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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 and Hall. 1997 

Bos,, 1998 

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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