis of Weibel-Palade bodies from endothelial cells. 
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RalAA mediales regulated exocytosis of vWF by endothelial cells 

ABSTRACT T 

Weibel-Paladee bodies are endothelial cell-specific organelles, which contain von Willebrand 
factorr (vWF), P-selectin and a number of other proteins. Upon stimulation of endothelial cells. 
Weibel-Paladee bodies fuse with the plasma membrane and release their contents into the 
bloodd stream. Recently, we found that the small GTP-binding protein RalA is present in a 
subcellularr fraction containing Weibel-Palade bodies. In the present study, we investigated 
whetherr RalA is functionally involved in regulated exocytosis of Weibel-Palade bodies. 
Activationn of endothelial cells by thrombin resulted in transient cycling of RalA from its 
inactivee GDP- to its active GTP-bound state. The amount of GTP-bound RalA reached a 
maximumm after 2 min and returned to basal levels approximately 10 min following 
stimulationn with thrombin. Exocytosis of Weibel-Palade bodies was initiated 30 sec following 
stimulationn with thrombin. In time, a gradual increase in release of vWF was observed. RalA 
activationn and exocytosis of Weibel-Palade bodies was significantly reduced by incubation 
withh trifluoperazine, an inhibitor of calmodulin, prior to thrombin stimulation. Together, these 
findingss indicate that activation o( RalA coincides with exocytosis of Weibel-Palade bodies 
fromm endothelial cells. Functional involvement of RalA in exocytosis was further investigated 
byy expression of constitutively active and dominant negative RalA variants in primary 
endotheliall  cells. Introduction of active RalA G23V resulted in disappearance of Weibel-
Paladee bodies from endothelial cells. In contrast, expression of the dominant negative RalA 
S28NN did not affect the distribution or amount of Weibel-Palade bodies in transfected cells 
significantly.. These results indicate that RalA serves a role in controlling exocytosis of 
Weibel-Paladee bodies by endothelial cells. 

INTRODUCTIO N N 

Vonn Willebrand factor (vWF) is a multimeric glycoprotein involved in adhesion of platelets to 
aa damaged vessel wall (Ruggeri, 1997), Synthesis of vWF is confined to endothelial cells and 
megakaryocytes.. During its biosynthesis in endothelial cells, vWF is segregated from the bulk 
Howw of proteins and stored in rod-shaped organelles, the Weibel-Palade bodies (Wagner, 
1990;; Hop and Pannekoek, 1996). A number of other components have been identified in 
Weibel-Paladee bodies which include P-sclectin. CD63, endothelin and interleukin-8 (McEver 
ett al.. 1989; Vischer and Wagner, 1993; Russell et al., 1998; Wolff et al., 1998, Utgaard et al., 
1998).. Upon stimulation with agonists such as thrombin and histamine, Weibel-Palade bodies 
releasee their contents into the blood (Levine et al.. 1982; de Groot et al., 1984; Hamilton and 
Sims.. 1987). The mechanism of thrombin-induced exocytosis of Weibel-Palade bodies has 
onlyy been partially elucidated (Birch et al., 1992: Carew et al., 1992; van der Eijnden-
Schrauwenn et a!., 1997). Thrombin induces elevation of intracellular Ca2 -levels which 
appearss crucial for release of vWF from Weibel-Palade bodies (Birch et al., 1994; van den 
Eijnden-Schrauwenn et a!., 1997). Inhibition studies have shown that intracellular Ca ' exerts 
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itss effect on regulated secretion of vWF via calmodulin (Birch ct al., 1992; van den Eijndcn-

Schrauwcnn et at., 1997). Recently, we identified the small GTP-binding protein RalA in a 

subcellularr fraction containing Weibel-Palade bodies suggesting a role for this GTPase in 

regulatedd exocytosis of these organelles (de Leeuw et al., 1999). RalA has also been identified 

onn dense granules in platelets and on synaptic vesicles in nerve terminals (Mark et al.. 1996; 

Bielinskii  et ah, 1993). These findings suggest a general role for RalA in regulated exocytosis. 

Interestingly,, RalA has been proposed to interact with calmodulin in Ca^-dependent manner 

(Wangg et al., 1997). Binding to calmodulin enhances GTP-binding to RalA 2-3 fold (Wang 

andd Roufogalis. 1999). These observations suggest a regulatory role for RalA in calmodulin-

mediatedd release of vWF from endothelial cells. 

Inn this study, we investigated the functional involvement of RalA in the secretion of Weibel-

Paladee bodies by endothelial cells. We show that activation of RalA correlates with thrombin 

inducedd secretion of vWF from Weibel-Palade bodies. Expression o\~ constituiively active 

RalAA in endothelial cells results in exocytosis of Weibel-Palade bodies whereas expression of 

aa dominant negative RalA variant did not show this effect. Together, these findings suggest 

thatt RalA is involved in regulated exocytosis of Weibel-Palade bodies from endothelial cells. 

MATERIAL SS AND METHOD S 

Materials Materials 

Culturee media, trypsin, penicillin, streptomycin and fungizone were from Gibco BRL 

(Rockville,, MD). Human serum was from healthy donors. Heparin (5000 IE/ml) was 

purchasedd from Leo Pharmaceutical Products (Weesp. The Netherlands). Bovine fibroblast 

growthh factor and soybean trypsin inhibitor were from Sigma-Aldrich Chemie (Zwijndrecht, 

Thee Netherlands). Chemiluminescence blotting substrate was from Boehringer Mannheim 

(Mannheim,, Germany). Monoclonal antibody CLB-RAg 35 directed against vWF has been 

describedd previously (Stel et al.. 1984). Peroxidase-conjugated polyclonal rabbit [gG against 

humann vWF was obtained from Dakopatls a's (Glostrup. Denmark). Monoclonal anii-RalA 

antibodyy was from Transduction Laboratories (Lexington. KY), Hybridoma cell line 9E10 

wass from ATCC (USA). Protease inhibitors cocktail, completeIM mini, was from Boehringer 

Mannheimm (Mannheim, Germany). Vectashield was from Vecla Laboratories (Burlington. 

CA,, USA}. All chemicals used were of analytical grade. 

CellCell culture 

Endotheliall  cells were isolated from human umbilical veins and cultured as described 

previouslyy (de Leeuw et al., 1999). Stimulation of endothelial cells by thrombin, Ca: -

ionophoree A23187 and phorbol myristic acetate (PMA) was performed as follows. 

Endotheliall  cells were washed three times with PBS and cultured for 2 h in M199 medium 

supplementedd with 1% human serum albumin. At the onset of stimulation, the culture medium 
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wass replaced by medium containing thrombin, Ca:'-ionophore, PMA or no agonist. To study 

thee effect of the calmodulin inhibitor trifluoperazine (TFP) on thrombin induced secretion, 

cellss were precincubated for 30 min with 40 |iM TFP prior to stimulation by thrombin. 

ConstructionConstruction of epitope tagged RalA variants 

Totall  cDNA of HUVEC and plasmid pGEM-T-Myc-Rab30 were used to construct epitope 

laggedd human RalA (de Leeuw et al., 1998). Oligonucleotide primers RalAsense 5'- ATC 

TCCC GAG GAG GAC CTG ATG GCT GCA AAT AAG CCC and RalAAS 51- AAT GAA 

TTCC GAG CTC TTA TAA AAT GCA GCA TCT TTC were used to amplify the coding 

sequencee of RalA. Oligonucleotide primers MS 5'-AAT GGA TCC CTC GAG ATG GAG 

CAGG AAG CTG and MAS 5'-CAG GTC CTC CTC GGA GAT were used to amplify a 

fragmentt encoding the first 11 amino acids of c-myc. Myc-RalA was obtained by a second 

PCRR using primers MS and RalAAS. The amplified fragment was cloned in vector pGEM-T 

yieldingg pGEM-T-Myc-RalA. The construct was digested with BamHI and EcoRI and cloned 

intoo vector pCDNA3.l yielding pCDNA3.1-Myc-RalA. In the resulting construct the coding 

sequencee of RalA is preceded by 11 amino acids that comprise the epitope of monoclonal 

antibodyy 9E10 (Evan et al., 1985). Constructs pCDNA3.1-Myc-RalA G23V and S28N were 

constructedd by overlap PCR using pCDNA3.1-Myc-RalA as template. Fragments were 

amplifiedd using primers MS and G23Vrev 5'-GCC CAC GCC AAC ACT GCC CAC or 

S28Nrevv 5'-AGT CAG AGC ATT CTT GCC CAC and RalAAS with G23Vfor 5'-GTG GGC 

AGTT GTT GGC GTG GGC or S28Nfor 5'-GTG GGC AAG AAT GCT CTG ACT. The 

secondd PCR was performed using primers MS and RalAAS. Amplified DNA was digested 

withh EcoRI and cloned into EcoRI digested pCDNA3.1-Myc-RalA wild type yielding 

pCDNA3.1-Myc-RalAA G23V and S28N, respectively. The sequences of the constructs were 

verifiedd using an automatic sequencer AB1100 (Perkin-Elmer, Norwalk. USA). 

RalARalA activation assay 

Thee GTP-bound form of RalA was isolated from total cell lysates by incubating the cell lysate 

withh GST-RalBD coupled to glutathione Sepharose essentially as described previously 

(Wohhuiss et ah. 1998). Vector pGEX4T3-GST-RalBD was kindly provided by dr. J.L. Bos 

(Utrechtt University, The Netherlands). GST-RalBD was purified from IPTG-induced bacteria 

ass described previously (Wolthuis et ah, 1997). HUVEC were cultured in 6 wells dishes and 

grownn to confluency. Stimulation of endothelial cells was performed as described in the 

previouss paragraph. At indicated time periods HUVEC were lysed in Ral buffer (15% (v/v) 

glycerol,, 1% NP-40, 50 mM Tris (pH 7.4), 200 mM NaCh 2.5 mM MgCL, 1 mM PMSF and 

0.11 uM Trasylol). Cell lysates were incubated with 15 ug GST-RalBD prccoupled to 

glutathionee Sepharose for 60 min at 4 °C. Beads were washed and analyzed by 12.5 % SDS-

PAGEE and Western blotting with a monoclonal anti-RalA antibody. 
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TransientTransient expression of RalA variants in HUVEC 

HUVECC were transfected by electroporation using a Genepulser cquiped with a RF module 

(Biorad,, Veenendaa!, The Netherlands). Confluent HUVEC were trvpsinized and 2 million 

cellss were resuspended in 350 u.1 HEPES-buffered media. Five p.g CsCI-purified plasmid was 

addedd to the cell suspension and incubated for 5 min at room temperature. Electroporation 

wass performed in 2 mm cuvets at 240 V. Following transfection, cells were seeded on 

coverslipss and cultured for 48 h. Cells were fixed with 3.7 % formaldehyde for 10 min and 

permeabilizedd with 0.02% saponin in PBS supplemented with 1% BSA. Cells were then 

stainedd with monoclonal anti-myc antibody 9EI0 and polyclonal anti-v\VF antibody in 

PBS/0.02%% saponin/1% BSA. Secondary antibodies used were FITC-labelled goat anti-mouse 

(CLB,, Amsterdam, The Netherlands) and Texas Red-labelled horse anti-rabbit antibodies 

(Vectorr Laboratories, Burtinghame, CA). Cells were embedded in Vectashield mounting 

mediumm and viewed by confocal microscopy using a Leica TCS NT (Leica Microsystems, 

Heidelberg,, Germany). Results of two independent experiments are given. The number of 

Weibel-Paladee bodies present in endothelial cells expressing RalA wild type, G23V or S28N 

wass determined. For each construct 20-30 individual transfected cells were evaluated. 

RESULTS S 

Thrombin-inducedThrombin-induced secretion of von Willebrand factor coincides with activation of RalA 

Stimulationn of endothelial cells by agents such as thrombin results in exocytosis of Weibel-

Paladee bodies (Levine et al,, 1982; de Groot et al., 1984). Recently, we have shown the 

presencee of RalA in a subcellular fraction containing Weibel-Palade bodies (de Leeuw et al., 

1999).. To investigate whether secretion of Weibel-Palade bodies coincides with activation of 

RalA,, HUVEC were stimulated with thrombin for various periods of time (Figure 1). 

Exocytosiss of Weibel-Palade bodies was determined by measuring release of vWF in the 

medium.. Secretion of vWF initiated 30 sec after the addition of 1 U/'ml of thrombin and 

graduallyy increased in lime (Figure 1A). Activation of RaiA was measured by determining the 

bindingg of active GTP-bound RalA to GST-tagged Ral binding domain coupled to glutathione 

beadss (Figure IB). A transient activation of RalA was observed which reached a maximum 

afterr 2 min of stimulation with thrombin. After 10 min the amount of GTP-bound RalA had 

decreasedd significantly. No increase in activation of RalA could be detected in unstimulated 

cellss and the total amount of RalA was similar in all samples analyzed (Figure 1C), These 

resultss show that activation of RalA coincides with release of vWF in endothelial cells 

followingg stimulation by thrombin. 

RoleRole of calmodulin in activation of RalA and regulated secretion ofvWF. 

Inn endothelial cells, calmodulin has been implicated in thrombin-induced exocytosis of 

Weibel-Paladee bodies (Birch et al.. 1992; van den Etjnden-Schrauwen. 1997). Recently, a 

bindingg site for calmodulin on RalA has been detected and calmodulin has been shown to 
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enhancee the binding of GTP to RalA (Wang et al,. 1997; Wang and Roufogalis, 1999). We 

investigatedd whether thrombin-induced activation of RalA is affected by antagonists of 

calmodulin.. Endothelial cells were stimulated with thrombin in the presence and absence of 

calmodulinn inhibitor TFP. Two min after the addition of thrombin. TFP inhibited secretion of 

vWFF by 70%. A slightly lower inhibition was observed at 5 and 10 min following incubation 

withh TFP (Figure 2A). In the same experiment the effect of TFP on activation of RalA was 

determined.. In the absence of TFP. transient activation of RalA was observed (Figure 2B). 

Figuree 1. I'hrombin-mduced secretion of vWF 
coincidess with RalA actuation in endothelial cells. 
Endotheliall  cells were cultured in 6 wells plates and 
grownn till confluency. Two hours prior to stimulation. 
culturee medium was replaced by M l 0 0 1 % (v/v) 
USA.. Subsequently, cells were stimulated with 
thrombinn (1 l. ml) for the indicated periods of time, 
Mediumm was collected and cells were lysed in Ral 
bindingg buffer. The concentration of vWF in culture 
mediumm was determined by ELISA as described 
previouslyy (Borchiellini et al.. 1996). Actuation of 
RalAA was measured as described in Materials and 
Methods.. (A) Concentration of vWF in medium 
(whilee bar. control: black bar. stimulated with 
thrombin);; (B) Activation of RalA in endothelial cells 
stimulatedd with thrombin; (C) Activation of RalA in 
non-stimulatedd endothelial cells. 

Thrombin-inducedd activation of RalA was strongly inhibited by TFP (Figure 2B), Inhibition 

waswas most pronounced 2 min following addition of thrombin. At later lime points, a slight 

increasee in the amount of GTP-bound RalA was observed when compared to control cells that 

weree not incubated with TFP. Our findings suggest that TFP partially inhibits both activation 

off  RalA and release of vWF in endothelial cells stimulated with thrombin. Apparently, RalA 

actss downstream of calmodulin after thrombin stimulation. 

TheThe role of calcium and prolan kinase (' in activation of RalA in endothelial cells 

Previouss studies have shown thai agents like C'a: -ionophore A23187 and PMA can induce 

exocytosiss of Weibel-Palade bodies from endothelial cells (Loesberg et al.. 1983). We tested 

whetherr RalA was also activated upon stimulation of endothelial cells with these agents. 

Incubationn of endothelial cells with 1 u \l Ca~ -ionophore A23187 resulted in exocytosis of 

Weibel-Paladee bodies, as determined by measuring the concentration of vWF in medium 

ii  figure 3A). A rapid, transient activation of RalA was observed (Figure 3B). The amount o\' 
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Figuree 2. Effect of the calmodulin inhibitor "1 FP \ 

onn thrombin-induced secretion of Weibel-Palade 

bodiess and activation of RalA. 

Endotheliall  cells were cultured in 6 wells plates 
andd grown till confluency. Two hours prior to 

stimulation,, culture medium was replaced by 
Ml999 1 % HSA. Then medium was replaced 

andd TFP was added to a final concentration of 

500 uM. In control cells no TFP was added. After 
300 min, cells were stimulated with thrombin (1 

I""  ml) for indicated periods of time in the 
presencee absence of TFP and analysed as 

describedd in Materials and Methods. (A) 

Concentrationn of vWF in culture medium: non 
stimulatedd endothelial cells (white bar): cells 

stimulatedd with thrombin in absence (black bar) 
orr presence (grey bar) of TFP. (B) Activation of 

RalAA in non-stimulated endothelial cells (left 
panel)) and cells stimulated with thrombin in 

absencee (second panel) or presence (right panel) 

off  TFP. 

GTP-boundd RalA at 2 min following stimulation with 1 JIM Ca:T-ionophore A23187 was 

comparedd to that observed after incubation of endothelial cells with 1 U/ml of thrombin. 

Slightlyy less RalA was activated upon incubation of endothelial cells with Ca: -ionophore 

A231877 than with thrombin (Figure 3B). Our findings indicate that increased intracellular 

Ca: '' levels result in rapid activation of RalA. Subsequently, we determined activation of RalA 

inn cells that were treated with 100 ng/ml PMA. Incubation with PMA resulted in a time-

dependentt increase in the level of GTP-bound RalA (Figure 4B). Levels of GTP-bound RalA 

underr these conditions were significantly lower then observed following stimulation of 

endotheliall  cells for 2 min by thrombin (Figure 4B). The amount of vWF released increased 

graduallyy in time upon incubation with PMA (Figure 4A). It should be noted that the amount 

off  vWF released at 10 min following addition of PMA, was similar to that released upon 

incubationn of endothelial cells for 10 min with thrombin. Our analysis indicates that PMA 

doess not induce rapid activation as observed for thrombin and Ca:'-ionophore A23187. 

Apparently,, Ca:"-ionophore A23187 and thrombin act differently on activation of RalA and 

releasee of vWF than PMA, an activator of protein kinase C. 

OverexpressionOverexpression of RalA in endothelial cells affects exocytosis of Weibel-Palade bodies 

Inn the previous paragraphs we showed that RalA activation coincides with thrombin-induced 

releasee of vWF. To study the functional role of RalA in exocytosis of Weibel-Palade bodies, 

wee expressed RalA wild type, constitutively active (GTP-bound) RalA G23Y or dominant 

negativee (GDP-bound) RalA S28N in primary human endothelial cells by electroporation. 

Expressionn of wild type myc-tagged RalA revealed that in the majority oftransfected cells the 
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Figuree 3 Effect of Ca:'-ionophore A23187 on the activation A 

off  RalA in endothelial cells. o 
Endotheliall  cells were cultured in 6 wells plates and grown 
til ll  confluency. Two hours prior to stimulation, culture f ' 

mediumm was replaced by M199/1 % (v/v) HSA. | 
Subsequently,, cells were stimulated with Ca:"-ionophore 
A231877 (1 uM) for indicated periods of time. As a control, 
cellss were stimulated with thrombin 11 U/ml) for 2 min. Cells 
weree analysed as described in Materials and Methods. (A) 
Cellss stimulated with Ca:'-ionophore A23187. Concentration 
off  vWF was determined in medium: non-stimulated cells 
(whitee bars): cells stimulated with Ca:'-ionophore A23187 
(blackk bars). (B) Activation of RalA in endothelial cells 
stimulatedd with Ca"~-ionophore A23187. 

Figuree 4. Effect of PMA on the activation of RalA 
inn endothelial cells. 
Endotheliall  cells were cultured in 6 wells plates 
andd grown till confluency. Two hours prior to 
stimulation,, culture medium was replaced by 
M199/11 % (v/v) HSA. Subsequently, cells were 
stimulatedd with PMA (100 ng/ml) for indicated 
periodss of time. As a control, cells were stimulated 
withh thrombin (1 U/ml) for 2 min. Cells were 
analysedd as described in Materials and Methods. 
(A)) Cells stimulated with PMA. Concentration of 
vWFF was determined in medium of non-
stimulatedd cells (white bars) or cells stimulated 
withh PMA (black bars). (B) Activation of RalA in 
endotheliall  cells stimulated with PMA. 

numberr of Weibel-Palade bodies was greatly reduced (Figure 5A.B.C). In some of the 

transfectedd cells, a residual number of Weibel-Palade bodies could be detected (Table 1). 

Quantificationn of a large number of transfected cells revealed that 48% of cells expressing 

RalAA wild type contained a limited number (<5) Weibel-Palade bodies (Table 1). A similar 

phenotypee was observed in cells overexpressing constitutively active RalA G23V (Figure 

5D,E,F).. In 48% of cells expressing RalA G23V the number of Weibel-Palade bodies is 

stronglyy decreased compared to non-transfected cells. In cells transfected with dominant 

negativee mutant RalA S28N normal amounts of Weibel-Palade bodies were observed. (Figure 

5G.FÜ).. Quantitative analysis revealed that in only 8% of cells transfected with RalA S28N 

reducedd numbers of Weibel-Palade bodies were present. Similarly. 4% of non-transfected 

primaryy endothelial cells also contained reduced numbers of Weibel-Palade bodies. Overall, 

thesee results indicate that overexpression of RalA in the GTP-bound form induces exocytosis 
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off  Weibel-Palade bodies from endothelial cells. 

RalA A vWF F RalAAA \vi 

RalA A 
Wildd type 

RalAA G23V 

RalAA S28N 

Figuree 5. Wild type and constitutively active RalA induce exocytosis of Weibel-Palade bodies in endothelial 

cells. . 
Primaryy endothelial cells were transfected with RalA variants and cultured on coverslips for 48 hours. Cells 

weree fixed with 3.7% formaldehyde and immunofluorescence was performed as described in Materials and 

Methods.. Exogenous RalA was visualized using monoclonal antibody 9E10 directed to Myc-tag and a FITC-
labelledd secondary goat anti- mouse antibody (A. D. G). VWF was visualized using polyclonal antibody directed 

too vWF and a Texas Red-labelled secondary horse anti-rabbit antibod\ (B, h. H). (A. B. C) Cells transfected 
withh pCDNA3.1-Myc-RalA wildtype; (D.E.F) Cells transfected with pCDNA3 1-Myc-RalA G23V; (G. H. I) 

Cellss transfected with pCDNA3.1-Myc-RalA S28N. 
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TABLEE I. Quantitative analysis of the number of Weibel-Palade bodies in transfecied and non-transfected 

humann endothelial cells. 

Primaryy endothelial cells were iransfected with RalA wild type, RalA G23V, and RalA S28N as described in 
Materialss and Methods. For each construct the number of Weibe!-Palade bodies was determined in 20-30 

transfeciedd cells. Results are expressed in percentages and are compared to the number of Weibel-Palade bodies 

presentt in non-transfected cells. 

Construct t 

non-transfected d 

RalAA wild type 

RalAA G23V 

RalAA S28N 

Numberr of Weibel-Palade bodies (n) 

n <5 5 

4 4 

48 8 

48 8 

8 8 

55 < n > 20 

48 8 

16 6 

33 3 
38 8 

n>20 0 

48 8 

36 6 
18 8 

54 4 

DISCUSSION N 

Stimulationn of endothelial cells with agents such as thrombin results in release of high 
molecularr weight multimers of vWF and translocation of P-selectin to the plasma membrane. 
Bothh these events are an immediate consequence of the thrombin-induced exocytosis of 
endotheliall  cell-specific storage organelles, the Weibel-Palade bodies. In this report, we 
providee evidence that the small GTP-binding protein RalA is transiently activated following 
stimulationn of endothelial cells by thrombin. A previous study has shown that activation of 
RalAA occurs also upon stimulation of human platelets with thrombin (Wolthuis et aL, 1998). 
Inn platelets, thrombin-induced activation of RalA reached a maximum 1 minute following 
stimulationn with thrombin whereas in endothelial cells maximal levels were reached after 2 
minn (Figure 1; Wollhuis et al., 1998). Furthermore, the amount of activated RalA decreased 
rapidlyy (between 5 and 10 min) in endothelial cells whereas in platelets significant levels of 
activatedd RalA were still present at 10 min following stimulation. Similar to what has been 
observedd for platelets, elevation of intracellular calcium levels resulted in a rapid activation of 
RalA.. Our results suggest that activation of RalA by thrombin proceeds via a similar 
mechanismm in platelets and endothelial cells. Incubation with PMA, however, did result in a 
relativelyy slow activation of RalA in endothelial cells whereas in platelets no activation of 
RalAA was observed following treatment with PMA (Wolthuis et al., 1998). The significance 
off  activation of RalA under these conditions is presently nol clear. Activation of RalA by 
agonistss that activate the protein kinase C has so far not been reported (Wolthuis et al., 1998; 
Bos,, 1998). Prolonged incubation with PMA for up to 60 min resulted in a further increase in 
RalAA activation. Massive secretion of vWF was observed under these conditions. The 
molecularr mechanism by which protein kinase C activates RalA in endothelial cells is 
currentlyy unknown. Birch and co-workers have shown that the calmodulin antagonist W-7 

7^ ^ 



Chapterr 5 

inhibitss both thrombin and PMA-stimuIated release of vWF from endothelial cells (Birch et 
al-,, 1992). The observed effect on PMA-induced release of vWF was attributed to the limited 
specificityy of W-7 but may also indicate involvement of calmodulin in this process. In this 
study,, we show that thrombin-induced activation of RalA is inhibited by the calmodulin 
antagonistt TFP. This observation indicates that RalA functions downstream of calmodulin in 
endotheliall  cells. It should be noted that in the presence of TFP a slight increase in activation 
off  RalA is observed at 5 and 10 min following addition of thrombin (Figure 2). These findings 
suggestt that the calmodulin antagonist TFP delays but does not completely inhibit activation 
off  RalA by thrombin. Interestingly, also the release of vWF is less inhibited by TFP at 5 and 
100 min following activation by thrombin compared to 2 min of stimulation. These findings 
lendd additional support to a close correlation between activation of RalA and regulated 
secretionn of vWF. 

Functionall  involvement of RalA in regulated exocytosis of Weibel-Palade bodies by 
endotheliall  cells is suggested by the absence of Weibel-Palade bodies in endothelial cells 
overexpressingg wild type and 'constitutively active' RalA. In some transfccted cells, a residual 
numberr of Weibel-Palade bodies can still be detected (Table 1). This may relate to variability 
inn expression levels of RalA variants among individual primary endothelial cells. A large 
variabilityy of number of Weibel-Palade bodies is also observed in non-transfected primary 
humann endothelial cells (Table 1). Finally, our analysis does not allow for direct monitoring 
off  exocytosis of Weibel-Palade bodies since only 10% of the endothelial cells were 
transfectedd (data not shown). A reduced number of Weibel-Palade bodies in a particular cell 
doess not always result from exocytosis but may also be caused by cell-to-cell variability 
withinn primary cultures. Therefore, we determined the number of WFeibel-Palade bodies in a 
largee number of transfected primary endothelial cells. Our results suggest that both 
constitutivelyy active RalA (G23V) and wild type RalA can induce exocytosis of Weibel-
Paladee bodies. The number of Weibel-Palade bodies in endothelial cells transfected with 
dominantt negative RalA (S28N) is similar to control, non-trans fee ted cells. This suggests that 
activationn of RalA induces exocytosis of Weibel-Palade bodies by endothelial cells. In a 
previouss study, we have reported that RalA associates with Weibel-Palade bodies in 
endotheliall  cells (de Leeuw et al., 1999). In the present study, expression of RalA variants did 
nott clearly reveal colocalization of RalA with vWF in Weibel-Palade bodies. Several reasons 
maybee forwarded for this apparent discrepancy. First, RalA may only transiently associate 
withh Weibel-Palade bodies. Secondly, only limited part of the intracellular amount of RalA 
mayy participate in the exocytosis of Weibel-Palade bodies. Cell fractionation studies revealed 
thatt RalA is not exclusively present in subcellular fractions thai contain Weibel-Palade 
bodies.. A significant amount of RaiA was detected in other subcellular fractions derived from 
endotheliall  cells (data not shown). 

Multiplee functional roles for RalA have been proposed. RalA interacts in a GTP-dependent 
mannerr with filamin inducing filopodia (Ohta el al., 1999). Furthermore, RalA interacts with 
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RLIP76,, a RalA effector protein with GTPase protein activity for cdc42 (Jullien-Flores et al., 

1995).. Both these observations suggest a role for RalA in cytoskeleton dynamics. Another 

targett for RalA is phospholipase D. A number of studies have suggested that a complex of 

RalAA with phospholipase D and Arf is involved in vesicle budding from the Golgi apparatus 

(Luoo et al., 1997, 1998). Recently, RalA has also been implicated in endocytosis (Nakashima 

ett al., 1999). Interestingly, both constitutively active and dominant negative forms of RalA 

inhibitedd endocytosis. These observations suggest that GTP hydrolysis of active RalA is 

requiredd for endocytosis. The results of our study indicate that the presence of activated RalA, 

generatedd upon activation of endothelial cells, suffices to induce release the contents of 

Weibel-Paladee bodies into the circulation. 
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GENERALL  DISCUSSION 

Inn endothelial cells, high molecular weight multimers of von Willebrand factor are stored in 
endotheliall  cell-specific organelles, Weibel-Palade bodies. The physiological importance of 
vWFF is apparent from the notion that quantitative and qualitative defects in vWF protein are 
associatedd with a bleeding disorder, von Willebrand disease. VWF functions in mediating 
platelett adhesion to a damaged vessel wall and in plasma it serves as carrier protein for blood 
coagulationn factor VIII . Upon stimulation of endothelial cells with agents such as thrombin, 
thee contents of Weibel-Palade bodies is released into the blood stream. The mechanism of 
exocytosiss at the molecular level is poorly understood. Based on our current knowledge (see 
Chapterr 1), we hypothesized that small GTP-binding proteins of the Ras superfamily are 
involvedd in exocytosis of Weibel-Palade bodies. The subject of this thesis was to study the 
rolee of small GTP-binding proteins in exoytosis of Weibel-Palade bodies by endothelial cells. 
Inn the present Chapter, potential implications of our findings are discussed. 

SMALLL  GTP-BINDIN G PROTEINS IN ENDOTHELIA L CELL S 

Inn Chapter 2, we describe the repertoire of small GTP-binding proteins of the Ras superfamily 
foundd in endothelial cells. Partial cDNAs encoding a conserved region of small GTP-binding 
proteinss were amplified by RT-PCR, using oligonucleotide primers corresponding to PM3 
andd G2 regions of small GTP-binding proteins. Oligonucleotide primers were based on 
nucleotidee sequences of members of the Rab subfamily, while this subfamily is involved in 
vesicularr mediated transport along the secretory pathway. The oligonucleotide primers used 
forr amplification did not allow for amplification of Rapl, Rap2, Arf and Cdc42 cDNA. Table 
11 summarizes which small GTPases have been found in endothelial cells. We have not 
assessedd the functional role of the small GTPases identified. Several functional studies have 
beenn performed on the role of small GTPases in other cells. It is likely that the functional role 
off  the majority of small GTP-binding proteins in endothelial cells is similar if not identical to 
thatt defined in other cell types (Table 1). 

Inspectionn of the repertoire of endothelial small GTP-binding proteins revealed the presence 
off  Rab3b, a small GTPase, which has been implicated in regulated exocytosis in various cells 
andd tissues. In rat anterior pituitary cells, anti-sense oligonucleotides inhibited the expression 
off  Rab3b and subsequently Ca2+-dependent exocytosis (LIedo et al., 1993). In platelets, the 
majorityy of Rab3b is confined to the cytoplasm. Upon stimulation of platelets with thrombin, 
Rab3bb becomes phosphorylated. The functional significance of phosphorylation of Rab3b in 
humann platelets has not been established (Kamiguian et al., 1993). Upregulation of Rab3b has 
beenn observed upon incubation of the megakaryoblastic leukemia cell line, MEG-01, upon 
incubationn with phorbol esters (Nagata et al., 1997). Similarly, incubation of a pancreatic 
acinarr cell line with dexamethasone also resulted in increased levels of Rab3b mRNA 
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TABL EE 1. Small GTP-binding proteins present in endothelial cells 

Protein Protein Function/Localization Function/Localization References References 

Rabla,, lb 

Rab2b* * 
Rab3b b 

Rab4a,, 4b 
Rab5a,, 5b, 

Rab5c-like e 

Rab6 6 
Rab7 7 

Rab8 8 
Rab9,, 9b* 
Rabll,, 11BA 

Rabl3 3 

Rabl4 4 
Rabl5 5 

Rab22b b 

Rab30 0 
RasN N 

Racl.Rho o 

RalA A 

Ran n 

Ray-1 1 
Rheb b 

ERR to Golgi transpon 
ERR to Golgi transport 

Calcium-dependentt exocytosis 

Endocytosis s 

Endocytosis s 

Intra-Golgii  retrograde transport 

Earlyy to late endosome transport 

Golgii  to basolateral membrane transport 

Latee endosomes to trans-Golgi transport 

Endosomess to trans-Golgi network transport 

Post-Golgii  transpon 
Tightt junctions 

Predominantlyy expressed in brain 

Golgii  apparatus 

Cytoskeletall  dynamics 

Signall  transduction 
Exocytosis s 

Endocytosis s 
Nuclearr transport 

Regulatingg microtubule organization 
i i 

Rass signalling transduction 

Tisdaleetal.,, 1992 

Tisdalee et al., 1992 

Weberr etal., 1994; Lledo et a]., 1993 

vann der Sluijs et al., 1992 

RybinetaLL 1996 
Martinezz et al., 1997; Mayer etal., 1996 

Fengg etaL 1995; Vitell i et al., 1997 

Peranenn et al., 1996; Huber et al, 1993 

Lombard]]  etal., 1993 

Ullrichh etal., 1996 
Urbeetal.,, 1993 

Zahraoutt et al., 1994 

Elfennkk et al., 1992 

Chenn et al., 1996; This study 

Thiss study 

Taponn an d Hall .  199 7 

Bos,,  199 8 

Bielinskii  et al., 1993; Mark et al., 1996 

Thiss study 

Nakashimaa et al., 1999 
Moore,, 1996 

Desaii  and Hyman, 1999 

Zhuetal... 1994 

Clarkk etal.. 1997; Yee et al., 1997 

Novell  isoforms identified in endothelial cells. Putative function is based on studies performed with other 
isoo forms. 

(Klengdd et al., 1997). Interestingly, also the number of secretory granules increased in these 
cellss upon treatment with dexamethasone (Klengel et al., 1997). Another study with 
pancreaticc acinar cells suggested the involvement of Rab3b in Ca2+-dependent exocytosis. 
Peptidess corresponding to the effector domain of Rab3b stimulated production of inositol 
trisphophatee (IP3) and thereby regulated the activity of phospholipase C, which is linked to 
calcium-dependentt exocytosis (Piiper el al., 1995). Together these observations suggest a role 
off  Rab3b in regulated exocytosis. We have used a number of methods to explore the function 
off  Rab3b in endothelial cells. Immunoblotting, using a monoclonal antibody reactive with al! 
fourr isoforms of Rab3, revealed that low levels of Rab3 were present in endothelial cells (data 
nott shown). The low endogenous levels of Rab3 in endothelial cells prevented further 
morphologicall  and biochemical analysis. Therefore, endothelial cells were transfected with 
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epitope-taggedd Rab3b wikltypc. GTP-bound and GDP-bound variants. Rab3b and its variants 

weree mainly localized to the cytosol. No association of Rab3b with Weibel-Palade bodies was 

observedd under these experimental conditions. Also, overexpression of Rab3b and its variant 

didd not affect the number and distribution of Weibel-Palade bodies in endothelial cells. These 

findingss suggest that Rab3b is not involved in regulated exocytosis of Weibel-Palade bodies 

inn endothelial cells. 

ALTERNATIV EE SPLICING OI A DUPLICATED EXON GENERATES TWO 

ISOFORMSS OE RAB6A 

Rabóaa is a ubiquitously expressed small GTP-binding protein and is localized to the Golgi 

apparatus.. We have identified two isoforms of Rabóa, termed Rabóa and Rabóa' that differ at 

threee amino-acid positions Hanking the PM3 region of Rabó protein (valine to isoleucine at 

positionn 62, threonine to alanine at position 87, and valine to alanine at position 88; Figure 1). 

# = * * 

62 2 

A A 

**  : : : s-;; ^ 

PM3 3 

%% ^ ̂ ^  ^ 
877 8S 

i .. i> 

PKC C Effector r 

Figuree 1. Schematic representation of domains of Rab3a and Rab6a. involved in binding to effector molecules. 
Inn the uppei panel the domain structure of small GTP-binding proteins is shown. The consensus domains (PM1-
33 and Gl-3) are depicted as black boxes. In the lower panel, the region surrounding PM3 is enlarged. 'Jhe 
positionn of amino acid residues of Rab3a that are involved in interaction with its effector protein rabphilinja are 
markedd by asterisks. Ammo acid substitutions at position 87 and 88 may affect binding of rab6a and rabóa" to 
effectorr molecules like rab.kinesin-6. A consensus sequence for phosphorylation by protein kinase C (PKC) that 
overlapss amino acid residue 62 is indicated 

Duringg the course of our study, the sequence of Rabó variant, termed RabóC. was published 

thatt was identical to the sequence of Rabóa' (Fitzgerald and Reed, 1999). GTP'GDP binding 

andd GTPase activity were similar for both isoforms. The expression patterns of the two 

isoformss did not differ significantly in human cell lines and tissues we tested (Chapter 3). In 

contrast,, platelets were found to predominantly express RabóC (Fitzgerald and Reed, 1999). 
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Substitutionss within the Rab6a sequences may potentially result in altered interaction between 
Rab6aa and its effector molecules, such as RabGDl, Rabkinesin-6 (Echard et al., 1998) and the 
recentlyy identified GAPCenA, with GTPase activity towards Rabó (Cuif et al., 1999). The 
amino-acidd residue at position 62 is located in a region that is required for binding of Rab6 to 
effectorr molecules such as RabGDl and Rab geranylgeranyl-transferase (Beranger et al., 
1994).. This amino acid residue is part of a consensus sequence that may be phosphorylated by 
proteinn kinase C (PKC). Both Rabóa isoforms contain this consensus sequence but the 
efficiencyy of phosphorylation may differ for the two variants. In platelets, Rab6 is 
phosphorylatedd upon stimulation of the cells with PMA or thrombin and is partially 
translocatedd to the cytosol (Kamiguian et al., 1993; Fitzgerald and Reed, 1999). Amino acid 
substutionss at position 87 and 88 may be involved in interaction with effector molecules. For 
instance,, Ras a small GTP-binding protein structurally closely related to Rab6a, interacts with 
itss effector, RasGAP, via binding to residues flanking the PM3 region (Scheffzek et al., 1997). 
Recently,, the crystal structure of Rab3A in complex with its effector Rabphilin3A was 
determinedd (Ostermeier and Brunger, 1999). In this model amino-acid residues in the effector 
domainn and the PM3 region interact with Rabphilin3A. Alignment of amino-acid sequences 
off  Raböa, Rab6a' and Rab3A indicates that amino acids at 87 and 88 of Rab6a and Rabóa' 
mayy be involved in binding to effector molecules (Figure 1). Preliminary experimental data 
suggestt that in a two-hybrid system Raböa interacts with rabkinesin-6 whereas its isoform, 
rabóa',, does not (F. Opdam and J. Fransen, personal communication). Rabkinesin-6 is 
localizedd to the Golgi apparatus and has been implicated in the membrane dynamics of this 
subcellularr compartment (Echard et al., 1998). Membrane traffic of Golgi apparatus is 
mediatedd by microtubuli, where kinesins play a role as motor proteins (Lippincott-Schwartz et 
al.,, 1995). Kinesin molecules consist of two heavy chains and two light chains and function in 
plus-endd directed transport of organelles along microtubuli. The heavy chain contains a region 
(thee head) for binding to ATP and microtubuli and a region (the rod) for binding to vesicles to 
bee transported (Hirokawa, 1998). This suggests that interactions between Rabó and 
Rabkinesin-66 could control directional vesicular traffic and membrane motility of the Golgi 
apparatuss (Echard et al., 1998). Recently, rabkinesin-6 has been identified in endothelial cells 
(Horrevoetss et al., 1998). Downregulation of Rabkinesin-6 mRNA level was observed after 
prolongedd incubation of the endothelial cells with tumor necrosis factor-a. a cytokine released 
byy activated monocytes and macrophages. These observations suggest that inflammatory 
processess like atherogenesis affect vesicular trafficking along microtubuli in endothelial cells. 
Thee differential interaction of Rabóa and Rab6a' with Rabkinesin-6, suggest that both small 
GTPasess have a distinct function in the Golgi apparatus. 
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SUBCELLULA RR FRACTIONATIO N OF ENDOTHELIA L CELL S REVEALE D 
ASSOCIATIO NN OF SMALL GTP-BINDIN G PROTEINS WIT H WEIBEL-PALAD E 
BODIES S 

AA subset of small GTP-binding proteins has been implicated in regulated exocytosis (Table I, 
Chapterr 1). Therefore, we hypothesized that small GTPases are also involved in exocytosis of 
Weibel-Paladee bodies by endothelial cells. Subcellular fractionation of endothelial cells was 
performedd to identify small GTP-binding proteins that associate with Weibel-Palade bodies. 
Thesee organelles were separated from other subcellular organelles using a density gradient of 
Percoll.. We were not able to detect other subcellular organelles in the fraction containing 
highlyy enriched Weibel-Palade bodies. Recently, storage organelles were found for 
multimerinn and tissue-type plasminogen activator, respectively, that are distinct from Weibel-
Paladee bodies (Hayward et al., 1998; Emeis et al., 1998). We can not exclude that these 
storagee organelles are present in the subcellular fraction containing Weibel-Palade bodies. 
Thee subcellular fraction containing Weibel-Palade bodies was analyzed by two-dimensional 
gell  electrophoresis in which the proteins were separated on the basis of size and isoelectric 
point,, followed by GTP overlay. The analysis revealed the presence of two GTP-binding 
proteinss in this fraction. We were able to identify one of these small GTP-binding proteins as 
beingg RalA. The other GTP-binding protein, migrating at an isoelectric point of 6.3, has not 
beenn identified sofar. The isoelectric point of the majority of small GTP-binding proteins has 
beenn previously determined (Huber et al., 1994). A large number of small GTPases have an 
isoelectricc point of approximately 6.3. Future studies should reveal which one of these 
proteinss is associated with Weibel-Palade bodies in endothelial cells. 

AA ROLE FOR RALA IN THE EXOCYTOSIS OF WEIBEL-PALAD E BODIES BY 
ENDOTHELIA LL  CELL S 

Identificationn of RalA in the subcellular fraction containing Weibel-Palade bodies suggests 
associationn of RalA with these vesicles. It should be noticed that RalA was also present in 
fractionss that contain other subcellular organelles such as Golgi, lysosomes and ER. This 
observationn indicates that RalA is most likely involved in multiple processes in endothelial 
cells.. Several observations, however, provide evidence for a specific role of RalA in regulated 
exocytosiss of Weibel-Palade bodies. Thrombin-induced activation of endothelial cells 
coincidess with release of vWF from Weibel-Palade bodies (Chapter 5). Previous studies have 
implicatedd a role for calmodulin in exocytosis of Weibel-Palade bodies. Indeed, both 
activationn of RalA and release of vWF are delayed by the calmodulin inhibitor TFP. Further 
supportt for a role of RalA in mediating exocytosis of Weibel-Palade bodies was obtained 
followingg transfection of constitutively active RalA G23V and dominant negative RalA S28N 
inn endothelial cells. The number of Weibel-Palade bodies in endothelial cells transfected with 
constitutivee active RalA G23V was reduced significantly compared to non-transfected cells. 
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Inn contrast, dominant negative RalA S28N did not have a dramatic effect on the number of 
Weibel-Paladee bodies in the cells (Chapter 5). Therefore, we propose a distinct role for RalA 
inn thrombin-induced exocytosis of Weibel-Palade bodies in endothelial cells. 

Basedd upon our current knowledge, a model is presented that describes the role of RalA in 
regulatedd exocytosis of Weibel-Palade bodies (Figure 2). Under quiescent conditions, a small 
amountt of RalA is present on Weibel-Palade bodies (Chapter 4). RalA in complex with Arf-1 
andd phospholipase D has been implicated in vesicular budding from the trans-Golgi network 
(Luoo et al., 1998). This may explain appearance of RalA (in its GDP-bound form) on newly 
formedd Weibel-Palade bodies from the trans-Golgi network. In addition, a non-identified 
smalll  GTP-binding protein is associated with Weibel-Palade bodies, which will not be further 
discussed.. Activation of RalA occurs rapidly upon stimulation of endothelial cells with 
thrombinn (Chapter 5). Thrombin activation is initiated by cleavage of the thrombin receptor. 
Thee thrombin receptor is a seven helical-spanned transmembrane protein coupled to a 
heterotrimericc G protein which activates phospholipase C (Collins et al,, 1997). Subsequently, 
phospholipasee C generates inositol trisphosphate (IP3) that binds to its receptor, resulting in 
releasee of calcium from intracellular storage pools. Calcium in complex with calmodulin 
bindss RalA and increases the affinity for GTP on RalA (Wang et al., 1997; Wang and 
Roufogaliss 1999). We show that activation of RalA is mediated by a calcium/calmodulin 
dependentt pathway (Chapter 5). These observations are in agreement with previous studies, 
wheree RalA is shown to be activated by a Ca2+-dependent pathway (Hofer et al., 1998; 
Wolthuiss et al., 1998). Exchange of GDP for GTP may be further modulated by guanine 
nucleotidee exchange factors (GEF). Several Ral GEFs have until now been identified, like 
RalGDS,, Rlf, and Rgl (reviewed in Bos, 1997). These RalGEFs are ubiquitously expressed 
andd may also occur in endothelial celts. Whether they also play a role in the 
calcium/calmodulin-mediatedd activation of RalA remains to be established. 

Wee demonstrated that the number of Weibel-Palade bodies was significantly decreased in 
endotheliall  cells transfected with RalA wildtype and a constitutively active RalA mutant 
(Chapterr 5). These observations suggest that GTP hydrolysis on activated RalA is not 
requiredd for exocytosis of Weibel-Palade bodies. A possible role of activated GTP-bound 
RalAA in this process could be recruitment of effector molecules to the site at the plasma 
membranee where docking and fusion take place. It is known that RalA in its activated GTP-
boundd form interacts with RLIP76, also called RIP1 or Ral-binding protein 1 (Cantor et al., 
1995;; Jullien-Flores ct al., 1995; Park and Weinberg, 1995). Interestingly, RUP76 shows 
GTPasee activating protein (GAP) activity for Rac and Cdc42, small GTPases involved in 
organizationn of the cytoskeleton. These observations suggest a link between exocytotic 
processess and cytoskeletal dynamics. Indeed, in a recent report, a role for Cdc42 and Rac was 
suggestedd in regulated exocytosis in mast cells (Brown et al., 1998). Next to small GTPases, 
ann important role for v- and t-SNAREs has been proposed in mediating fusion of membranes 
duringg vesicular trafficking (Mayer, 1999). Most likely, these components also contribute to 
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regulatedd exocytosis of Weibel-Palade bodies. 

Uponn fusion of the membrane of Weibel-Palade bodies with the plasma membrane, the 

contentss of these organelles, including vWF, is released. P-selectin is exposed on the plasma 

membranee and is rapidly internalized. According to our model, RalA is still present in its 

activatedd GTP-bound form at this stage (Figure 2). Recently, RalA has been implicated in 

endocytosiss of EGF and insulin receptors (Nakashima et al., 1999). Internalization of these 

receptorss was inhibited by overexpression of GTP-bound and GDP-bound mutants of RalA. 

Thesee observations suggest that GTP hydrolysis is critical for RalA-mediated endocytosis. 

Similarly,, GTP hydrolysis of RalA may potentially be linked to endocytosis of P-selectin, a 

transmembranee protein that is present in the Weibel-Palade bodies (Figure 2). GTP hydrolysis 

iss catalyzed by GTPase activating proteins (GAP) specific for RalA. In platelets, RalA GAP 

activityy has been detected but the corresponding protein has not yet been characterised at the 

molecularr level (Emkey et al., 1991; Bhullar and Seneviratne, 1996). Functional involvement 

off  RalA in endocytosis of P-selectin is subject for further investigation. 

Thee above hypothetical model suggests a role of RalA, in its GTP-bound form, in recruitment 

off  appropriate effectors to the site where docking and fusion of Weibel-Palade bodies occur. 

Futuree studies are required to substantiate our findings. For instance, vWF labelled with 

Greenn Fluorescent Protein (GFP) could be useful in monitoring exocytosis of Weibel-Palade 

bodiess in living primary endothelial cells. Recently, we have constructed a fusion protein of 

GFP-vWF.. Preliminary observations reveal that GFP-vWF is targeted to the Weibel-Palade 

bodiess in endothelial cells. Furthermore, it is worthwhile to study the effect of dominant 

negativee and constitutively active variants of Cdc42 and Racl on regulated release of vWF. 

Similar,, to what has been reported in this study for RalA, the activation of Cdc42 and Racl 

followingg thrombin activation of endothelial cells may be determined. These experiments 

shouldd provide additional insight into the molecular mechanisms involved in regulated 

exocytosiss of Weibel-Palade bodies by endothelial cells. 
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SUMMARY Y 

Vonn Willebrand factor is a multimeric glycoprotein that is synthesized by megakaryocytes 
andd endothelial cells. In endothelial cells, high molecular weight multimers are stored in 
organelles,, so-called Weibel-Palade bodies. Upon stimulation of endothelial cells with agents 
suchh as thrombin, the contents of Weibel-Palade bodies is released into the blood stream. The 
molecularr mechanism of exocytosis of Weibel-Palade bodies by endothelial cells remains 
poorlyy understood. We hypothesized that small GTP-binding proteins of the Ras superfamily 
aree involved in this process. 

Inn Chapter 1, the current knowledge is summarized about the biosynthesis of vWF. 
Furthermore,, a brief introduction on small GTP-binding proteins that are involvement in 
regulatedd secretion is given. 

Inn Chapter 2, the presence of small GTP-binding proteins was examined in human umbilical 
veinn endothelial cells employing RT-PCR. Sequence analysis of 215 cDNA clones revealed 
thee presence of a total of 28 different partial cDNAs encoding small GTP-binding proteins. 
Twoo sequences corresponded to novel isoforms of Rab2 and Rab9. In addition, human 
analoguess of Rab4b, Rab7, Rab9, Rabl4, and Rabl5 were identified. Besides Rab proteins, 
memberss of other subfamilies were detected as well. As a first step towards elucidation of the 
functionn of the different small GTP-binding proteins identified we have isolated full length 
cDNAA corresponding to Rab30 from a human endothelial cell cDNA library. In order to 
assesss the subcellular localization of Rab30, we expressed epitope-tagged Rab30 cDNA in 
monkeyy kidney COS-1 cells. Immunoelectronmicroscopy of transfected COS-1 cells 
indicatedd that Rab30 is associated with Golgi stacks. 

Inn Chapter 3, alternative splicing of the Rab6a gene that results in two isoforms was studied. 
Rabóaa is involved in retrograde transport of vesicles from the Golgi apparatus towards the 
ER.. Using a RT-PCR approach, we identified a novel rab6-like sequence and isolated the 
correspondingg cDNA. The nucleotide sequence was identical to rabóa except for a stretch of 
approximatelyy 100 bp, which contained several nucleotide substitutions. We show that the 
observedd differences in nucleotide sequence originate from alternative splicing of two highly 
homologouss exons within the rabóa gene. Incorporation of either of the two exons generates 
similarr but distinct isoforms of rabóa, which differ in only three amino-acid residues. Both 
rabóaa and its isoform, termed rabóa', were ubiquitously expressed. Equal levels of rabóa and 
rabóa11 mRNA were found in various human tissues and cell lines. Analysis of the biochemical 
propertiess revealed that both rabóa variants bound efficiently to GTP. Morphological analysis 
off  HeLa cells, expressing either epitope-tagged rabóa or rabóa', revealed that both proteins 
weree mainly localized to the Golgi apparatus. 

Inn Chapter 4, we have investigated whether small GTP-binding proteins are associated with 
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Weibel-Paladee bodies. Weibel-Palade bodies were isolated by centrifugation on two 
consecutivee density gradients of Percoll. The dense fraction, in which these subcellular 
organelless were highly enriched, was analysed by SDS-PAGE followed by GTP overlay. A 
distinctt band with an apparent molecular weight of 28,000 was observed. Two-dimensional 
gell  electrophoresis followed by GTP overlay revealed the presence of a single small GTP-
bindingg protein with an isoelectric point of 7.1. A monoclonal antibody directed against RalA 
showedd reactivity with the small GTP-binding protein present in subcellular fractions that 
containn Weibel-Palade bodies. 

Inn Chapter 5, we studied whether RalA is functionally involved in regulated exocytosis of 
Weibel-Paladee bodies. Activation of endothelial cells by thrombin resulted in transient 
cyclingg of RalA from its inactive GDP- to its active GTP-bound state and release of vWF. 
RalAA activation and exocytosis of Weibel-Palade bodies was significantly reduced by 
incubationn with trifluoperazine, an inhibitor of calmodulin, prior to thrombin stimulation. 
Incubationn of endothelial cells with the phorbol ester PMA resulted in a modest activation of 
RalAA in comparison with thrombin. Activation of RalA was only observed after prolonged 
incubationn with PMA. Strikingly, also release of vWF required similar prolonged incubation 
withh PMA. Together, these findings indicate that activation of RalA coincides with exocytosis 
off  Weibel-Palade bodies from endothelial cells. Functional involvement of RalA in exocytosis 
wass investigated by expression of constitutively active and dominant negative RalA variants 
inn endothelial cells. Introduction of active RalA G23V resulted in disappearance of Weibel-
Paladee bodies from endothelial cells. In contrast, expression of the dominant negative RalA 
S28NN did not affect the distribution or amount of Weibel-Palade bodies in transfected cells 
significantly. . 

Inn Chapter 6, a general discussion is presented on the data obtained by studies described in 
thiss thesis. A model is presented that describes the role of the small GTP-binding protein 
RalAA in regulated secretion of vWF. 

% % 



summary'samenvatting g 

SAMENVATTING G 

Vonn Willebrand factor (vWF) is een multimeer eiwit dat wordt gesynthetiseerd door 
megakaryocytenn en endotheel cellen. In endotheel cellen worden multimeren van vWF met 
eenn hoogmoleculair gewicht opgeslagen in organellen, de zogenaamde Weibel-Palade bodies. 
Stimulatiee van endotheel cellen met agonisten, zoals trombine, resulteert in secretie van de 
inhoudd van deze organellen in het bloed. Het moleculaire mechanisme van secretie van 
Weibel-Paladee bodies is nog niet volledig opgehelderd. Onze hypothese was dat kleine GTP-
bindendee eiwitten van de Ras superfamilie betrokken zijn bij dit proces. 

Inn Hoofdstuk 1 wordt een overzicht gepresenteerd waarin de biosynthese van vWF wordt 
beschreven.. Daarnaast wordt een korte inleiding gegeven over kleine GTP-bindende eiwitten 
diee betrokken zijn bij gereguleerde secretie. 

Inn Hoofdstuk 2 wordt bestudeerd welke kleine GTP-bindende eiwitten aanwezig zijn in 
primairee humane endotheel cellen geïsoleerd uit navelstrengen. In totaal werden 28 
verschillendee partiële cDNA sequenties geïdentificeerd door middel van sequentie analyse 
vann 215 verschillende cDNA clonen. Twee sequenties correspondeerden met nieuwe 
isovormenn van Rab2 en Rab9. Daarnaast werden humane analogen van Rab4b, Rab7, Rab9, 
Rabl44 en Rabl5 gevonden. Naast Rab eiwitten werden ook leden van andere sub-families 
gevonden.. Als eerste stap in de functionele karakterisering van de verschillende Rab eiwitten, 
werdd totaal cDNA coderend voor één van deze eiwitten, Rab30 genaamd, gekloneerd uit een 
cDNAA bank van humane endotheel cellen. De sub-cellulaire lokalisatie van Rab30 werd 
bestudeerdd door gemerkt Rab30 cDNA tot expressie te brengen in COS-1 cellen. Met behulp 
vann immuno-etectronmicroscopie werd aangetoond dat Rab30 is geassocieerd met het Golgi 
apparaat. . 

Inn Hoofdstuk 3 wordt de alternatieve "splicing" van het Rabóa gen dat resulteert in de 
expressiee van twee bijna identieke isovormen bestudeerd. Rabóa is betrokken bij transport van 
eiwittenn van het Golgi apparaat naar het endoplasmatisch reticulum. Bij de in hoofstuk 2 
beschrevenn analyse werd een nieuwe isovorm van rabóa geïdentificeerd. Het volledige cDNA 
datt codeerde voor deze nieuw isovorm werd gedoneerd. De nucleotide sequentie was identiek 
aann de sequentie van rabóa7 met uitzondering van een stuk van ongeveer 100 base paren, 
welkee verschillende nucleotide substituties bevatte. We laten zien dat de verschillen in 
nucleotidee sequentie veroorzaakt worden door alternatieve splicing van twee zeer homologe 
exonenn in het Rabóa gen. Inbouw van één van de twee exonen resulteert in het ontstaan van 
tweee vrijwel identieke isovormen van Rabóa, die onderling slecht in drie aminozuren 
verschillen.. Rabóa en zijn isovorm, genaamd Rabóa', worden in alle tot nu toe geteste cellen 
enn weefsels tot expressie gebracht. Gelijke niveaus van Rabóa en Rabóa' worden gevonden in 
verschillendee humane weefsels en cellijnen. Analyse van biochemische eigenschappen liet 
zienn dat beide Rabóa varianten efficiënt aan GTP bonden. Morfologische analyse van HeLa 
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cellen,, getransfecteerd met gemerkt Rab6a of Rabóa', wees uit dat beide eiwitten 
voornamelijkk gelokaliseerd zijn in het Golgi apparaat. 

Inn Hoofdstuk 4 wordt onderzocht of kleine GTP-bindende eiwitten geassocieerd zijn met 
Weibel-Paladee bodies. Weibel-Palade bodies werden geïsoleerd door centrifugatie op twee 
opeenvolgendee dichtheids gradiënten. De fractie met hoge dichtheid, waarin deze 
subcellulairee organellen sterk zijn verrijkt, werd geanalyseerd met behulp van SDS-
polyacrylamidee gel electroforese. De eiwitten werden overgebracht naar een nitrocellulose 
membraann die vervolgens geïncubeerd werd met radioactief gelabeld GTP. Een duidelijke 
bandd met een moleculair gewicht van 28000 werd waargenomen. Met behulp van twee-
dimensionalee gel electroforese gevolgd door een incubatie met radioactief gelabeld GTP werd 
dee aanwezigheid vastgesteld van één enkel klein GTP-bindend eiwit met een isoelectrisch 
puntt van 7.1. Een monoklonale antistof gericht tegen RalA reageerde met het kleine GTP-
bindendd eiwit dat aanwezig was in een sub-cellulaire fractie, die Weibel-Palade bodies bevat. 

Inn Hoofdstuk 5 werd bestudeerd of RalA functioneel betrokken is bij de gereguleerde 
exocytosee van Weibel-Palade bodies. Activering van endotheel cellen door trombine 
resulteerdee in omzetting van RalA van een inactieve GDP- naar een actieve GTP-bindende 
toestand.. Activering van RalA en exocytose van Weibel-Palade bodies werden beiden 
vertraagdd door incubatie van met trombine gestimuleerde endotheelcellen met 
trifluoroperazine,, een remmer van calmoduline. Incubatie van endotheel cellen met de 
phorboll  ester PMA resulteerde in een bescheiden activering van RalA, in vergelijking met 
trombine.. Activering van RalA werd alleen waargenomen na langdurige incubatie met PMA. 
Opvallendd was dat voor secretie van vWF ook een langdurige stimulatie met PMA nodig was. 
Uitt deze bevindingen blijkt dat activering van RalaA en exocytose van Weibel-Palade bodies 
ongeveerr gelijktijdig plaatsvinden. Functionele betrokkenheid van RalA in exocytose van 
Weibel-Paladee bodies werd verder onderzocht door constitutief actieve en dominant negatieve 
variantenn van RalA tot expressie te brengen in endotheel cellen. Introductie van constitutief 
actieff  RalA resulteerde in het verdwijnen Weibel-Palade bodies uit endotheel cellen. 
Expressiee van dominant negatief RalA had daarentegen geen significant effect op het aantal 
Weibel-Paladee bodies in getransfecteerde cellen. 

Inn Hoofdstuk 6 worden de bevindingen bediscussieerd, die in dit proefschrift beschreven zijn. 
Tevenss wordt een model gepresenteerd, waarin de rol van hel kleine GTP-bindende eiwit 
RalAA in gereguleerde secretie van vWF wordt beschreven. 
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Nawoord d 

NAWOORD D 

Opp de voorkant van dit boekje staat één naam, maar promoveren doe je niet alleen. Het succes 
enn het welslagen van de promotie werd niet alleen bepaald door de degene die gaat 
promoverenn (ik dus), maar voor een belangrijk deel ook door de hulp van anderen op het lab 
enn daarbuiten. Daarvoor wil ik iedereen van harte bedanken en zonder iemand te kort te doen 
will  ik er een aantal bij naam noemen. 

Allereerstt mijn co-promotor Jan Voorberg. Bedankt Jan voor je begeleiding. Jouw 
enthousiasmee en steun hebben mij geholpen om het boekje zo te schrijven zoals het nu voor je 
ligt.. Jouw ideeën waren vaak de oplossing van vele problemen. 
Mijnn tweede co-promotor Jan van Mourik. Beste Jan, als afdelingshoofd toonde je graag je 
belangstelling.. Onze besprekingen gaven altijd weer reden tot nadenken. 
Mijnn promotor, prof. dr. H. Pannekoek. Hans, bedankt voor de mogelijkheid die je mij hebt 
gegevenn om te kunnen promoveren. Onze bijeenkomsten tijdens het laatste jaar heb ik erg 
plezierigg gevonden. Na afloop kreeg ik altijd weer een optimistische kijk en dacht ik even dat 

hett allemaal van een leien dakje liep. 
Opp de afdeling Bloedstolling en Plasma Eiwit Technologie heb ik met veel plezier gewerkt. 
Zonderr de steun en hulp van velen op het lab was dit niet tot een goed einde gekomen. 
Bedanktt ook voor de gezelligheid tijdens de vele etentjes, (lab)uitjes en borrels. 
Patrickk Celie en Pauline, ik ben blij dat julli e mijn paranimfen willen zijn. Pauline, bedankt 
voorr je geweldige inzet en al die hulp in de afgelopen jaren. Volgens mij vormden wij een 
primaa team. Patrick Celie, als OIO's begonnen we tegelijkertijd en we eindigen ook in 
dezelfdee periode. Op de fiets kregen we nog wel eens goeie ideeën, helaas gebeurde dat het 
laatstee jaar wat minder. Een auto is ook zo handig. 

Buitenn het werk kon ik rekenen op de nodige ontspanning bij vrienden die vaak {soms 
misschienn tot vervelens toe) de nodige promotie ontwikkelingen te horen kregen. Gelukkig 
lietenn ze het allemaal gelaten over zich heen komen, wetende dat er weer een keer een einde 
aann zou komen. Gelukkig kon ik me ook helemaal laten gaan tijdens repetities en concerten 
mett de verschillende harmonie orkesten, musicals en andere groepen, hoewel dat soms ook 
zorgdee voor de nodige spanning. Na afloop was het meestal wel erg gezellig. 

Ookk wil ik mijn ouders en verdere familie bedanken voor hun interesse die zij hebben 
geloondd voor mijn werk. Jullie deden erg je best om te onthouden waar ik mee bezig was. Als 
jee het niet meer weet, kun je het nu nog een keertje nalezen. 

Tenslottee Cora, dank je wel... 
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Ilfdstt 3 figure 5. Rabóa and rabóa' are localized to the Golgi. 
Myc-taggedd rabóa and rabóa' cDNAs were expressed in HeLa cells. (A) HeLa cells transfected with cDNA 

encodingg c-myc-iagged rabóa: (B) HeLa cells transfected with cDN'A encoding c-myc-tagged rabóa'. Upper 

panell  Polyclonal antibody directed against CTR433, a medial Golgi marker. Middle panel: Monoclonal 
antibodvv directed against c-myc. Lower panel: Colocalization of medial Golgi marker. CTR.433, with c-myc-

taggedd rabóa (A) or rabóa' (B), 
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Hubertt de Leeuw werd op I december 1970 geboren te Vught. In 1989 behaalde hij het 
VWO-diplomaa aan het Maurick college te Vught, waarna werd begonnen met de studie 
Scheikundee aan de Universiteit Utrecht. Het doktoraal examen werd behaald in mei 1994. Als 
keuzevakk werd gevolgd organische synthese by de groep van prof. dr. A. Williams aan de 
universiteitt van Kent in Canterbury (Engeland) en als bijvak infrarood spectroscopie bij prof. 
dr.. J. van der Maas. De studie werd afgesloten met een onderzoeksstage bij de vakgroep van 
Lipidenn (Prof. dr. H. van den Bosch). Aansluitend aan zijn studie heeft hij gewerkt als 
assistentt in opleiding op de afdeling Bloedstolling van het CLB. Het verrichtte onderzoek, dat 
gedeeltelijkk werd gefinancierd door de Nederlandse Hartstichting, staat beschreven in dit 
proefschrift.. Vanaf 1 november 1999 is hij werkzaam als postdoc op de afdeling Pathologie 
vann het Josephine Nefkens Instituut (Daniel den Hoed kliniek) in Rotterdam. 
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