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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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