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SOMMAIRE

L'intérét pour les nucléotides extracellulaires s'est accru au cours des dernicres
années, au fur et 3 mesure qu'ont été élucidées leurs fonctions chez les organismes
supérieurs. Ces nucléotides proviennent d'un bris cellulaire ou sont libérés par
exocytose ou par des mécanismes encore mal connus. Les plaquettes sanguines,
par exemple, entreposent des nucléotides dans des grains de sécrétion et les
libérent par exocytose lors de l'agrégation. Les nucléotides exercent leurs actions
essentiellement par l'intermédiaire de récepteurs spécifiques dont plusieurs
fonctions sont connues, particuliérement dans les systemes cardiovasculaire,
respiratoire et nerveux. Ces fonctions peuvent étre modulées par 'ATP diphos-
phohydrolase (ATPDase), une enzyme de surface qui convertit les triphospho- et
diphosphonucléosides en nucléosides monophosphates.

Lors de leurs études doctorales, les docteurs D. LeBel, Y.P. Coté et M. Picher ont
respectivement identifi¢é des ATPDases dans le pancréas de porc, l'aorte et le
poumon de boeuf. Bien que ces enzymes possédent toutes les caractéristiques des
ATPDases, elles différent par leur pH optimum, leur courbe d'inactivation par la
chaleur et par irradiation au 60Co, ainsi que par leur migration en gel d'électro-
phorése dans des conditions non-dénaturantes. IIs ont proposé d'identifier ces
différentes formes d'ATPDases: types I, Il et III. Afin de caractériser ces enzymes
et de mieux clarifier la relation structurelle entre ces isoformes, il devenait
essentiel de les purifier. L'identification de la protéine permettrait ensuite la
production d'anticorps et le clonage de son gene.

Une revue de la littérature nous avait indiqué que chez les mammiféres 'ATPDase
était une protéine membranaire intrinséque qui, & cause de sa sensibilité aux
détergents et de sa faible quantité dans les tissus, était qualifiée d'enzyme difficile
a purifier. En plus, on sait maintenant que plusieurs articles traitant de la puri-
fication de cette enzyme avaient conduit 4 l'identification de la mauvaise protéine.
La premiére partie de ce travail consistait donc a élaborer un protocole afin de
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purifier les trois types d'ATPDases mis en évidence dans notre laboratoire. Ce
protocole incluait dans l'ordre des étapes de centrifugations différentielles, une
centrifugation sur coussin de sucrose, la solubilisation des protéines avec le Triton
X-100, un fractionnement par trois chromatographies successives (colonnes
DEAE-agarose, Affi-Gel Bleu et Concanavalin A- ou Wheat Germ Agglutinin-
agarose) et séparation par électrophoreése en gel de polyacrylamide dans des
conditions non-dénaturantes. Ces étapes de purification ont conduit a l'identi-
fication d'une protéine de 54 kDa dans le pancréas (ATPDase isoforme D), et de 78
kDa dans 1'aorte et le poumon (isoforme II). La présence d'un site de liaison aux
nucléotides sur chacune de ces protéines purifiées a été confirmée par marquage
avec un analogue de I'ATP, le 5'-p-fluorosulfonylbenzoyladénosine (FSBA). La
liaison a des lectines et le traitement a la N-glycosidase F ont montré que ces
ATPDases sont des glycoprotéines possédant plusieurs chaines N-glycosylées: de
quatre a dix pour I'ATPDase du pancréas et de six a douze pour celles de l'aorte et
du poumon. Une bréve analyse des sucres en bout de chaine de I'ATPDase de
l'aorte bovine a montré la présence de groupements mannoses et/ou glucoses et
I'absence de N-acétylgalactosamine et de a-L-fucose.

Les protéines purifiées du pancréas de porc et de l'aorte de boeuf ont été sé-
quencées en collaboration avec madame F. Dumas de I'Institut de recherche en
biotechnologie 4 Montréal. Les 19 acides aminés de la séquence N-terminale de
'ATPDase du pancréas ainsi que cinq séquences internes de 7 a 24 acides aminés
de l'isoforme de l'aorte ont été obtenues. Nous avons produit un anticorps dirigé
contre les seize premiers acides aminés de la séquence N-terminale de I'ATPDase
du pancréas. Cet anticorps reconnaissait, apres immunobuvardage, les deux
isoformes de I'ATPDase (54 et 78 kDa), du porc, du boeuf et de I'humain.
L'analyse de chacune des six séquences obtenues, avec les banques de données
GenBank et EMBL, a montré une forte similarité entre leurs acides aminés et ceux
de CD39 humaine, un marqueur des lymphocytes B matures et de plusieurs types
de lymphocytes T activés. Aucune fonction ne lui avait été attribuée. D'autres
informations venaient confirmer I'homologie entre CD39 et 'ATPDase: la masse
moléculaire et le niveau de N-glycosylation de CD39 correspondaient parfai-
tement avec ceux des ATPDases de l'aorte et du poumon de boeuf. Nous avons
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aussi montré qu'un anticorps commercial dirigé contre CD39 immunoprécipitait
les activités ATPasique et ADPasique d'un extrait de cordons ombilicaux humains,
un tissu riche en ATPDase. Nous avons alors établi une collaboration avec les
docteurs F.H. Bach et S.C. Robson du Deaconess Hospital, Harvard Medical
School a Boston, pour cloner I'ADNc de CD39. Ce demnier a été cloné dans un
vecteur d'expression, puis exprimé par transfection transitoire dans les cellules
COS. Cette expérience a démontré hors de tout doute que CD39 est une
ATPDase. En effet, la protéine produite possédait les caractéristiques biochi-
miques des ATPDases: elle hydrolysait I'ATP et 1'ADP, et était inhibée par
l'azidure de sodium. De plus, I'antisérum développé contre 'ATPDase de porc
ainsi que l'anticorps commercial contre CD39 humaine, reconnaissait tous deux la
protéine exprimée par 'ADNc de CD39, tel que montré par détection aprés
immunobuvardage. L'apparition d'une activit¢é ATPDasique a la surface des
cellules COS transfectées démontrait aussi que 'ATPDase/CD39 était une ecto-
enzyme. Cette derniére information était préalable a la définition des rdles phy-
siologiques de l'enzyme. Plusieurs observations suggéraient que l'ecto-ADPase
des cellules endothéliales vasculaires pouvait contrfler l'agrégation plaquettaire.
Avec le géne cloné, nous possédions alors un bel outil pour vérifier cette fonction.
Nous avons montré in vitro que 'ATPDase/CD39 produite dans les cellules COS
pouvait inhiber l'agrégation plaquettaire induite par divers agonistes physio-
logiques, tels I'ADP, la thrombine et le collagene.

En plus de 'ADNc, nous avons développé d'autres outils qui facilitent I'étude des
roles des ATPDases en permettant de localiser ces enzymes. Nous avons produit
plusieurs anticorps polyclonaux chez le lapin, dirigés contre diverses portions de
la séquence primaire de ' ATPDase humaine et porcine, et contre I'enzyme purifice
du boeuf. Nous avons obtenu une variété d'anticorps, dont certains reconnaissent
les deux isoformes de 1'ATPDase, un autre est spécifique a l'isoforme I du‘pan-
créas de porc, et trois autres sont spécifiques a l'isoforme II. Nous avons alors
entrepris 1'étude de la distribution des ATPDases dans une variété de tissus de
porcs, selon trois approches: l'approche enzymatique, immunologique et histo-
immunologique. (1) Nous avons mesuré les activiiés ATPasique et ADPasique
des fractions enrichies en membrane plasmique puis testé¢ un inhibiteur des
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ATPDases, l'azidure de sodium. L'existence des ATPDases a été vérifiée par des
enzymogrammes, obtenus apres électrophorése des différentes fractions en gel de
polyacrylamide dans des conditions non-dénaturantes suivie de la détection de
l'activité enzymatique. (2) La présence des isoformes I et II de 'enzyme, dans les
divers tissus, a été montrée par immunobuvardage et détection avec un anticorps
anti-ATPDase. (3) Finalement, cet anticorps a permis de localiser la protéine par
immunocytochimie chez le porc et le boeuf. Nous avons examiné sa distribution
cellulaire dans les systémes cardiovasculaire, respiratoire, immunitaire et digestif.
L'ATPDase est exprimée dans de nombreuses cellules comme par exemple: les
cellules endothéliales des vaisseaux sanguins, les cellules musculaires lisses en
général, les cardiomyocytes, les cellules des fibres de Purkinje, les lymphocytes,
les cellules mesothéliales, les chondrocytes et les cellules épithéliales en général.

Les ATPDases sont des enzymes relativement peu connues et leurs fonctions mal
identifiées, a l'exception d'un réle dans l'agrégation plaquettaire que nous avons
démontré in vitro. Cette seule fonction de l'enzyme est capitale puisqu'une
agrégation plaquettaire mal controlée est a la base de maladies cardiovasculaires,
telle la thrombose. En résumé, nous avons montré que les ATPDases sont les
principales ectonucléotidases des cellules de mammiféres, et nous en avons purifié
deux isoformes. Ce sont des glycoprotéines que nous avons identifiées a CD39
humaine, dont nous avons cloné et réexprimé I'ADNc. Nous avons également
produit plusieurs anticorps polyclonaux de différentes spécificités, dirigés contre
ces protéines. Nous avons ainsi développé de nouveaux outils qui nous per-
mettront d'approfondir nos connaissances de ces enzymes.
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INTRODUCTION

Au cours des derniéres années, un nombre croissant d'études ont signalé la pré-
sence d'ATP, d'ADP et d'autres nucléotides dans le milieu extracellulaire des
cellules eucaryotes des mammiféres. D'autres travaux ont montré que I'ATP,
I'ADP et 1'adénosine reconnaissent des récepteurs, a la surface des cellules. En
parall¢le, plusieurs études ont mis en évidence des activités ectonucléotidasiques,
aussi a la surface des cellules, qui sont 1'oeuvre d'ectoenzymes. Ces enzymes sont
des protéines intrinseques de la membrane plasmique dont le site catalytique est
orienté vers le milieu extracellulaire (Engelhardt, 1957; DePierre et Karnovsky,
1973). Notre laboratoire s'intéresse aux ectoenzymes qui hydrolysent les nuclé-
otides extracellulaires. Les travaux présents ont porté sur les ATP diphospho-
hydrolases (ATPDases) des mammiféres. Cette famille d'enzymes hydrolyse les
groupements phosphates y et B des triphospho- et diphosphonucléosides. Méme si
la fonction catalytique de ces enzymes est bien connue, on ne peut en dire autant
des réles physiologiques qu'elles exercent au niveau des divers systémes de I'orga-
nisme. C'est au niveau du systéme circulatoire que la fonction des ATPDases est
la mieux décrite. Une telle enzyme serait essentielle au contrle de 1'agrégation
plaquettaire. Puisque nos travaux s'intéressent plus spécialement & 1'ATPDase
retrouvée au niveau des vaisseaux sanguins, et puisque les fonctions de cette
enzyme ne peuvent s€ cONcevoir que par l'action de ses substrats, nous présen-
terons les nucléotides extracellulaires tout en portant une attention particuliere a
ceux présents dans le systéme vasculaire. Nous décrirons les sources de nuclé-
otides extracellulaires, leurs roles physiologiques et leurs modes d'actions. Nous
présenterons ensuite les différentes ATPDases trouvées a ce jour, leurs fonctions
probables et les méthodes utilisées afin de les purifier.

LES NUCLEOTIDES EXTRACELLULAIRES

Il est fort surprenant que l'on ait ignoré pendant si longtemps l'importance des
nucléotides extracellulaires dans la physiologie de la cellule eucaryote. Ce n'est




en effet qu'au cours des dernieéres années, que l'on a pris conscience du rdle
fascinant joué par ces molécules que l'on croyait exclusivement confinées a
l'intérieur des cellules. On découvre non seulement le rdle des nucléotides extra-
cellulaires, mais aussi leur fagon de relayer leur message a l'intérieur de la cellule.
C'est ainsi qu'on a pu identifier toute une panoplie de récepteurs sur une variété de
types cellulaires. La notion de spécificité des ligands de ces récepteurs est impor-
tante et bien illustrée dans le cas des plaquettes sanguines. En effet, lorsque ces
derniéres sont mises en présence d'/ADP, on observe une agrégation qui peut étre
inhibée par son dérivé déphosphorylé, I'adénosine. Les actions des nucléotides
peuvent donc varier selon le type de récepteurs retrouvés sur les cellules cibles.
Aussi, un méme nucléotide peut induire une action inverse, déterminée par la
cellule cible. Par exemple, au niveau artériel, I'ATP peut causer soit une vaso-
dilatation ou une vasoconstriction, selon qu'il interagit avec les cellules endo-
théliales ou les cellules musculaires lisses. De nombreuses autres actions des
nucléotides sont plus ou moins bien définies, mentionnons des changements de
perméabilité de la membrane plasmique, l'induction de sécrétions des glandes
endocrines et exocrines, des modifications de la prolifération cellulaire et méme
des modulations de 1'excitation nerveuse. Quoique la majorité des travaux sur les
effets des nucléotides extracellulaires aient porté sur I'ATP et ses dérivés, il ne
faudrait pas pour autant sous-estimer le role potentiel joué par d'autres nucléo-
tides. C'est ainsi que des récepteurs liant la pyrimidine UTP ont été localisés sur
différents types cellulaires. Avant d'étudier les fonctions des nucléotides extra-
cellulaires, penchons-nous d'abord sur leur origine.

Sources des nucléotides extracellulaires

Il est difficile de définir des principes généraux concernant l'origine des nuclé-
otides extracellulaires. On sait cependant que la concentration cytosolique de
I'ATP est de 1'ordre du millimolaire (Gordon, 1986). Une rupture de la membrane
plasmique entraine donc une augmentation significative de la concentration des
nucléotides au voisinage des cellules éclatées. Les cellules peuvent également
libérer des quantités considérables d'ATP sans qu'il y ait bris cellulaire. Le cas




des cellules qui concentrent les nucléotides dans des grains de sécrétion, libérant
leur contenu lors de leur fusion a la membrane plasmique, est bien connu.
Cependant, pour les cellules qui ne forment pas de granules, les mécanismes de
libération des nucléotides sont encore mal connus. On a récemment suggéré que
la glycoprotéine-P, produite par le géne mdr I ("multidrug resistance gene"), serait
impliquée dans l'expulsion d'ATP cellulaire (Abraham et al., 1993).

Les sources de nucléotides extracellulaires ont été particuliérement étudiées dans
le cas du systéme circulatoire et du systeme nerveux (voir pour revue Liithje,
1989; Dubyak et Fedan, 1990). En conditions normales, la concentration sanguine
des nucléotides est inférieure a 0,1 micromolaire (Coade et Pearson, 1989), niveau
qui est la résultante de multiples variables comprenant la libération par les
cellules, la dégradation par des ectonucléotidases et la capture des nucléotides
déphosphorylés par les cellules (Coté et al. 1993). Parmi les éléments sanguins,
les érythrocytes représentent une source importante d'ATP qui est libérée par
I'hypoxie, les forces de cisaillement du flux sanguin, et/ou simplement par leur
éclatement (Schmid-Schénbein et al., 1969; Bergfeld et Forrester, 1992; Ellsworth
et al., 1995). Les nucléotides peuvent aussi étre sécrétés par les cellules de la
paroi des vaisseaux sanguins. En effet, les cellules endothéliales et musculaires
lisses peuvent relacher jusqu'a 60% de leur contenu en ATP, sans que leur via-
bilité n'en soit affectée. Dans le cas des cellules endothéliales, ce phénoméne peut
étre induit par la thrombine, la trypsine, la chélation du calcium & la surface
cellulaire, la noradrénaline et les forces de cisaillement du flux sanguin (Pearson
et Gordon, 1979, 1985; Lollar et Owen, 1981; Sedaa et al., 1990; Milner et al.,
1990a,b; Ralevic et al., 1992). Quant aux cellules des muscles lisses, elles
peuvent libérer de I'ATP suite & une stimulation par la noradrénaline ou par de
I'ATP provenant du systéme nerveux périphérique efférent (Katsuragi ez al., 1991,
Vizi et al., 1992). Un exercice physique prolongé, ou des conditions d'hypoxie
provoquent une sécrétion de nucléotides des cardiomyocytes et des cellules des
muscles squelettiques (Forrester et Lind, 1969; Paddle et Burnstock, 1974;
Forrester et Williams, 1977; Clemens et Forrester, 1981; Borst et Schrader, 1991).
La Figure 1 illustre quelques-unes de ces sources de nucléotides dans le systéme
circulatoire.
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Figure 1. Sources des nucléotides extracellulaires dans le systéme vasculaire. Les
globules rouges, les plaquettes, les cellules endothéliales et musculaires lisses des vaisseaux,
de méme que les terminaisons nerveuses sont des sources importantes de nucléotides
extracellulaires.



- Les plaquettes ou thrombocytes représentent une source importante de nuclé-
otides. Dans ce cas particulier, les nucléotides sont concentrés dans les grains de
sécrétion appelés corps denses. On y trouve I'ATP, I'ADP, 1'UTP ainsi Que les
~ dinucléotides Ap3A et ApsA (Flodgaard et Klenow, 1982: Liithje et Ogilvie,
1983). Les concentrations combinées d'ATP et d'ADP y atteignent l'ordre du
molaire (D'Souza et Glueck, 1977; Holmsen et Weiss, 1979; Born et Richardson,
1980). Ces nucléotides sont sécrétés par exocytose, comme c'est le cas des
cellules nerveuses. Méme si le systeme nerveux libére une quantité totale de
nucléotides relativement faible, le fait que la terminaison nerveuse soit localisée a
proximité immédiate de la cellule cible lui permet d'exercer une action efficace
(Burnstock, 1972; Lloyd et Stone, 1983; White, 1985; Williams, 1990). Les
cellules chromaffines de la médullosurrénale possédent des grains contenant, outre -
I'adrénaline et I'ATP, des quantités appréciables d'ADP, d'UTP, de GTP et de CTP
qui sont déversées par exocytose dans la circulation sanguine (Hillarp, 1958;
Burgoyne, 1984; Phillips et Pryde, 1987). Mentionnons en dernier lieu les
mastocytes dont les grains d'histamine contiennent aussi de 'ATP (Weil-Malherbe
et Bone, 1958; Marquardt ez al. 1984). Les nucléotides libérés dans 1'espace
extracellulaire par 1'une ou l'autre de ces sources peuvent ensuite exercer une
action autocrine ou paracrine par l'intermédiaire de récepteurs spécifiques.

Les récepteurs de nucléotides et de nucléosides

Les nucléotides et nucléosides agissent sur la majorité des systemes de l'organisme
et influencent une variété d'effets physiologiques. Par exemple, dans le systéme
circulatoire ils agissent sur le rythme cardiaque, la contractilité du coeur, le tonus
vasculaire et I'agrégation plaquettaire (Tableau 1). Les purines agissent par l'in-
termédiaire de récepteurs que l'on a nommés purinorécepteurs (voir pour revue
Burnstock, 1972, 1993; Stone, 1991; Stiles, 1992; Abbracchio et al., 1993;
Dubyak et El-Moatassim, 1993; Fredholm e? al., 1994; Conigrave et Jiang, 1995;
Communi et al., 1996). La nomenclature originale de ces récepteurs les re-
groupait en deux catégories: P; et P,. Les purinorécepteurs P; répondent a
I'adénosine alors que les purinorécepteurs P sont activés par I'ATP et ' ADP. Les




Tableau 1 Distribution et fonctions des récepteurs de nucléotides et de

nucléosides
Tissus/Cellules Récepteur Agonistes Réponses physiologiques
Systéme circulatoire
Coeur
oreillettes A ADO action inotrope négative
Az ADO action inotrope négative
ventricules (myocytes) Pyy ATP action inotrope négative
Pox ATP action inotrope positive
Artéres (coronaires, fémo-
rales, mésentériques, aorte...) :
cellules musculaires lisses Ay ADO vasodilatation
Pax ATP vasoconstriction
Pyy UTP et ATP PGI, 7 et vasodilatation
cellules endothéliales Psy ATP NO, PGI, 1, vasodilatation,
agrégation plaquettaire ¥
Pou UTP et ATP PGI, T et vasodilatation
Cellules sanguines
plaquettes Ay ADO agrégation induite par 'ADP ¥
Par ADP agrégation des plaquettes T
neutrophiles Py UTP et ATP adhérence T
lymphocytes B P ATP activation, prolifération cellulaire T
lymphocytes T Py, ATP*  perméabilisation T
Systéme digestif
Estomac P, ATP acide T
Intestin
cellules épithéliales Py ATP transport ionique (régulation)
muscles lisses Pyx ATP contraction
Foie
hépatocytes Ay ADO glycogénolyse T
PyyetiouPy; UTP et ATP  glycogénolyse T
Systéme respiratoire
Poumons
pneumocytes de type II Ay ADO surfactants T
Pyy ATP surfactants T
Trachée
cellules épithéliales Pay UTP et ATP sécrétion Cl” (régulation du canal)
cellules caliciformes P, ATP mucine T




Tableau 1 Distribution et fonctions des récepteurs de nucléotides et de
nucléosides (suite)

Tissus/Cellules Récepteur  Agonistes Réponses physiologiques
Systéme excréteur
Reins
région préglomérulaire A ADO vasoconstriction
région postglomérulaire Ay ADO vasodilatation
macula densa A ADO rénine ¥
Ay ADO rénine. T
région corticale Ay ADO érythropoiétine ¥
Ay ADO érythropoiétine T
tube contourné distal A ADO transport du NaCl J
tube collecteur Ay ADO conductivité hydraulique 0
cellules épithéliales P, ATP transport ionique (régulation)
Systéme endocrinien
Pancréas
cellules A Ay ADO glucagon T
cellules B Py ATP insuline T
cellules D P, ATP somatostatine T
Autres
adipocytes Ay ADO lipolyse ¥
glandes lacrymales P, ATP# fluide T
fibroblastes _ Py, - ATP*  perméabilisation T
macrophages Py, ATP# perméabilisation T; cytotoxicité ¥;
et Py et ATP  phagocytose ¥
mastocytes . Py, ATP*  histamine 1
perméabilisation T
terminaisons nerveuses A ADO neurotransmetteurs ¥

(réc. présynaptiques)

purinorécepteurs P; ont été identifiés, A; et A, selon l'affinité d'analogues de
I'adénosine et le mode de transduction du signal suite a la liaison de l'agoniste
(Tableau 2). En agissant sur les récepteurs Aj, l'adénosine inhibe 1'adénylyl-
cyclase, alors qu'elle la stimule via les récepteurs A;. Notons cependant que les
récepteurs A; n'exercent pas tous une action sur l'adénylylcyclase et que certains
d'entre eux agissent par l'intermédiaire d'autres effecteurs. La concentration
d'adénosine est un parameétre important puisqu'elle a une affinité supérieure pour




les purinorécepteurs A; et peut ainsi les activer a des concentrations de cent a
mille fois plus faibles que dans le cas des récepteurs Ay. Par la suite, I'accu-
mulation de données sur les récepteurs P; a révélé que plusieurs de ce ceux-ci
arboraient des caractéristiques spécifiques. On a alors reclassifi€ les récepteurs Py
en Ay, , Alg, Aoa, Azs, Az et Ag. Cette pluralité de récepteurs P; montre la
complexité de l'interprétation des modes d'action de l'adénosine. Les récepteurs
P, on également été subdivisés en plusieurs sous-types: Pyx , Pay , P2z, Por
auxquels se sont ajoutés les récepteurs Pyp et Poy (Tableau 3). A T'origine, on ne
distinguait que les sous-types Pyx et P2y par leurs actions sur le tonus vasculaire.
La liaison d'ATP aux récepteurs Pyx causait une vasoconstriction, alors que sur les
P,y elle induisait une vasodilatation. On les distingue maintenant plus clairement
depuis que I'on a comparé le potentiel pharmacologique d'une série d'analogues de
I'ATP (Tableau 3). Il faut noter que l'activation des purinorécepteurs Pay
déclenche une variété d'effets physiologiques qui sont déterminés par la cellule
qui l'exprime (Tableau 1). Le troisiéme sous-type, le purinorécepteur Pz, est
sensible 2 la forme tétra-anionique de I'ATP (ATP*) et son activation augmente la
perméabilité de cellules tels les mastocytes, les macrophages et les fibroblastes,
allant méme jusqu'a causer la mort cellulaire. Le quatriéme sous-type, le purino-
récepteur Py, est localisé exclusivement sur les plaquettes sanguines et est active

Tableau 2 Classification des récepteurs de nucléosides

Récepteur Agonistes préférentiels Systéme effecteur
Ap CCPA > CPA > NECA>> -adénylylcyclase ¥ (via protéine Gj)
CGS 21680
Az CGS 21680 > NECA > -adénylylcyclase T (via protéine Gg)
CV 1808 > R-PIA > CPA
Azp NECA -adénylylcyclase T (via protéine Gg)

A; APNEA > R-PIA =NECA >> -adénylylcyclase ¥ (via protéine G)
CGS 21680 ‘




Tableau 3 Classification des récepteurs de nucléotides

Récepteur Agonistes préférentiels Systémes effecteurs
P,x ~ APPCP > APCPP > ATP = -Ca?* intracellulaire T (via un canal
ADP > 2-MeSATP > AMP ionique intrinseque)

-dépolarisation de la membrane

Pyy 2-MeSATP > ATPyS > ATP = -PLC T (via protéine G)

ADP >> APCPP = APPCP=  -Ca?" intracellulaire T
UTP -autres phospholipases T
Py,  ATPY; BzATP > ATP = -Ca®* intracellulaire T
ATPyS >>> ADP -dépolarisation de la membrane

-ouverture d'un pore non-sélectif

Pyt 2-MeSADP > ADP -PLC T (via protéine G)
-Ca?" intracellulaire T

| Pap ApsA > ADPBS > APPNP>  -PLC T (via protéine G ?)
ApsA > APCPP >> 2-MeSATP -Ca?" intracellulaire T

Py UTP > ATP = ATPyS > ADP > -PLC T (via protéine G)
2-MeSATP > APCPP = -Ca?* intracellulaire T
APPCP -autres phospholipases T

par I'ADP et non par 'ATP. Il représente ainsi une exception a la regle voulant
que les purinorécepteurs P, répondent a 'ATP et a 'ADP. Comme nous le verrons
par la suite, 'activation de ce récepteur entraine I'agrégation des plaquettes. Un
nouveau sous-type de purinorécepteurs, nommé Pyp , peut lier le dinucléotide
Ap4A et serait impliqué dans la libération de neurotransmetteurs (Hilderman et al.,
1991; Castro et al., 1992). Un dernier type de récepteur de nucléotide pose
certains problémes quant a sa classification. Ce récepteur nommé Pyy lie la
pyrimidine UTP, ainsi que I'ATP (Seifert et Schultz, 1989; O'Connor, 1992). I




peut donc plus difficilement étre classé parmi les récepteurs purinergiques. Clest
pourquoi certains préférent le nommer récepteur de nucléotides. La présence de
ce récepteur a été démontré dans l'endothélium vasculaire et dans l'épithélium
respiratoire. L'activation du récepteur Pyy des cellules endothéliales provoque une
vasodilatation, causée par la libération de prostacycline (PGIy) et d'oxyde nitrique
(NO), alors que I'activation de ce récepteur a la surface des cellules épithéliales
cause la sécrétion d'ions chlorures (Communi e al., 1996). On distingue le
récepteur Py des purinorécepteurs Prx et Pyy par sa sensibilité élevée et
équivalente a I'ATP et & I'UTP, et par sa faible affinité pour 'APCPP et le 2-
MeSATP (Tableau 3).

L'analyse des données de la littérature montre bien que les récepteurs de nu-
cléotides et de nucléosides demeurent encore mal définis. Comme nous avons pu
le constater, la classification des purinorécepteurs Py précédente est basée exclu-
sivement sur des informations pharmacologiques. Une meilleure classification
s'établira & mesure que nous y ajouterons des informations de structure. Ce n'est
que depuis le début des années 90 que la biologie moléculaire a fait irruption dans
le domaine des purinorécepteurs. Les premiers génes de récepteurs Pj et P> ont
été clonés respectivement en 1990 et 1993. Depuis, on a pu assister a une
explosion dans ce champ de recherche. Toute une panoplie de geénes de ces
récepteurs ont été clonés (voir pour revue Fredholm ef al., 1994; Communi et al.,
1996). La nomenclature des récepteurs P; est déja assez bien établie. Par contre,
il faudra s'attendre a des changements importants dans la nomenclature, la
classification et le dénombrement des purinorécepteurs P,. L'analyse des
séquences de plusieurs récepteurs Pry , Px et Pyy a révélé de nombreuses
informations et a permis de faire de nouvelles associations entre ces récepteurs.
On sait maintenant que les récepteurs Py et Pyy appartiennent a la superfamille
des récepteurs heptahélicoidaux couplés aux protéines G, et activent la
phospholipase C. Déja, I'ADNc de trois sous-types de récepteurs Ppx ont éte
clonés, et curieusement, ils montrent une architecture trés différente de celle
d'autres récepteurs possédant une activité intrinséque de canal ionmique. En
revanche, ils montrent une analogie de structure avec certains canaux potassium et
sodium. Une réorganisation complete de la classification des purinorécepteurs Py
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propose la dénomination P2X pour désigner les récepteurs possédant une activité
intrinséque de canal cationique, et de nommer P2Y les récepteurs heptahéli-
coidaux couplés aux protéines G; les récepteurs P,y et Pyy seront alors rebaptisés
respectivement P2Y; et P2Y, . Les purinorécepteurs Py et Py; trouveront leur
place dans cette nouvelle classification lorsque leur ADNc respectif aura été
cloné. On prévoit d'ailleurs beaucoup d'autres informations au fur et a mesure que
le clonage de I'ADNc de ces récepteurs progressera. Différentes stratégies de
clonage par homologie ont déja permis d'identifier de nouveaux sous-types de
récepteurs P2Y, qui n'ont pas d'équivalent dans la classification pharmacologique.
Parmi ces derniers, on en trouve un qui se comporte comme un vrai récepteur
pyrimidinergique puisque I'ATP ne le reconnait pas (Communi et al., 1995;
Boehm et al., 1995; Nguyen et al., 1996).

L'omniprésence des récepteurs de nucléotides et de nucléosides dans les divers
systémes est donc établie (Tableau 1). On retrouve méme plusieurs types de
récepteurs A proximité les uns des autres, soit sur une méme cellule et/ou sur des
cellules voisines, ce qui permet vraisemblablement un contrdle étroit de certaines
fonctions cellulaires: (1) selon le type de récepteur, sa densité et la réceptivité de
la cellule, et (2) selon le type de nucléotide, sa concentration et son affinité pour
les récepteurs. Le systéme circulatoire peut servir d'exemple (Tableau 1). Evi-
demment, la diversité de récepteurs rend plus difficile la tiche de définir le r6le
spécifique joué par chacun d'eux, d'autant plus que les ligands sont exposés a
l'action d'ectonucléotidases, comme nous le verrons par la suite. Il est aussi
possible que certains nucléotides puissent exercer leur action directement, sans
passer par la liaison a des récepteurs spécifiques. Par exemple, I'ATP extra-
cellulaire est utilisé comme substrat par des protéines kinases que 1'on retrouve a
la surface de plusieurs types cellulaires (Kibler ez al., 1982; Kinzel ez al., 1986;
Myers et Kang, 1990; Pirotton et al., 1992).
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Fonctions des nucléotides extracellulaires

On découvre chaque jour de nouvelles fonctions aux nucléotides extracellulaires
et il serait présomptueux de prétendre couvrir toute la littérature qui traite de la
question. Nous limiterons notre analyse a certains systémes qui ont fait I'objet
d'études plus élaborées tels que le systéme respiratoire, le systéme nerveux et le
systéme circulatoire. Nous traiterons également de quelques phénoménes cellu-
laires influencés par les nucléotides.

Dans le systéme respiratoire, I'ATP extracellulaire est I'agent le plus puissant pour
stimuler la sécrétion du surfactant par les pneumocytes de type II (Rice et
Singleton, 1986; Gilfillan et Rooney, 1988; Rooney, 1989; Rice, 1990). Les
cellules alvéolaires portent également des récepteurs de type Pj; via les récepteurs
A , l'adénosine inhibe la sécrétion de surfactant alors que via les récepteurs Ay
elle la stimule (Tio et al., 1990; Griese et al., 1991). Au niveau des voies
aériennes, I'ATP et I'adénosine stimulent la libération de mucine par les cellules
caliciformes et les glandes & mucus (Kim et Lee, 1991; Davis et al., 1992).
L'ATP, I'UTP et I'adénosine contrdlent aussi 1'évacuation du mucus en maintenant
sa fluidité par la sécrétion de chlore et d'eau, et en agissant sur la fréquence des
battements ciliaires (Pratt et al., 1986; Mason et al., 1991; Knowles et al., 1991;
Stutts et al., 1992; Saavedra et Renaud, 1975; Tamaoki et al., 1989). L'ATP,
I'ADP et l'adénosine agissent sur le tonus des muscles lisses de la trachée, et
présumément tout le long de l'arbre trachéo-bronchial, causant une relaxation
(Bennett et Drury, 1931; Farmer et Farrar, 1976). On soupgonne que c'est 1'adé-
nosine qui serait responsable de cette relaxation puisque certains indices suggerent
que I'ATP et 'ADP sont d'abord hydrolysés en adénosine avant d'induire leur
action (Farmer et Farrar, 1976, Christie et Satchell, 1980; Holgate et al., 1990).
D'autres études montrent d'ailleurs que I'ATP provoque une réponse biphasique
caractérisée par une contraction initiale de courte durée, suivie d'une relaxation
concentration-dépendante (Jones et al., 1980; Lundblad ez al., 1984).
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Les actions des nucléotides extracellulaires sur le systéme nerveux et le systéme
circulatoire ont été beaucoup plus étudiées. Burnstock et collaborateurs furent les
premiers a proposer l'existence d'une transmission nerveuse dépendante de I'ATP.
Ils l'ont appelée "transmission nerveuse purinergique" (Burnstock er al. 1966,
1970; Burnstock 1971, 1972). L'ATP est libéré des fibres nerveuses non-
adrénergiques non-cholinergiques, adrénergiques, et cholinergiques (Sneddon et
Burnstock, 1984; Burnstock, 1990b; Dubyak et Fedan, 1990). Comme ces fibres
nerveuses sont omniprésentes dans l'organisme, on peut difficilement imaginer
tout le spectre des actions de ces "neurotransmetteurs". Dans le systéme nerveux
central, 'ATP ferait méme partie des transmetteurs rapides de Iinflux nerveux
entre les neurones, rejoignant ainsi le rang jusqu'alors exclusif du glutamate, de
l'acétylcholine et de la sérotonine (Edwards et al., 1992; Evans et al., 1992).
Quant a la présence de purinorécepteurs A; aux extrémités des axones, elle semble
indiquer que le produit d'hydrolyse de I'ATP exerce une rétroaction en inhibant la
libération additionnelle de neurotransmetteurs (Scholz et Miller, 1991).

L'intérét pour les nucléotides extracellulaires dans le systéme cardiovasculaire
prend ses racines dans les travaux de Drury et Szent-Gyorgyi en 1929. Les effets
de l'adénosine qu'ils avaient alors observés sont toujours d'actualité. Les effets
électrophysiologiques de 1'adénosine et de I'ATP sur le coeur des mammiféres ont
fait 1'objet de revues récentes (Olsson et Pearson, 1990; Vassort et al., 1993;
Belardinelli et al., 1995). L'adénosine et les nucléotides adényliques agissent sur
les vaisseaux coronaires, le noeud sino-auriculaire ("pace maker") et les cellules
conductrices, ainsi que sur les fibres musculaires striées cardiaques. L'adénosine
et 'ATP causent le ralentissement des battements cardiaques (effet chronotrope
négatif) en agissant sur les noeuds sino-auriculaire et auriculo-ventriculaire, en-
trainant respectivement la bradycardie et le blocage cardiaque. On croit que cet
effet chronotrope négatif induit par 'ATP serait dii a son hydrolyse rapide en
adénosine par des ectonucléotidases. L'adénosine ainsi que 'ATP a des concen-
trations plus élevées, peuvent causer un blocage de la conduction auriculo-ventri-
culaire des impulsions (effet dromotrope négatif) en diminuant sélectivement le
potentiel d'action de la région nodale. L'adénosine et les nucléotides adényliques
-xercent une diminution de la force de contraction musculaire des oreillettes (effet
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inotrope négatif) (Belardinelli er al., 1989). Cependant, d'autres études ont
rapporté que I'ATP induisait une action inotrope positive sur des préparations de
ventricules. Quant aux effets des nucléotides sur les artéres coronaires, il s'avére
que l'adénosine est un puissant vasodilatateur (Berne, 1963, 1980) alors que I'ATP
peut induire soit une vasodilatation ou une vasoconstriction coronarienne, selon
son site d'action (voir plus loin). Les actions de 1'adénosine, énumérées plus haut,
lui permettent de jouer un réle protecteur sur le coeur, particuliérement dans des
conditions ischémiques, c'est-a-dire: en atténuant la force de contraction et le
rythme cardiaque, elle diminue la demande en oxygene des cellules; et par la
dilatation coronarienne, elle augmente sa disponibilité. |

Dans les vaisseaux sanguins, I'ATP et 1'ADP peuvent provoquer soit une vaso-
constriction, soit une vasodilatation, selon la cellule cible et les récepteurs
impliqués. La Figure 2 résume les effets des nucléotides adényliques sur le tonus
artériel. L'ATP et/ou I'ADP, en reconnaissant les récepteurs Pyy a la surface des
cellules endothéliales, causent une vasodilatation (Kennedy et al., 1985). Cette
vasodilatation est le résultat final d'une cascade de réactions cellulaires initiées
par la liaison du nucléotide au récepteur, 'activation de la phospholipase C via
une protéine G, 1'hydrolyse du phosphatidyl-inositol diphosphate (PIP;) en inositol
1,4,5 triphosphate (IP3) et la libération du calcium du réticulum endoplasmique.
L'augmentation de calcium intracellulaire cause: (1) la production de PGI, suite a
I'hydrolyse de l'acide arachidonique des phospholipides par une phospholipase A2;
(2) l'activation de l'oxyde nitrique synthétase (NOS); (3) la libération de "Endo-
thelium Derived Hyperpolarising Factor" (EDHF). La NOS produit du NO et/ou
un radical d'oxyde nitrique (R-NO) a partir d'arginine. Le NO, originalement
appelé "Endothelium derived relaxing factor" (EDRF), la PGI; ainsi que 'EDHF
induisent une relaxation des muscles lisses en activant différentes voies métabo-
liques de ces cellules: le NO induit une augmentation de GMP cyclique (GMPc),
la PGI; provoque une augmentation d'AMP cyclique (AMPc) et I'EDHF causerait
la libération d'ions potassium. II est clair que le NO et la PGI; sont impliqués in
vivo dans la vasodilatation alors que cette action induite par I'EDHF n'est pas_ aussi
certaine (DeMey et Vanhoutte, 1981; Needham et al., 1987; Palmer et al., 1987,
1988; Moncada et al., 1988; Sauvé et al., 1988). Lorsque I'ATP et/ou 'ADP se
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fixent aux récepteurs Py des cellules musculaires lisses, ils induisent une
vasoconstriction précédée d'une accumulation de calcium intracellulaire (Kennedy
et al., 1985). Ces mémes cellules portent aussi des récepteurs de type A, qui
répondent a l'adénosine par une vasodilatation dépendante de 'AMPc. Pour une
revue plus exhaustive sur les purinorécepteurs et leurs effets au niveau des
vaisseaux sanguins, nous invitons le lecteur a se référer aux articles de Boeynaems
et Pearson (1990), de Harrison (1992), de Sévigny et Beaudoin (1994), ainsi que
de Motte et al. (1995).

TC%H'/NOS -

Arg —o -
PGfZ/EI\)HF g NO, R-NO

cellule endothéliale

cellules musculaires
lisses

Figure 2. Le contréle du tonus vasculaire par les nucléotides. Lorsque les nucléotides
ATP et/ou ADP, circulant dans le sang, se fixent aux purinorécepteurs Py, a la surface des
cellules endothéliales, ils produisent une vasodilatation. Cette vasodilatation est essentiel-
lement due a la formation d'oxyde nitrique. Par contre, lorsque I'ATP et/ou 'ADP se fixent
aux purinorécepteurs Pyy , présents sur les cellules musculaires lisses, ils induisent une vaso-
constriction. ’

Les effets des nucléotides exercées au niveau de l'agrégation plaquettaire cons-
titnent une autre de leurs actions importantes sur le systéme circulatoire. L'ADP
est responsable d'une voie principale d'activation et de la cascade d'événements
qui aboutissent a l'agrégation (Born, 1962; Colman, 1990; Gachet et Cazenave,
1991; Marcus, 1996). La liaison de 'ADP a son purinorécepteur Pr, se traduit,
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dans l'ordre, par le changement de forme des plaquettes, I'augmentation du cal-
cium intracellulaire, la libération du contenu des grains o et des corps denses et,
finalement, I'agrégation. L'ADP cause aussi une diminution de 'AMPc intracel-
lulaire. L'exocytose des corps denses, contenant une forte concentration d'ADP,
déclenche une réaction autocatalytique qui accélére le processus et conduit & une
agrégation massive. Le purinorécepteur Pyr est exclusif aux plaquettes et a la
cellule dont elles dérivent, le mégacaryocyte. C'est le seul purinorécepteur connu
jusqu'a présent qui réponde de fagon différente a 'ADP et a 'ATP, ce dernier étant
un inhibiteur compétitif de I'ADP. L'adénosine inhibe aussi 1'agrégation pla-
quettaire mais en se liant a des récepteurs Aj.

Les effets de I'ADP sur l'agrégation plaquettaire illustrent bien l'un des méca-
nismes d'action des nucléotides sur un grand nombre de cellules sécrétrices. En
effet, comme beaucoup d'hormones et de neurotransmetteurs, les nucléotides
peuvent mobiliser le calcium intracellulaire par I'intermédiaire de leurs récepteurs,
en activant la phospholipase C qui convertit le PIP; en IP3 et en diacylglycérol
(DAG) (Tableau 3). Toute une panoplie de cellules endocrines et exocrines, a
travers l'organisme, répondent a I'ATP et &4 I'UTP selon des mécanismes sem-
blables (El-Moatassim et al., 1992). Mentionnons les pneumocytes, les cellules
caliciformes, les cellules chromaffines des médullosurrénales, les cellules A, B, D
du pancréas endocrine, les cellules de la thyroide, de la parotide et les cellules
acineuses lacrymales qui répondent soit a I'ATP, a 1'UTP ou a l'adénosine
(Tableau 1).

Pour une étude plus détaillée du role de I'ATP sur une variété de cellules, dont la
modification de la perméabilité cellulaire, la prolifération cellulaire et l'inflam-
mation, le lecteur est invité & consulter les revues récentes de El-Moatassim ez al.
(1992), de Dubyak et El-Moatassim (1993), de Burnstock (1993), de Bakker et al.
(1994), l'ouvrage de G.R. Dubyak et J.S. Fedan (1990) ainsi que l'article de
Lemmens e? al. (1996).
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LES ECTONUCLEOTIDASES

Comme nous l'avons signalé, la stimulation d'une cellule par les nucléotides
dépend, entre autres, de la nature de ce nucléotide, de sa concentration et de son
affinité pour son récepteur. L'un des plus importants parameétres a considérer, lors
de 1'évaluation de l'effet physiologique d'un nucléotide sur les cellules cibles, sera
la capacité de ces cellules a les hydrolyser. A Torigine de ce travail, on connais-
sait la présence d'activités ATPasiques et ADPasiques a la surface des cellules
eucaryotes. On savait également que non seulement I'ATP et 'ADP, mais d'autres
nucléotides étaient hydrolysés par des enzymes de surface appelées ecto-
nucléotidases. Dans ce groupe d'enzymes, la 5'-nucléotidase qui convertit 'AMP
en adénosine est incluse et a trés bien été caractérisée (Luzio et al., 1986;
Zimmermann, 1992). Les évidences portaient a croire que deux enzymes dis-
tinctes étaient responsables de l'hydrolyse successive des groupements y et [
phosphate des triphopho- et diphosphonucléosides pour produire le dérivé
monophosphate. Ce concept doit étre remis en question puisque des études
récentes ont mis en évidence des enzymes capables de produire l'hydrolyse
séquentielle de ces deux phosphates. Ces enzymes sont appelées apyrases ou ATP
diphosphohydrolases (ATPDases).

Les ATP diphosphohydrolases

Caractéristiques et sources des ATP diphosphohydrolases

C'est Kalckar qui, en 1944, fut le premier a démontrer 1'existence d'une enzyme,
extraite de la pomme de terre, capable d'hydrolyser I'ATP, I'ADP et I'ITP, en
libérant comme produit final le monophosphonucléoside respectif, et des molé-
cules de P;. Meyerhof, un an plus tard, proposa le nom apyrase ou ATPDase (EC
3.6.1.5). Depuis, ces enzymes ont été démontrées chez d'autres plantes, divers
invertébrés et dans de nombreux tissus des mammiféres. Les ATPDases catalysent
I'hydrolyse séquentielle des liaisons phosphates y et B des triphospho- (ex. ATP)
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et diphosphonucléosides (ex. ADP) mais sont incapables d'hydrolyser les liaisons
phosphates o (ex. AMP). Les ATPDases sont généralement dépendantes, sinon
activées, par les ions divalents calcium et/ou magnésium. Elles ne sont pas
inhibées par le vanadate (un inhibiteur des ATPases des canaux ioniques), I'oligo-
mycine (un inhibiteur des ATPases de type F1), ou la ouabaine (un inhibiteur des
Na*, K™-ATPases), mais sont sensibles a de fortes concentrations de fluorure et
d'azidure de sodium (Plesner, 1995; Beaudoin et al., 1996).

Les ATPDases furent initialement caractérisées chez les plantes, sous deux
formes: solubles et attachées i la membrane. Le Tableau 4 rassemble quelques
propriétés biochimiques des ATPDases de plantes, décrites jusqu'a maintenant
dans la littérature. La présence d'ATPDases solubles a aussi été rapportée plus
tard chez les bactéries (Curdova et al., 1982; Trilisenko et al., 1987; Bhargava et
al., 1995). On retrouve également ces enzymes chez des insectes et autres
arthropodes hématophages dont la sangsue médicinale, ainsi que chez le ver
Schistosoma mansoni (Ribeiro, 1987, Law et al., 1992; Beaudoin et al., 1996)
(Tableau 5).

Chez les vertébrés, une ATPDase a d'abord été trouvée dans la membrane des
grains de sécrétion des cellules acineuses du pancréas exocrine de porc (LeBel et
al., 1980; Laliberté et al., 1982). Bien qu'on ait obtenu un haut degré de
purification de cette enzyme et défini ses propriétés cinétiques, on n'a pas réussi a
lui assigner une fonction précise (Laliberté et al., 1982; Laliberté et Beaudoin,
1983). On a rapporté par la suite d'autres activités ATPDasiques chez plusieurs
especes et dans une variété d'organes (Tableau 6). Aussi, de nombreuses activités
ecto-ATPasiques ont été mises en évidence, sans que l'activité ADPasique n'ait €té
mesurée (Beaudoin et al., 1996). De méme, des activités ADPasiques ont éte
observées sans que l'activité ATPasique n'ait été vérifiée (Wattiaux-De Coninck et
Wattiaux, 1969; Lieberman et al., 1982; Leake et al., 1983; Bakker et al., 1987,
O'Brien et al., 1987; Beaudoin et al., 1996). Il est donc souvent difficile de
déterminer si les résultats sont attribuables & des ATPases, des ADPases ou a des
ATPDases. Cependant, parmi toutes les descriptidns d'activités ecto-ADPasiques
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Tableau 4. Propriétés biochimiques des ATP diphosphohydrolases de plantes

Source d'ATPDase pH optimum Km.app (UM) - M, Ratio
(substrat) _ATP ADP (kDa) ATP/ADP
Tubercule de pomme de terre
Solanum tuberosum
variété Pimpernel [1,2]" 6,0 (ATP) 60 250 49" 10-12%
(ATPDase soluble) 8,0 (ADP)
variété Desirée [1] 6,0 25 100 48-49° 1,0
(ATPDase soluble) (ATP & ADP)
variété Desirée [3] 6,0 28 26 527 0,9
(ATPDase particulaire) (ATP & ADP)
Feuilles de choux
ATPDase soluble [4] 5,0 ~1,4
ATPDase particulaire [4] 8,7 ~2.5
Racines de pois chiche
Cicer arietinum [5] 6,5 200 500 508 0,5
(ATP & ADP) 557
Tige de pois
variété Alaska [6] 6,0 (ATP) 70-80 21-35- 30 & 488 0,7
7,0 (ADP) 70-80°
Pulvinius
Mimosa pudica [7] 0,1-0,2
Cotylédons de Lupin jaune
Lupinus luteus [8] 6-8 20 ~20 518 ~1,3
variété Topaz ~517

T 1: Kettlun et al., 1982; 2 Del Campo et al., 1977, 3: Valenzuela et al., 1989; 4. Mazelis,
1959; 5: Vara et Serrano, 1981; 6: Tognoli et Marre, 1981; 7: Ishikawa ef al., 1984; 8:

Guranowskl etal., 1991.

I Le ratio de lhydrolyse de 'ATP/ADP peut étre mﬂuence par le tampon d'incubation.

n Masse moléculaire estimée par filtration.
§ Masse moléculaire estimée par SDS-PAGE.
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Tableau 5. Propriétés biochimiques des ATP diphosphohydrolases d'invertébrés

Source d'ATPDase pH optimum K app (UM) M; Ratio
(substrat) ATP ADP (kDa) ATP/ADP
Punaise
Rhodnius prolixus [1,2,3]1 7,5-8,5 - 500 83" 1,7-1,8%
(salive & glande salivaire) (ATP & ADP) 229 291
Punaise de lit
Cimex lectularius [4] 8,5 80 & 21*
(glande salivaire) (ATP & ADP)
Puces A
Orchopea howardii [11] 7,0-8,5 1,1
(glande salivaire) (ATP & ADP)
Oropsylla bacchi [11] 7,0-8,5 1,2
(glande salivaire) (ATP & ADP)
Xenopsylla cheopis [11] 7,0-8,0 1,8
(glande salivaire) (ATP & ADP)
Tiqhes
Ixodes dammini [12] 8,5-9,0 1,1
(salive) (ATP & ADP)
Ornithodoros Moubata [13] 7,0 (ADP) 1,3
(salive) 3,0 (ATP) |
Mouches des sables
Lutzomyia longipalpis [7] 8,0 0,6
(glande salivaire) (ATP & ADP)
Phlebotomus papatasi [8] 7,0-8.5 0,8
(glande salivaire) (ATP & ADP)
Phlebotomus argentipes [8] 8,5 (ADP) 1,0
(glande salivaire) 7,5-9,0 (ATP)
Phlebotomus perniciosus [8] 8,0-8,5 (ATP) 0,8-1,3
(glande salivaire) 7,0-8,0 (ADP)
Mouche noire
Simulium vittatum [9,10] 8,0 0,6
(glande salivaire) (ATP & ADP)
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Tableau 5. Propriétés biochimiques des ATP diphosphohydrolases d’mvertebres

(suite)
Source d'ATPDase pH optimum K app (UM) M; Ratio
(substrat) ATP ADP (kDa) ATP/ADP
Moustiques
Aedes aegypti [5] 9,0 657 1,4
(glande salivaire) (ATP & ADP)
Anopheles freeborni [6] 9,0 1,3
(glande salivaire)
Anopheles stephensi [6] 9,0 1,8
(glande salivaire) '
A. sp. nr. salbaii [6] 9,0 1,4
(glande salivaire)
Sangsue
Hirudo medicinalis [14] 7,5 forme I: >400 ~1,3
(salive) (ATP & ADP) forme II: 457
Ver
Schistosoma mansoni [15,16] ~450 ~250 49-588 1,1
(tegument) 631
Autre
Culicoides variipennis [17] 8,5 35# 1,3 (aves Mg™)
(glande salivaire) (ATP & ADP) 1,6 (avec Ca™

f 1: Ribeiro et Garcia, 1980; 2: Smith ef al., 1980; 3: Sarkis ef al., 1986; 4: Valenzuela et al.,
1996a; 5: Ribeiro et al., 1984a; 6: Ribeiro et al., 1985a; 7: Ribeiro et al., 1986; 8: Ribeiro et
al., 1989; 9,10: Cupp et al., 1993, 1995; 11: Ribeiro ef al., 1990; 12: Ribeiro et al., 1985b;
13: Ribeiro et al., 1991; 14: Rigbi et al., 1987; 15,16: Vasconcelos et al., 1993, 1996; 17:

Pérez de Leon et Tabachmck 1996.

1 Le ratio de I'nydrolyse de 'ATP/ADP peut étre mﬂuence par le tampon d'incubation.

o Masse moléculaire estimée par filtration.

§ Masse moléculaire estimée par SDS-PAGE.

1 Masse moléculaire estimée par SDS-PAGE et immunobuvardage avec des anticorps dirigés
contre 'ATPDase de la pomme de terre et contre la nucléoside triphosphate hydrolase de

Toxoplasma gondii.

# Masse moléculaire estimée par tamissage moléculaire en HPLC.
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Tableau 6. Propriétés biochimiques des ATP diphosphohydrolases de vertébrés

Source d'ATPDase pH optimum K app (LM) M; Ratio
(substrat) ATP ADP (kDa) ATP/ADP
Porc
pancréas [1-4]" 8,0 (ATP) 7,3 [1] 7.4 [1] 132 + 19* 1,1#
9,0 (ADP) 3,1[3] 5,6 [3]
Boeuf
" aorte [4-9] 7.5 23 +3 [6] ] 1108 1,1
| (ATP & ADP) 14=1[9] 12£2[9] 18930
rate [10] 7,5-8,0 (ATP) 9 1008 1,0
8,0-8,5 (ADP)
poumon [11] 7,5 7+2 70 + 3* 1,4
(ATP & ADP)
muscles lisses de la trachée 7,3 15+2 71+ 5% 1,5
[12] (ATP & ADP)
Homme
vaisseaux ombilicaux [13] 758 1,1
placenta [14,15] 7,0-7,5 (ATP) 10 20 62* 1,1
7,5-8,0 (ADP) 828
Rat
placenta [16] 8,0 50 33 67" 1,1
(ATP & ADP)
glandes salivaires [17] 8,0 (ATP) 13 15 1,0
9,0 (ADP)
glandes mammaires [17-19] 8,0 (ATP) 12 16 0,9 [17]
9,0 (ADP) 1,3 [18]
utérus [17,18] 8,0 (ATP) 12 27 67" 1,4
9,0 (ADP) 1,5
reins [20,21] 8,0 15 21 66* 0,6 [20]
(ATP & ADP) 0,9 [21]
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Tableau 6. Propriétés biochimiques des ATP diphosphohydrolases de vertébrés

(suite)
Source d'ATPDase pH optimum K app (UM) M; Ratio
(substrat) ATP ADP (kDa) ATP/ADP
Rat (suite)
synaptosome de 1'hypo- 8,0 3,7-5,6
thalamus [22] (ATP & ADP)
synaptosome du cortex 8,0-85 80 45 23
cérébrale adulte [23] (ATP & ADP)
plaquettes sanguines [24] 7,5-8,0 24+0,56 31+2,65 1,5
(ATP & ADP)
Raie Torpedo marmorata
synaptosome de l'organe 7,5-8,0 117+ 11 123+ 14 14
électrique [25] (ATP & ADP)
Poulet
foie [26,27] 85 ~4
oviducte [26-28] 8,0 (ATP) 480 2020 80§ 3,3
6,0 (ADP)
Cellules v
Sarcoma Li-7(m) [29] >8.,0 (ATP) kml: 87 kml: 44 1,7
8,0 (ADP) km2: 1610 km?2: 1100

t 1: Lebel ef al., 1980; 2: Laliberté et al., 1982; 3: Laliberté et Beaudoin, 1983; 4: C6té et al.,
1991; 5,6: Coté et al., 1992a,b; 7: Miura et al., 1987; 8: Yagi et al., 1989; 9: Picher et al.,
1996; 10: Moodie ef al., 1991; 11: Picher et al., 1993; 12: Picher et al., 1994; 13: Yagi et
al., 1992; 14: Kettlun ef al., 1994; 15: Christoforidis et al., 1995; 16: Pieber et al., 1991,
17,18: Valenzuela ez al., 1989, 1992; 19: Alvarez et al., 1996; 20: Sandoval ez al., 1996; 21:
Valenzuela et al., 1996b; 22: Schadeck et al., 1989; 23: Battastini et al., 1991; 24: Frassetto
et al., 1993; 25: Sarkis et Salto, 1991; 26: Strobel et Rosenberg, 1992; 27: Strobel, 1992;
28: Strobel et al., 1996; 29: Knowles ef al., 1983.

1 Le ratio de I'hydrolyse de 'ATP/ADP peut étre influencé par le tampon d'incubation.
+ Masse moléculaire estimée par la technique d'inactivation par irradiation au 60Co.

§ Masse moléculaire estimée par SDS-PAGE.
a Masse moléculaire estimée par filtration.
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obtenues jusqu'a présent, aucune n'a pu clairement dissocier cette activité d'une
activité ATPasique. Cette observation nous porte a croire que les activités ecto-
ATPasiques et ecto-ADPasiques décrites dans la littérature seraient attribuables,
dans bien des cas, a des ATPDases. Ainsi, on trouve des ATPDases tant dans le
régne végétal qu'animal. On croit cependant que leur fonction serait différente.

Roéle des ATP diphosphohydrolases

La fonction des ATPDases n'est pas encore bien définie. Il est fort probable que
cette enzyme joue des roles différents selon son origine. Afin de définir le rdle
physiologique de 'ATPDase des mammiferes, et plus particulicrement de celle que
l'on retrouve au niveau du systéme vasculaire, nous allons d'abord étudier les
fonctions proposées pour l'enzyme des plantes, des procaryotes, et des insectes
piqueurs et autres invertébrés puisqu'elles contribueront 4 mieux cerner son rdle
chez les mammiferes.

Chez les plantes, méme s'il y a eu un travail considérable sur les ATPDases, il
reste toutefois & en démontrer le rdle. On a cependant proposé que 'ATPDase
permettrait d'accumuler de 'amidon en hydrolysant I'ADP et I'UDP (Sarkis éf al.,
1986; Fanta et al., 1988 ;Anich et al., 1990). En effet, 'ADP et 'UDP sont des
produits secondaires de la synthése de I'amidon (et du glycogéne chez les mam-
miféres) qui inhibe la glycosyltransférase (Yung et Preiss, 1982; Sadler ez al,,
1982). L'ATPDase pourrait ainsi hausser le rendement de cette réaction de
synthése en éliminant les produits indésirables. Cet argument est appuyé par le
fait que I'ATPDase est abondante chez les plantes qui accumulent de I'amidon,
comme dans le tubercule de la pomme de terre et différentes plantes a pois
(Traverso-Cori et al., 1970; Tognoli et Marre, 1981; Vara et Serrano, 1981).

Parmi les rares ATPDases décrites chez les procaryotes, on en trouve une qui
attire particuliérement l'attention. Une ATPDase soluble a été localisée dans
I'espace périplasmique de la forme virulente de Shigella (Bhargava et al., 1995).
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Cette bactérie cause la dysenterie bacillaire. Cet intrus est d'abord phagocyté par
les cellules épithéliales du cblon, il se multiplie et finalement tue la cellule hdte.
L'activité catalytique de 'ATPDase pourrait expliquer certains événements méta-
boliques qui surviennent rapidement aprés l'infection tels: la baisse du niveau
d'ATP et la perturbation du métabolisme énergétique, et le dommage causé aux
mitochondries. C'est pour ces raisons que Bhargava et al. (1995) ont suggéré que
I'ATPDase jouerait le role d'une cytotoxine générale, impliquée directement ou
non dans la mort de la cellule hote.

Le role décrit pour I'ATPDase sécrétée dans la salive des invertébrés hémato-
phages, nous éveille a I'un de ces rdles possibles dans le systéme circulatoire des
mammiféres. Lorsque ces invertébrés piquent et injectent leur salive, ils brisent
de nombreuses cellules, libérant une quantité importante de nucléotides qui, addi-
tionnés a la relache par les plaquettes activées, favorise une agrégation rapide et
massive de ces derniéres. Ceci aurait évidemment pour effet de diminuer la -
fluidité du sang et d'en réduire I'absorption par le proboscis. L'évolution a permis
4 ces insectes de développer plusieurs mécanismes antihémostatiques, dont
I'ATPDase. Ribeiro et collaborateurs ont proposé que par la transformation de
I'ADP et de I'ATP en AMP, I'ATPDase faciliterait 1'ingestion de nourriture de trois
facons: en empéchant d'abord la formation d'agrégats plaquettaires (Ribeiro et
Garcia, 1980, 1981; Ribeiro et al., 1984b), en augmentant localement le débit
sanguin par la vasodiiatation, et possiblement par une action anti-inflammatoire
(Ribeiro, 1987). En effet, nous avons vu les effets de I'ATP, de I'ADP et de
l'adénosine sur le contrdle du tonus vasculaire et de l'agrégation plaquettaire
(Tableau 1). L'ATP est également reconnu de plus en plus comme un agent pro-
inflammatoire, alors que son dérivé déphosphorylé, 1'adénosine, est un agent anti-
inflammatoire (Bakker et al., 1994).

Chez un autre invertébré, le ver Schistosoma mansoni, une ATPDase a été
localisée a la surface du tégument (Vasconcelos et al., 1993). Ils ont montré de
fagon ingénieuse que cette enzyme hydrolysait les nucléotides a la surface du
parasite. L'enzyme pourrait ainsi empécher la formation d'agrégats plaquettaires
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autour de I'animal. On a proposé que I'ATPDase serait un des mécanismes déve-
loppés par le parasite pour assurer sa survie dans la circulation sanguine de 1'h6te
(Ferreira et al., 1995).

Chez les mammiféres, on croit que I'ATPDase hydrolyse les nucléotides extra-
cellulaires. Il sera d'ailleurs clairement démontré dans un chapitre ultérieur que
" I'ATPDase est bel et bien une ectonucléotidase. Par la localisation de son site
actif et par ses propriétés cinétiques (Km de 1'ordre du micromolaire, pH optimum
prés de la neutralité, activation par les ions Ca** et Mg?"), 'ATPDase serait en
mesure d'intervenir efficacement in vivo en altérant les concentrations de nu-
cléotides extracellulaires. Le fait que l'enzyme ait une haute affinité pour ses
substrats, lui permet d'intervenir a des concentrations de nucléotides de l'ordre de
celles qui affectent les purinorécepteurs, c'est-a-dire de 0,1 a 100 micromolaires.
Clest par l'action des substrats que l'on découvre les fonctions potentielles des
ATPDases de mammifeéres. En examinant quelques-unes des fonctions des
nucléotides extracellulaires, nous avons pu constater leur importance manifeste au
niveau physiologique (Tableau 1). Il est ainsi difficile au moment présent de
concevoir tous les roles possibles des ATPDases. Ceux-ci se percevront beaucoup
mieux & mesure que se compléteront les localisations cellulaires de l'enzyme et
des divers purinorécepteurs. Le systéme vasculaire a été l'objet d'études plus
détaillées (Tableau 1 et 6). On sait, entre autres, qu'une ATPDase est présente sur
les cellules endothéliales et musculaires lisses de l'aorte de boeuf (Tableau 6).
Clest dans ce systtme que certains des rOles de l'enzyme peuvent mieux se
percevoir.

C'est en comparant les actions souvent antagonistes des substrats et des produits
de la réaction que l'on peut proposer des fonctions a 'ATPDase. Cela est bien
illustré par l'action de 1'ADP et de I'AMP sur les plaquettes sanguines; I'ADP
(substrat) cause l'agrégation alors que I'AMP (produit) I'inhibe (Figure 3). Quel-
ques études ont mis en évidence ce rdle potentiel de I'ATPDase dans la throm-
borégulation (Miura et al., 1987; C6té et al., 1992a; Marcus et Safier, 1993). De
fagon plus générale, cette enzyme limiterait l'action des purinorécepteurs P»,
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Adhésion et Activation et Arrét de
activation agrégation l'agrégation

AMP
AMP AMP
= AMP AMP
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ADP
AMP + Pi

ATPDase

Figure 3. ATP diphosphohydrolase et agrégation plaquettaire. Lors d'un bris cellulaire,
des nucléotides sont libérés. L'ADP et le collagéne de la membrane basale activent les pla-
quettes. L'exocytose d'une forte concentration d'ADP des plaquettes activées entraine une
agrégation massive. L'ATPDase (PacMan jaune) en hydrolysant I'ADP en AMP arréterait la
progression du processus d'agrégation. Cellules endothéliales (bleu); cellules musculaires
lisses (rouge); plaquettes (magenta);, plaquettes agrégées (magenta péle); membrane basale
(gris); ATPDase (jaune).

et/ou convertirait une action de type P en P;. Par exemple, I'ATPDase pourrait,
par ce moyen, convertir une vasoconstriction en vasodilatation (Figure 4). Elle
pourrait également influencer les actions du systéme nerveux (Zimmermann,
1996) et moduler les réponses de tous les systémes qui subissent les assauts des
nucléotides extracellulaires, quelle qu'en soit la source. Finalement, 1l'action
combinée de I'ATPDase et de la 5'-nucléotidase produit 'adénosine, qui peut étre
récupérée pour les besoins du métabolisme cellulaire, grice a un transporteur
spécifique.
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Figure 4. ATP diphosphohydrolase et tonus vasculaire. (A) i) L'ATP et I'ADP agissent
sur les purinorécepteurs Pox des cellules musculaires lisses et causent une vasoconstriction.
i) L'AMP et l'adénosine (ADO) se lient aux purinorécepteurs Ay des cellules musculaires
lisses et causent une vasodilatation. iii) L'ATP et I'ADP agissent sur les récepteurs Ppy des
cellules endothéliales et libérent I'oxyde nitrique (NO) et la prostacycline (PGI,). Ces
composés agissent a leur tour sur les cellules musculaires et causent une vasodilatation.
(B) L'ATPDase convertit les triphospho- et diphosphonucléosides en nucléosides monophos-
phates et peut ainsi modifier l'effet physiologique (vasoconstriction contre vasodilatation).

Cellules des muscles lisses (rouge); cellules endothéliales (bleu); ATP diphosphohydrolase
(jaune).
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Purification des ATP diphosphohydrolases

Plusieurs groupes ont déja purifié bon nombre d'ATPDases a différents degrés.
Deux isoformes d'apyrase de la pomme de terre, soluble et non-soluble, sont
méme disponibles commercialement sous forme partiellement purifiées. La
premiére purification 3 homogénéité d'une ATPDase associée a une membrane de
cellules végétales a été effectuée a partir de racines de Cicer arietinum selon le
protocole suivant: solubilisation différentielle des protéines de la fraction micro-
somale suivie d'une chromatographie sur Affi-Gel Bleu puis sur Carboxyméthyl-
~cellulose (Vara et Serrano, 1981). Ils ont ainsi obtenu un monomere de 50 kDa
avec une activité spécifique de 1800 unités/mg de protéines.

Ribeiro et collaborateurs ont accompli un travail considérable sur 'ATPDase de la
salive des insectes piqueurs. En 1986, Sarkis et al. ont purifié partiellement
l'apyrase de la glande salivaire de Rhodnius prolixus par filtration sur colonne
Bio-Gel P-300, suivi d'une colonne échangeuse d'ions, DEAE-séphadex. Ils ont
obtenu une activité spécifique de 580 unités/mg de protéines en utilisant I'ATP
comme substrat. ’ |

Chez les mammiferes, le premier rapport sur la description et la purification d'une
ATPDase est venu de LeBel et al. (1980). Ils ont préparé une fraction particulaire
du pancréas de porc par centrifugations différentielles. Ils ont ensuite solubilisé
les protéines avec le Triton X-100 et purifié 'enzyme par chromatographie sur
colonne sépharose 4B, suivie de la colonne d'affinité Affi-Gel Bleu. Ils ont ainsi
obtenu une activité spécifique de 13 unités/mg de protéines, avec I'ADP comme
substrat. Ils ont proposé que I'ATPDase correspondait a la bande majeure de 65
kDa, observée par électrophorese en gel de polyacrylamide (SDS-PAGE). Deux
ans plus tard, a partir du méme tissu, Laliberté et al. (1982) ont utilisé une
nouvelle procédure de purification: isolement de la membrane de grains de
zymogeénes, solubilisation des protéines avec le Triton X-100 puis chromato-
graphie d'affinité sur 5S’AMP-sépharose. Par cette procédure, ils ont obtenu une
fraction avec une activité specifique de 69 unités/mg de protéines et qui apres
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SDS-PAGE et coloration & l'argent du gel a révélé trois polypeptides de masses
moléculaires de 58, 46 et 28 kDa. Plus tard, par marquage a l'azido-ATP de
fractions partiellement purifiées, LeBel et Beattie (1986) ont proposé qu'une
bande de 53 kDa constituait I'unité catalytique de l'enzyme. Malgré tous ces
travaux, on constate que le polypeptide responsable de l'activité ATPDasique n'a
pu étre identifié avec certitude.

L'ATPDase de l'aorte bovine fut purifiée par Yagi et al. (1989). Leur procédure
de purification incluait la préparation d'une fraction particulaire, la solubilisation
des protéines avec le Triton X-100, suivie d'une colonne échangeuse d'ions
(DEAE), puis d'une colonne 5'AMP-sépharose. Ils ont obtenu une activité
spécifique de 58 unités/mg de protéines avec I'ADP comme substrat, et ils
affirment que I'ATPDase correspond a une bande unique de 110 kDa. Cependant,
la photographie qu'ils ont soumise ne présente qu'une portion du gel, et aucun
autre argument assurant la validité de ce résultat n'a été présenté. L'activité
spécifique présentée semble relativement faible pour une ATPDase purifiée a
homogénéité. De ces quelques points, il ressort que le polypeptide présenté
pourrait étre en fait un contaminant majeur et que le (ou les) polypeptide(s)
représentant I'ATPDase soit(ent) encore en quantité insuffisante pour étre
détectable par leur méthode de coloration. Trois ans plus tard, le méme groupe a
purifié 'ATPDase des vaisseaux du cordon ombilical humain (Yagi et al., 1992).
Ils ont utilisé la méme méthode de purification a laquelle ils ont ajouté une
colonne de Con A-sépharose. Ils ont évalué la masse moléculaire de cette
ATPDase a 75 kDa. Encore une fois, ils présentent une photographie incomplete
de leur gel SDS-PAGE, dont la qualité ne permet pas de conclure objectivement.
Ils ont évalué l'activité spécifique de leur préparation, pure a homogénéité, a 37
unités/mg de protéines, avec I'ADP comme substrat.

En 1991, Moodie et al. ont caractérisé et purifié une ATPDase de la rate de boeuf.
Cette enzyme a été purifiée en grande partie selon la procédure employéé par Yagi
et al. (1989) a laquelle ils ont ajouté une étape de purification supplémentaire, soit
une colonne de chromatographie Con A-sépharose. Ils ont obtenu une activité
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spécifique de 115 unités/mg de protéines avec 'ADP comme substrat. Ils pro-
posent que l'enzyme est constituée d'une seule sous-unité de 100 kDa. Pourtant,
leur figure montre clairement d'autres contaminants, dont une bande dans la région
de 80 kDa. Aucun résultat n'est présenté, permettant d'identifier la bande majeure
de leur gel comme étant 'ATPDase. Leur seul argument vient de la purification
antérieure de Yagi et al. (1989) qui avaient trouvé, rappelons-le, une protéine de
110 kDa. On pourrait donc argumenter que I'ATPDase, correspondrait en fait a la
protéine d'environ 80 kDa, qui est également présente sur leur gel.

Une deuxiéme ATPDase humaine a été récemment purifiée par Christoforidis et
al. (1995). La procédure de purification était similaire a celle décrite par Yagi et
al. (1989). Malgré qu'ils n'aient utilisé que deux colonnes de chromatographies
(DEAE- et 5'AMP-sépharose), leur gel SDS-PAGE coloré au nitrate d'argent
montre une bande unique et large d'environ 82 kDa. La fraction purifiée montre
une activité spécifique de 21 unités/mg de protéines, 'ADP pris comme substrat,
pour un enrichissement total de 260 fois par rapport a I'nomogénat. Ils ont proba-
blement purifié I'ATPDase par un facteur de cinq fois supplémentaire puisque
I'enzyme perd 80% de son activité lors de l'addition du détergent, Triton X-100.
Ils ont obtenu six séquences partielles de 3 & 14 acides aminés qui ne présentaient
aucune similarité significative avec les protéines connues.

Un résultat intéressant a été publié dans le domaine par Strobel ez al. (1996). Ils
ont purifié 'ATPDase de l'oviducte et du foie de poulet. Ils ont tout d'abord
préparé une fraction particulaire de l'oviducte par filtration sur Biogel A, solu-
bilisé les protéines membranaires avec le détergent Nonidet P-40 qu'ils ont frac-
tionnées sur une colonne DEAE, puis sur une colonne de lentille. Ils ont répété
sensiblement la méme procédure afin de 'puriﬁer I'ATPDase du foie de poulet,
mais en remplacant la derniére étape par une autre colonne de lectine, une Con A-
sépharose. Avec MgATP comme substrat, ils ont obtenu une activité spécifique
de 42 unités/mg de protéines pour ' ATPDase de l'oviducte, et de 755 unités/mg de
protéines pour celle du foie. La migration en gel SDS-PAGE a montré que
plusieurs protéines étaient encore présentes dans chacune de ces deux fractions
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purifiées (Strobel, 1992). IIs ont ensuite fractionné chacune de celles-ci par gel
d'électrophorése dans des conditions non-dénaturantes, détecté l'enzyme par son
activité, puis découpé les bandes obtenues. Chacune des deux bandes de gel a été
fragmentée, puis injectée directement a des souris, afin de produire des anticorps
monoclonaux. Plusieurs de ces derniers ont été caractérisés, et certains de ceux-
ci ont été couplés a des billes d'Affi-Gel, et ont permis de purifier les deux
ATPDases 4 homogénéité. Ils ont obtenu une activité spécifique de 800 et de
1200 unités/mg de protéines respectivement pour l'enzyme de 1'oviducte et du foie.
La migration en gel SDS-PAGE de la fraction purifiée avec les anticorps
monoclonaux a révélé une bande unique de 80 kDa pour 'oviducte et de 90 kDa
pour le foie. Des faits intéressants ressortent de ces résultats. Premicrement, ils
ont obtenu une activité spécifique de loin supérieure a ce qui a été obtenu jusqu'a
présent chez les mammiféres. Deuxiémement, chacune des deux protéines ob-
tenues apres purification a homogénéité ne représentait qu'une faible proportion
des protéines des échantillons purifiés avec les colonnes, tel que visualisé sur
électrophorégramme. Ainsi, il y avait des contaminants majeurs dans chacune de
ces préparations hautement purifiées. Ces résultats sément le doute sur toutes les
autres purifications d ATPDases des mammiféres rapportées a ce jour.

Le cas de l'ecto-ATPase du foie de rat, qui a été purifié et son gene cloné, a une
certaine importance du point de vue historique; nous verrons pourquoi. En fait, il
s'agit plutdt d'une ATPDase puisque cette enzyme est activé par les ions calcium
et/ou magnésium et qu'elle hydrolyse 'ATP et I'ADP (Lin et Russell, 1988). Déja
en 1984, Lin et Fain avaient purifié cette ecto-ATPase selon la procédure suivante:
solubilisation des protéines d'une fraction particulaire enrichie en membranes
plasmiques avec le détergent Lubrol PX, puis fractionnement des protéines solu-
bilisées par trois chromatographies successives: "polybuffer exchanger 94", Con
A-sépharose 4B, puis filtration sur séphadex G-200. La fraction purifiée montrait
une activité spécifique de 20 unités/mg de protéines, avec 'ATP comme substrat.
Malheureusement aucun gel SDS-PAGE n'est montré. Des fragments tryptiques
de la protéine majeure de leur préparation ont été produits, fractionnés par HPLC
en phase inverse, puis séquencés. Ils ont par la suite cloné 1'ADNc de l'ecto-
ATPase en criblant une banque d'ADNc de foie de rat avec une sonde oligo-
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nucléotidique dégénérée, correspondant a l'un des fragments tryptiques (Lin et
Guidotti, 1989). Ces résultats soulévent certains points problématiques. Premie-
rement, aucune preuve n'est donnée pour justifier que la protéine majeure de leur
fraction purifiée correspond a 'ATPase. Il serait donc possible que les séquences
partielles obtenues n'appartiennent pas a I'ATPase. Deuxiémement, l'expression
du geéne cloné, dans des cellules qui possédent un taux basal d'activité ATPasique
tres faible (cellules L), n'a permis d'augmenter l'activité ATPasique que de deux
fois seulement par rapport au contrle. Troisiémement, les auteurs rapportent que
la comparaison de la structure primaire de leur ecto-ATPase avec celle de la
glycoprotéine biliaire 1 humaine montre une trés forte similarité, 65% des acides
~ aminés étant identiques. Quelques articles publiés récemment montraient que le
géne cloné par Lin et Guidotti codait pour une protéine d'adhésion cellulaire,
C-Cam 105, et non pour une ecto-ATPase (Knowles, 1995; Sabolic et al., 1996).
Pendant longtemps on a crii que le gene de 'ecto-ATPase/ATPDase était cloné, et
en feuilletant la littérature on s'apergoit que de nombreux chercheurs furent induits
en erreur.

Depuis, 'ADNc de 'ATPDase d'un insecte et celui de 1'enzyme d'une plante ont
été clonées. Champagne et al. (1995) viennent & peine de cloner I'ADNc de
I'ATPDase des glandes salivaires du moustique Aedes aegypti et leurs résultats
sont déja controversés. Premiérement, dans un travail antécédent, ils avaient
cloné plusieurs génes transcrits exclusivement dans les glandes salivaires de cet
insecte. Ils ont identifié I'ADNc, correspondant au géne de 'ATPDase, selon
'homologie avec deux séquences de 24 acides aminés provenant d'une protéine
tirée d'une fraction enrichie en activité ADPasique de seulement 20 fois par
rapport a I'homogénat des glandes salivaires. Deuxiémement, ils ont produit des
" anticorps spécifiques mais ne montrent pas si ceux-ci peuvent immunoprécipiter
l'activité ATPDasique. Troisiémement, ils ont réussi a exprimer la protéine dans
- des bactéries, tel que montré par immunobuvardage et détection avec leur
anticorps, mais ne montrent pas si la protéine produite posséde une activité quel-
conque. Encore plus récemment, I'équipe du docteur Guidotti a purifié 'ATPDase
du tubercule de la pomme de terre, Solanum tuberosum, puis cloné son gene
(Handa et Guidotti, 1996). Malgré qu'ils n'aient pas réussi a purifier l'enzyme a
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homogénéité, ils ont tout de méme obtenu un enrichissement fort appréciable
d'environ 10,000 fois par rapport & I'homogénat. La protéine majeure a été
. séquencée. Des oligonucléotides dégénérés, synthétisés selon les séquences en
acides aminés obtenues, ont permis de cloner ' ADNc. Ils n'ont malheureusement
pas tenté de produire la protéine par transfection de 'ADNc.

HYPOTHESES ET OBJECTIFS DE TRAVAIL

Nous venons de constater qu'au niveau du systéme vasculaire, les nucléotides
extracellulaires exercent, via des récepteurs spécifiques, des fonctions importantes
notamment dans les phénomenes d'agrégation plaquettaire et du tonus vasculaire.
L'hydrolyse de ces nucléotides peut ainsi ‘moduler leurs actions. Des études in
vitro et ex vivo montrent que les niveaux de nucléotides sanguins sont
rigoureusement contrdlés par des activités ATPasique, ADPasique et AMPasique
fermement attachées a la surface des cellules (Binet et Burstein, 1950; Williamson
et DiPietro, 1965; Baer et Drummond, 1968; Paddle et Burnstock, 1974; Crutchley
et al., 1978; Pearson, 1985; Slakey et al., 1986, Gordon, 1986). Il y aurait
possiblement deux catégories de cellules responsables de ce contrdle: les cellules
sanguines d'une part (les globules blancs, les érythrocytes et autres éléments
sanguins), et les cellules vasculaires d'autre part (les cellules endothéliales et
musculaires lisses). Ce sont les cellules vasculaires qui contribuent le plus au
métabolisme de ces nucléotides (Jorgensen, 1956;' Brashear et Ross, 1968; Ryan et
Smith, 1971; Crutchley et al., 1978; Carleton et al., 1979; Trams et al., 1980,
Emms et Lewis, 1982; Gordon, 1986; Liithje et Ogilvie, 1988; Coade et Pearson,
1989). En effet, la demi-vie de I'ATP dans la microcirculation, donc en présence
de cellules endothéliales, est de l'ordre de quelques secondes, dans le sang
complet elle est augmentée considérablement 4 environ 5 minutes, alors que dans
le plasma exempt de cellules elle est de 'ordre de 30 minutes (Pearson et Gordon,
1985). 1l est connu depuis une quinzaine d'années que les cellules endothéliales et
les cellules musculaires lisses possédent des ectonucléotidases (Crutchley ez al.,
1978, 1980; Dosne et al., 1978; Glasgow et al., 1978; Hayes et al., 1979; Pearson
et al., 1980, 1985; Lieberman et al., 1982; Wilson et al., 1982; Cusack et al.,
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1983; Bakker et al., 1987). Les activités ecto-ATPasique et ecto-ADPasique ont
longtemps été attribuées a deux enzymes distinctes. Cependant, des études
récentes ont démontré qu'une ATPDase pouvait exercer a elle seule ces deux
activités, dans l'aorte bovine (Yagi et al., 1989, 1991; Cété et al., 1991, 1992a).
Yagi et al. (1991) ont montré de fortes évidences que I'ATPDase des cellules
endothéliales et musculaires lisses de ce tissu était une ectoenzyme, ce qui était
aussi corroboré par Picher et al. (1994) pour l'enzyme du muscle lisse de la
trachée. Du point de vue physiologique, Coté et al. (1992a) ont montré qu'une
fraction particulaire de l'aorte bovine pouvait contrbler in vitro 1l'agrégation
plaquettaire, par 1'hydrolyse de 'ADP et de 'ATP. La premiére hypothése, dans le
cadre des présentes études doctorales, se formule de la fagon suivante: une
ATPDase est impliquée dans la déphosphorylation de 1'ATP et de I'ADP a la
surface des cellules des vaisseaux sanguins et exerce ainsi un contrdle de l'agré-
gation plaquettaire.

Afin de définir le ou les rdle(s) physiologique(s) des ATPDases, il faut d'abord
connaitre leurs propriétés biochimiques. Déja, quelques ATPDases de différents
tissus ont été caractérisées, le plus souvent a partir d'une fraction particulaire
grossiére. Parmi celles-ci, on en trouve trois qui montrent des propriétés physico-
chimiques distinctes. C6té et al. (1991) ont montré que les ATPDases du pancreas
de porc et de l'aorte de boeuf différent de la fagon suivante: (1) par leur pH
optimum qui est respectivement de 8,0 et de 7,5; (2) par l'effet du Ca* et du Mg?*
sur leur activité enzymatique; par leur courbe d'inactivation par irradiation au
60Co; et par leur profil de migration en gel d'électrophorése dans des conditions
non-dénaturantes. Par la suite, Picher et al. (1993) ont démontré l'existence d'une
ATPDase dans le poumon de boeuf. Bien que les propriétés biochimiques de cette
enzyme ressemblaient beaucoup a 1'ATPDase de l'aorte, elle s'en distinguait
cependant par sa courbe d'inactivation par irradiation au 0Co et par son profil de
migration en gel d'électrophorése dans des conditions non-dénaturantes. Ces
prémisses ménent & la deuxiéme hypothése de ce travail qui s'énonce comme suit:
des protéines distinctes sont responsables de l'activité ATPDasique dans le
pancréas, 1'aorte et le poumon.
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Afin de vérifier ces hypothéses, nous avons défini les trois objectifs spécifiques
~ suivants: (1) purifier les ATPDases du pancréas de porc, de I'aorte et du poumon
de boeuf; (2) produire des anticorps dirigés contre ces protéines; (3) cloner et
réexprimer 'ADNc de leur géne. Il est actuellement difficile de définir les rdles
physiologiques des ATPDases par manque d'informations sur ces enzymes. Par
exemple, la localisation cellulaire des ATPDases est trés peu connue et on ne sait
pas si l'expression du géne est contrdlé. L'atteinte des objectifs spécifiques
mentionnés, permettra de nous doter de nouveaux outils qui nous aideront a mieux
définir les fonctions des ATPDases chez les mammiféres, qui est 1'objectif a long
terme de notre laboratoire.
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CHAPITRE 1

PURIFICATION ET CARACTERISATION DE L'ATP
DIPHOSPHOHYDROLASE TYPE I

L'ATPDase des mammiféres a été mise en évidence dans le pancréas de porc par
LeBel et al. (1980) qui l'avaient partiellement purifiée. Plus tard, Laliberté ez al.
ont purifié I'enzyme davantage et ont décrit ses propriétés cinétiques (Laliberté et
al., 1982; Laliberté et Beaudoin, 1983). Selon ces études, quatre polypeptides, de
masses moléculaires de 65, 58, 46 et 28 kDa, pouvaient étre identifiés comme
candidats de I'enzyme. Un peu plus tard, par marquage a I'azido-ATP de fractions
partiellement purifiées, LeBel et Beattie (1986) ont proposé qu'une protéine de 53
kDa constituait I'unité catalytique de cette ATPDase. Dans la présente étude, nous
avons purifié I'enzyme du pancréas et nous avons estimé sa masse moléculaire a
54 kDa par électrophorése en gel d'acrylamide. Le marquage de cette protéine
avec un analogue de 'ATP a confirmé qu'elle possédait au moins un site de liaison
aux nucléotides. Il s'agit d'une protéine hautement glycosylée qui correspond
vraisemblablement au polypeptide de 58 kDa purifié par Laliberté et al. (1982) et
a celui de 53 kDa identifié par LeBel et Beattic (1986). La comparaison des
propriétés biochimiques et des masses moléculaires montre que 'ATPDase du
pancréas de porc est différente des autres ATPDases identifiées antérieurement
dans la littérature.

Ces résultats ont fait I'objet d'une publication parue en 1995 dans Biochemical
Journal, volume 312, pages 351-356. La production et la caractérisation de
l'anticorps dirigé contre le FSBA ont été réalisées par le docteur Y.P. Coté.
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SYNOPSIS

The enzyme, recently identified as type-I ATP diphosphohydrolases (ATPDase:
EC 3.6.1.5), has been purified from the zymogen granule membrane of pig
pancreas. After solubilization with Triton X-100 and chromatographies on ion-
exchange and Affi-Gel Blue columns an approximate 3500-fold purification was
obtained. The enzyme preparation with a specific activity of 45 U/mg of protein
was much further purified by PAGE under non-denaturing conditions. The active
band localized on the gel contained two proteins after SDS-PAGE and silver
staining, corresponding to apparent molecular masses of 56 and 54 kDa res-
pectively. The identity of the ATPDase was confirmed by an affinity labelling
technique with 5'-p-fluorosulfonylbenzoyladenosine (FSBA) as an ATP analogue.
The latter was detected by a Western blot technique. A strong reaction was
observed with the band corresponding to 54 kDa. N-terminal sequence analysis
revealed that the 56 kDa has significant similarities (50-72%) with lipases whereas
the 54 kDa has no significant similarity with any known proteins. N-glycosidase
F treatment confirmed the glycoprotein nature of the enzyme and suggested that
the enzyme bears several N-glycosylation sites. Comparisons of molecular masses
and biochemical properties show that this ATPDase is different from other
reported mammalian ATPDases. '

INTRODUCTION

ATP diphosphohydrolases, or apyrases (ATPDase: EC 3.6.1.5), constitute a family
of enzymes that catalyse the hydrolysis of the y- and B-phosphate residues from
triphospho- and diphosphonucleosides. The first ATPDase was reported by
Kalckar (1944) in potato tubers [1] and since then, ATPDases have been found in
other plants, blood-feeding insects, ticks, bugs, mosquitoes as well as leeches and
other invertebrates. For a review see Ribeiro [2], and Beaudoin et al. [3]. In
1980, LeBel et al. reported an ATPDase in the pig pancreas [4]. A couple of
years later, Laliberté et al. further purified the enzyme and described some of its
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kinetic properties [5,6]. Since then, the catalytic unit of the enzyme could not be
established with certitude. Other ATPDases have been found in vertebrate cells,
including those of blood vessels [7-16]. Some evidences concord with the view
that the catalytic site of the ATPDase on endothelial and smooth muscle cells of
blood vessels and trachea is a component of plasma membranes and would be
responsible for the major part of the ecto-ADPase and ecto-ATPase activities at
the cell surface [8,17]. Because of their low apparent Ky, (~10 uM), one is led to
believe that ATPDases exert a control on ATP and ADP concentrations in blood
and within the blood vessel wall [3,18,19]. Co6té et al. have demonstrated that
addition of a semi-purified ATPDase preparation to a platelet rich concentrate
could prevent or even reverse an ADP-induced platelet aggregation [12].

Analysis of the biochemical properties of vertebrate ATPDases from different
sources: pig pancreas [4-6], bovine aorta [11-13], lung [20] and trachea [17] led us
to propose the existence of at least three distinct types of ATPDases. The
enzymes from these sources exhibit clear biochemical differences, but up until
recently, little was known about their identification and their structure. In this
work, type-I ATPDase has been purified and the identity of the catalytic unit has
been confirmed by affinity labelling with 5'-p-fluorosulfonylbenzoyladenosine
(FSBA), detected by an immunoblot technique.

EXPERIMENTAL

Materials

ATP, ATP-agarose, EDTA, glycerin (1,2,3-Propanetriol), glycine, L-histidine,
Nitro Blue Tetrazolium (NBT), Ponceau S, sodium deoxycholate, Tris, 1,4-dithio-
threitol (DTT), 5-bromo-4-chloro-3-indolyl phosphate (BCIP), FSBA, mouse
monoclonal antibodies to rabbit IgG, conjugated to alkaline phosphatase, gluta-
mate dehydrogenase (GDH), were all obtained from Sigma Chemical Co., St-

40




Louis, MO, USA; ADP, AMP, Triton X-100 and N-glycosidase F were purchased
from Boehringer-Mannheim, Laval, Québec, Canada; Calcium chloride (CaCl,)
and Tween 20 from Fisher Scientific Co., Montréal, Québec, Canada; Micro-
dialysis membranes (12,000-14,000 Da) were purchased from Bethesda Research
~ Laboratories, Gaithersburg, MD, USA; Dialysis membrane Spectra/Por (6,000-
8,000 Da) from Spectrum Medical Industries, Inc., Los Angeles, CA, USA;
Transfer membrane Immobilon-P was obtained from Millipore Corp., Bedford,
MA, USA; Bradford reagent, BSA fraction V, Affi-Gel Blue, DEAE Bio-Gel A
agarose, SDS, molecular-mass standards and polyacrylamide from Bio-Rad
Laboratories, Mississauga, Ontario, Canada. All other reagents were of analytical
grade.

ATPDase purification

Pig pancreases, obtained from the "Abattoir Bienvenue", St-Valérien, Québec,
Canada, were removed within 2 min after death and kept on ice, in a Krebs-Ringer
phosphate medium (pH 7.4) supplemented with 0.2% glucose. Purification of the
zymogen granule membrane (ZGM) was carried out according to Piquet ef al.
[21]. Membrane proteins were solubilized, at a concentration of protein of 1 mg
per ml, with 0.3% (v/v) Triton X-100, 30 mM Tris, pH 8.0, and centrifuged for 1 h
at 100,000 g in a Beckman rotor SW 41. Approximately 10 to 30 mg of proteins
from the supernatant, containing most of the enzyme activity, were loaded on a 8
ml DEAE-agarose column, preequilibrated with 7.5% (v/v) glycerin, 0.1% (v/v)
Triton X-100 and 20 mM Tris pH 8.0. Proteins were eluted by a 0-0.13 M linear
NaCl gradient in the same buffer, followed by a 2 M NaCl wash. Active fractions
were pooled in 0.1X buffer E (buffer E: 192 mM glycine, 0.1% (v/v) Triton X-
100, 25 mM Tris, pH 7.5) and electrodialysed in an ISCO electro-eluter according
to the following technique: buffer E was put in the apparatus and a 15 mA current
was applied per cuvette. The buffer E was changed 4 times, at each 50 min
interval. The dialysate was adjusted to pH 5.9 with a 200 mM L-histidine pH 4.0
solution, and loaded on an Affi-Gel Blue column (6 ml of beads) preequilibrated
with 7.5% (v/v) glycerin, 0.07% (v/v) Triton X-100 and 25 mM Tris/L-histidine
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pH 5.9. Proteins were eluted by a linear gradient of buffer A and B: buffer A (60
ml): 7.5% (v/v) glycerin, 0.07% (v/v) Triton X-100 in 10 mM Tris, pH 6.8; buffer
B (60 ml): 7.5% (v/v) glycerin, 0.07% (v/v) Triton X-100, 1 M NaCl and 10 mM
Tris, pH 7.5. This was followed by a wash with 1 M NaCl, 0.07% Triton X-100
and 100 mM Tris, pH 8.5. The ATPDase fractions were pooled and dialysed
overnight against 0.05% Triton X-100 in 1 mM Tris, pH 8.0, concentrated on a
mini DEAE-agarose column of 1 ml as described above, eluted with 0.4 M NaCl
and dialysed against distilled water. This purified fraction was used for FSBA
labelling, digestion with N-glycosidase F and electrophoresis. All the purification
steps were carried out at 4°C and the column flow rate was 10 ml/h in all cases.
Conditions of PAGE under non-denaturing conditions have been previously
described [12].

ATPDase assays

Enzyme assays were routinely carried out at 37°C in 5 mM CaCly, 200 pM
substrate (ATP or ADP) and 50 mM Tris, pH 8.0, in a final volume of 1 ml. This
concentration of substrate corresponds to about 25 times the apparent Ky of the
enzyme and allowed low background readings for P; determinations. Incubation

was stopped with 0.25 ml of malachite green reagent, and P; was estimated

according to Baykov ez al. [22]. One unit of ATPDase activity corresponds to the
release of 1 pmol Pi/min at 37°C. Proteins were estimated by the technique of
Bradford using BSA as the standard of reference [23].

N-glycosidase F treatment

Deglycosylation was carried out according to the manufacturer's recommendations
(Boehringer-Mannheim, Laval, Québec, Canada). Six ug of protein from the Affi-
Gel Blue fraction were boiled for 10 min in 0.2% SDS and 0.2% (v/v) 2-mercapto-
ethanol (25 l total), the volume was then adjusted to 0.2 ml with a final con-
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centration of 0.4% (v/v) Triton X-100, 10 mM EDTA, 50 mM sodium phosphate
buffer, pH 7.4, and 1 unit of N-glycosidase F. After a 12 h incubation at 37°C the
medium was dialysed, lyophilized, and fractionated by SDS-PAGE. A positive
control was run with 15 pg of protein from the ZGM incubated in identical
conditions (not shown).

Polyclonal antibodies to FSBA

Polyclonal antibodies to FSBA conjugated to GDH were raised according to
Anostario et al. [24]. Twenty mg of GDH were incubated in a potassium phos-
phate buffer, pH 7.1 with 10% (v/v) dimethylformamide and 2.6 mM FSBA, in a
final volume of 10 ml, for 2 h at 37°C. The FSBA-GDH conjugate was dialysed
against a 10 mM phosphate buffer pH 7.4 and kept at -20°C. Five albino rabbits
of approximately 2 kg each were injected in the leg muscle with a mixture of 0.5
ml (1 mg) of the GDH-FSBA conjugate and 0.5 ml of Freund's complete adjuvant.
Two boosters were given at four week intervals with 0.75 mg of GDH-FSBA in
PBS. Blood samples were taken daily, starting at day four after the second
booster, and titered by dot blot assays with the GDH-FSBA conjugate (30 pg/dot).
When titer reached 1:25,000, rabbits were anaesthetised with Somnotol (0.5-1
ml/5 pounds), bled by canulation of the femoral artery, and their serum kept at
-70°C.

FSBA labelling and SDS-PAGE

A sample (6 pg) of the purified enzyme from the Affi-Gel Blue column fraction
were mixed with 150 mM KCl, 5% (v/v) dimethylsulfoxide, 0.2 mM FSBA as
estimated by extinction coefficient (1.35 x 10* cm™! M-! in ethanol) and 36 mM
Tris-acetate, pH 7.5, in a final volume of 1 ml. The labelling reaction was carried
out at 37°C, starting with the addition of FSBA and stopped 35 min later with 100
mM 1,4-dithiothreitol in 0.1% SDS. Control experiments were run with 10 mM
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ADP or ATP (substrate) added 5 min before FSBA. After incubation, the medium
was dialysed for 8 h against water in a microdialysis apparatus (Bethesda Re-
search Laboratories, Gaithersburg, MD, USA) at room temperature. The dialysate
was lyophilized, resuspended in 150 pl of 1X sample buffer (2% (w/v) SDS, 1%
(v/v) 2-mercaptoethanol, 10% (v/v) glycerin, 0.001% Bromophenol Blue in 65
mM Tris, pH 6.8) and incubated for 20 min at 37°C. FSBA labelled proteins were
separated by SDS-PAGE on a 7-12% polyacrylamide gradient according to
Laemmli [25] and detected by a Western blot technique with FSBA antibodies
(see below). Proteins fractionated on SDS-PAGE were detected by Coomassie
Blue and/or silver nitrate diamine staining method [26].

Immunoblotting procedure

Proteins were transferred to Immobilon-P sheets as described by Towbin e al.
[27]. Blots were stained with either Ponceau S (Millipore Corp., Bedford, MA,
USA) or 0.1% Amido Black according to Schaffner and Weissman [28]. Blots
were incubated in 0.9% NaCl, 0.5% skim milk powder, 10 mM sodium phosphate,
pH 7.4, for 1 h, washed (3 X 5 min) with solution B (0.1% BSA, 0.9% NaCl and
20 mM Tris, pH 7.4) and incubated for 2 h with the primary antibody diluted
1:10,000 with solution C (1% BSA, 0.9% NaCl, 0.03% (v/v) Tween 20 and 20
mM Tris pH 7.4). Excess antibody was removed by repeated washings (10 X 3
min) in solution B. Blots were then incubated for 1.5 h with a mouse anti-rabbit
antibody conjugated to alkaline phosphatase at a dilution of 1:6,000 in solution C.
After washings (10 X 3 min) in 0.9% NaCl, 0.03% (v/v) Tween 20 and 20 mM
Tris, pH 7.4, antibodies were detected with NBT/BCIP according to Harlow and
Lane [29].
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RESULTS

ATPDase Purification

Isolation of the ZGM was the first step of the purification procedure of pancreas
type-I ATPDase. A relatively high specific activity was found in this membrane
preparation as compared to the homogenate, approximately 160-fold purification
as previously reported [5]. The membrane was solubilized in Triton X-100, which
caused a loss of about one third of the enzyme activity with a recovery of about
85% of the protein in the soluble fraction. A further 4-fold purification was
obtained by DEAE-agarose column chromatography, with a 75% recovery of the
enzyme activity (Figure 1, Table 1). The active fraction was fractionated on an
Affi-Gel Blue column, which further purified the ATPDase by a factor of six with
a 50% recovery of activity (Figure 2, Table 1). Throughout these purification
steps the relative hydrolysis rates of ATP to ADP remained constant, indicating
that no other nucleotidase was eliminated during purification (Table 1).

The final step of our analytical purification procedure was PAGE under non-
denaturing conditions. Analysis of the enzyme activity in the gel confirmed the
presence of the ATPDase which specifically catalysed the hydrolysis of ATP and
ADP but not AMP (Figure 3). The activity band was excised from the gel and
fractionated by SDS-PAGE. This activity band contained two polypeptides as
shown after SDS-PAGE and silver nitrate overstaining: a sharp 56 kDa band and a
diffuse band of about 54 kDa slightly below and overlapping with the 56 kDa
band (Figure 4, lane H). We also analysed an additional band excised just above
the active band on the non-denaturing gel and only the 56 kDa band could be seen
(Figure 4, lane I). This observation indicated that the 56 kDa band was not the
ATPDase, leaving the 54 kDa diffuse band as the only presumptive candidate for
the enzyme. '
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Table 1. ATPDase purification

Steps Total protein  Total activity Specific activity Yield Purification Hydrolysis
_ (ATP) factor rates

mg units units/mg % fold ATP/ADP
ZGM | 20.0 60.8 3.0 - (160)T 1.3
ZGM + Triton X-100 20.0 40.6 2.0 100 1 1.3
100,000 g supernatant 17.6 37.0 2.1 91 1.1 1.3

of solubilized ZGM

DEAE column 3.5 28.8 83 71 4.2 1.3
Affi-Gel Blue column 0.31 13.8 45 34 23 1.3

The data shown are representative of three independent experiments.
+ Laliberté et al. showed a 160-fold purification for the ZGM as compared to the homogenate using ADP as the substrate [5].
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Figure 1. DEAE-agarose chromatography of the particulate fraction solubilized with
Triton X-100. The left arrow indicates the initiation of the linear NaCl gradient
(0-0.13 M), right arrow, the 2 M NaCl wash. Conditions of chromatography are described in

the Experimental section. Fractions of 3 ml were collected. (--) Protein concentration; (—)
ATPase activity.
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Figure 2. Affi-Gel Blue chromatography of the active fraction from DEAE-agarose
column. The left arrow indicates the initiation of a linear gradient of NaCl and change of pH.
The right arrow indicates the beginning of the wash. Conditions of chromatography are
described in the Experimental section. Fractions of 3 ml were collected. (----) Protein
concentration; (—) ATPase activity.
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Figure 3. Localization of the ATPDase by PAGE under non-denaturing conditions of
the Affi-Gel Blue fraction. Electrophoresis was carried out on the active fraction from the
Affi-Gel Blue column as described in the Experimental section. A sample (6 ug) of protein
were loaded in each well of lanes A-D and separated on a 4-7% polyacrylamide gel gradient.
ATPDase was localized by incubating the gel for 10 min at 37°C in: 10 mM CaClp, 100 mM
Tris/imidazole, pH 7.5, and 4 mM of the nucleotide ATP, ADP or AMP. Released P; forms a
white Ca?* precipitate. Lane A, ATP; lane B, ADP; lane C, AMP; lane D, Coomassie Blue
staining; lane E, Coomassie Blue staining, 80 pg (new gel).
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Figure 4. SDS-PAGE protein patterns at the different steps of the purification pro-
cedure and after N-glycosidase F digestion of the Affi-Gel Blue fraction. Protein samples
were fractionated on a 8-13,5% polyacrylamide gradient and deglycosylation was carried out
as described in the Experimental section. Lanes A, B and C show the results of N-glycosidase
F treatment of the Affi-Gel Blue fraction (silver nitrate staining). Lane A, N-glycosidase F
alone; lane B, control without N-glycosidase F; lane C, with N-glycosidase F. Lanes A, B'
and C' were as above but stained with Coomassie Blue. Lanes D, E, F and G show the results
of the purification procedure (Coomassie Blue staining). Lane D, molecular-mass standards:
974, 66.2,45.0,31.0,21.5, 144 kDa; lane E, ZGM (100 pg); lane F, DEAE-agarose column
(25 pg); lane G, Affi-Gel Blue column (6 pg). Lanes G, H and I show the last steps of the -
purification procedure (silver nitrate overstaining). Lane G, same as lane G; lane H, activity
band from the non-denaturing gel (refers to Figure 3); lane I, control band of gel taken just
above the activity band of the non-denaturing gel. The excised bands from the non-denaturing
gel were incubated for 1 min in 0.4% SDS, 0.5 M Tris, pH 6.8, boiled for 5 min with 50 pl of
3X sample buffer and the mixture was loaded in the well for SDS-PAGE.
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N-glycosidase F treatment

We then investigated the possibility that the enzyme was a glycoprotein since
previous reports had shown that the enzyme was bound by Concanavalin A
agarose column [4]. When the Affi-Gel Blue preparation was submitted to
digestion by N-glycosidase F, both bands (56 and 54 kDa) were displaced. One
showed only a small shift in its molecular mass of about 4 kDa, which would
correspond to one or two N-linked oligosaccharide chains (assuming a molecular
mass contribution of 2-4 kDa per oligosaccharide [30]), whereas a very pro- .
nounced decrease to about 35 kDa was observed for the other band (Figure 4,
lanes C and C'). Controls run in absence of N-glycosidase F failed to show any
shift in those bands ruling out the possibility of a potential proteolytic cleavage
(Figure 4, lanes B and B').

FSBA Labelling

The identity of the 54 kDa protein as the ATPDase was confirmed by affinity
labelling with FSBA, an ATP analogue. We recently reported that FSBA was a
strong and irreversible inhibitor of ATPDase type-II from the bovine aorta [13]
which forms a covalent bond with ATP-binding sites of proteins [31-33]. To label
the ATP-binding protein we used the conditions described by Coté ez al. for the
bovine aorta ATPDase [34]. Labelled proteins were localized by a Western blot
technique with FSBA specific rabbit polyclonal antibodies. Figure 5 B shows a
specific reaction with GDH-FSBA at a dilution of 1:10,000. Polyclonal antibodies
specific to the FSBA residue of the GDH-FSBA complex were purified on ATP-
agarose column and as shown in Figure 5 C, no detectable reaction was found
with GDH. Preimmune serum was unreactive under the same conditions (Figure 5
A). These antibodies could efficiently recognise the 54 kDa-FSBA complex
diffuse band (Figure 6, lane B). Controls, where labelling was carried out in the
presence of ATP (not shown) or ADP showed no signal, confirming the specificity
of FSBA for the active site of the enzyme (Figure 6, lane C). Specificity of the
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Figure 5. Characterisation of rabbit anti-FSBA antibodies. FSBA-labelling, blot and
:mmunodetection were carried out as described in the Experimental section. Aliquots (50 pg)
of unlabelled GDH or GDH-FSBA labelled were loaded in each well as indicated. The
anti-FSBA was purified on ATP-agarose column as described by Anostario et al. (24).
(A) Preimmune serum 1:10,000; (B) immune serum 1:10,000; (C) purified anti-FSBA 1:250.
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Figure 6. Western blot of FSBA labelled samples from the Affi-Gel Blue column
fraction. Labelled sample were loaded on a SDS/7-12% polyacrylamide gel, transferred to
Immobilon-P membrane, incubated with the rabbit antibody anti-FSBA and detected by a
secondary antibody conjugated to alkaline phosphatase as described in the Experimental -
section. Aliquots (6 ug) of the Affi-Gel Blue-purified fraction were used in lanes B, Cand D.
Lane A, molecular-mass standards: 97.4, 66.2, 45.0, 31.0, 21.5 and 14.4 kDa; lane B, FSBA,

lane C, FSBA + ADP; lane D, no labelling.
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antibody was also demonstrated by the absence of reactivity with the control
where the Affi-Gel Blue purified ATPDase was unlabelled (Figure 6, lane D).

DISCUSSION

In 1980, LeBel ef al. demonstrated the existence of a mammalian ATPDase in pig
pancreas [4]. Subsequent cytochemical observations suggested that the enzyme
was localized in both ZGM and plasma membranes of the pancreas exocrine cell
[35,36]. Laliberté et al. further purified the enzyme by 5'AMP-Sepharose chro-
matography [5]. This procedure yielded a highly purified fraction consisting of
three bands after SDS-PAGE and detection by silver staining or radioiodination
techniques. Detailed kinetic studies were carried out on this purified preparation
[5,6]. Vachereau (1986) later attempted to identify the polypeptide carrying the
catalytic activity of the enzyme by a different procedure on the same ZGM
preparation. After dialysis in the presence of ADP and mercaptoethanol, saponin
treatment, and electrophoresis under non-denaturing conditions, the enzyme was
localized on the acrylamide gel. Elution of the active band from the non-
denaturing gel, revealed the same bands obtained by Laliberté ez al. after SDS-
PAGE and silver staining: 58, 46 and 28 kDa [37]. These proteins were poorly
antigenic in rabbits and mice as indicated by the weak affinities and low titers of
the antibodies obtained [37,38]. Anterior studies of Piquet ef al. described the
ZGM-protein composition from the rat pancreas by combined isoelectric focusing
and SDS-PAGE [21]. Their pattern was very similar to the one reported by
Ronzio er al. several years before [39]. Among these proteins, four glycoproteins
were found corresponding to 130 (GP1), 80 (GP2), 54 and 52 kDa (GP3 and
GP47?) respectively. The two latter bands could not be clearly dissociated from
each other by unidimensional electrophoresis.

The present purification procedure led to a fraction containing a doublet of
proteins as assessed by SDS-PAGE and silver staining. One was a sharp band
with a molecular mass evaluated at 56 kDa whereas the other (54 kDa) was a more
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diffuse band overlapping and slightly below the 56 kDa band. Assuming that one
of the two bands was the ATPDase type-I, we proceeded to an analysis of the
amino acid sequence. An N-terminal sequence of 20 amino acids were obtained
from both proteins, 56 and 54 kDa. Screening of the 56 kDa protein sequence
with EMBL and GenBank revealed more than 50% identity with human lipases
and the ZGM "lipase like" protein from rat pancreas identified as GP3 [40]. There
was no significant similarities of the N-terminal sequence of the 54 kDa protein
with any known protein. This observation ruled out the 56 kDa band, leaving the
54 kDa as the only presumptive candidate for ATPDase type-I. N-glycosidase F
digestion of the Affi-Gel Blue purified fraction (54-56 kDa) resulted in a marked
shift in the molecular mass down to 35 kDa for one band, and a smaller shift to
about 52 kDa for the other. The observations on the previously described rat GP3
"lipase" showing only one site of N-glycosylation, lead us to believe that the 35
kDa band corresponds to the deglycosylated form of ATPDase 1. This marked
shift would indicate 4 to 10 N-glycosylation sites. The identity of the ATPDase
catalytic unit was corroborated by affinity labelling with the ATP analogue FSBA.
Indeed, the signal corresponded to the diffuse 54 kDa instead of the sharp well
defined band of 56 kDa. FSBA is recognised as an efficient reagent for the
affinity labelling of ATP-binding sites of protein [31-33]. Labelling could be
specifically prevented by competing with an excess ATP or ADP. The immuno-
chemical approach provides an easy and inexpensive alternative to the use of
radiolabelled ligand, [>H] or ['*C]FSBA [24]. It is noteworthy that our results on
labelling with FSBA are in agreement with labelling experiments made with
8-azido-[a->*P]JATP on the ZGM proteins of pig pancreas [37,41]. The bio-
cherical properties and the molecular mass of the ATPDase type-I differ from
those reported for other mammalian ATPDases described in the literature [7,9,42].

The purification of ATPDase I brings about the questions of localization and
functions of this protein. This ATPDase is associated with the ZGM in the pan-
creas but this localization may be transitory, since during the exocytotic process,
the ZGM becomes an integral part of the plasma membrane. The enzyme is most
probably inactive in the mature zymogen granules, because of the acidic condi-
tions and the small amount of free water within these organelles. In contrast, the
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biochemical conditions are much more favourable for the enzyme after exocytosis,
when the catalytic site is exposed to the alkaline extracellular lumen which
matches the optimum pH for catalysis of the ATPDase. Hence, it is logical that
the function of the enzyme would be exerted on the external face of the luminal
plasma membrane. Cytochemical studies have confirmed that an ATPDase acti-
vity is localized on both, luminal and basolateral portions of the plasma membrane
of the acinar cell of rat pancreas [35,36]. In a more general way, the function of
ATPDases is to dephosphorylate extracellular ATP and ADP which interact with
P, purinoceptors at the cell surface [3,19]. The reaction product AMP may be
converted by the ecto-5'-nucleotidase to adenosine which is responsible for the so-
called P; effect. The understanding of the function of the enzyme is closely
linked to its localization which can only be carried out with specific, high affinity
antibodies, and so far this has not been possible. The sequencing of the protein
will provide valuable information for this purpose. Knowledge of the distribution
and the characterisation of both nucleotide receptors and ATPDases will facilitate
the elucidation of their functional relationships and will clarify the role of the
ATPDases. '
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CHAPITRE 2

PURIFICATION ET CARACTERISATION DE L'ATP
DIPHOSPHOHYDROLASE TYPE II, ET IMMUNOLOCALI-
SATION DE L'ENZYME DANS L'AORTE DE BOEUF

Coté et al. (1991) ont montré que 'ATPDase de l'aorte de boeuf possede des
propriétés biochimiques différentes de celles du pancréas de porc. Bien qu'ils
n'aient pas purifié ces enzymes, ils avaient proposé de nommer ces deux formes
d'ATPDase: type I pour l'enzyme du pancréas de porc, et type II pour celle de
'aorte de boeuf. Dans le premier chapitre, nous avons identifié I'ATPDase type I;
dans ce deuxiéme chapitre, nous décrivons la purification et la caractérisation de
I'ATPDase type II. Cette derniére possede une masse moléculaire apparente de 78
kDa et contient I'équivalent d'une masse de 24 kDa de chaines de sucres liées par
l'asparagine, tel qu'estimé par électrophorése en gel d'acrylamide. A l'extrémité
des chaines de sucres on a détecté des groupements mannoses et/ou glucoses, et
'absence de N-acétylgalactosamine et de a-L-fucose. La liaison du FSBA a cette
protéine a confirmé la présence d'un site de liaison a 'ATP. Un anticorps dirigé
contre les 16 premiers acides aminés de la séquence N-terminale de I'ATPDase
type I de porc a été produit, et a réagi avec les ATPDases types I et 1I, du porc et
du boeuf. Cet anticorps a permis de confirmer la présence de 'ATPDase dans les
cellules endothéliales et musculaires lisses de 1'aorte bovine.

Ces résultats ont fait 1'objet d'une publication parue en 1997 dans le journal
Biochimica et Biophysica Acta, volume 1334, pages 73-88. Nous remercions
monsieur G. Grondin pour l'étude de la localisation immunocytochimique de
l'enzyme et monsieur F.P. Levesque qui a fourni une aide technique appréciée
dans les premiéres étapes de la purification de grandes quantités d'enzymes.
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ABSTRACT

ATP diphosphohydrolase (ATPDase) or apyrase (EC 3.6.1.5), an enzyme that
hydrolyses the y and B phosphate residues of triphospho- and diphosphonu-
cleosides, has been purified from the bovine aorta media. A particulate fraction
was isolated by differential, and sucrose cushion centrifugations, producing a 33-
fold enrichment in ADPase activity. Solubilization of the enzyme from the
particulate fraction with Triton X-100 caused a partial loss of activity. The
solubilized enzyme was purified by DEAE-agarose, Affi-Gel Blue and Conca-
navalin A column chromatographies yielding an additional 138-fold enrichment of
the enzyme. The enzyme preparation was further purified by PAGE under non-
denaturing conditions, followed by its detection on the gel. The active band was
cut out and separated by SDS-PAGE. Overstaining with silver nitrate revealed a
single band corresponding to a molecular mass of 78 kDa. Presence of an ATP
binding site on the latter protein was demonstrated by labelling with 5'-p-fluoro-
sulfonylbenzoyladenosine (FSBA), an analogue of ATP, followed by its detection
by a Western blot technique. Labelling specificity was demonstrated by com-
petition experiments with Ca-ATP and Ca-ADP. An antiserum directed against
the N-terminal sequence of the pig pancreas ATPDase (54 kDa) cross-reacted with
the bovine aorta ATPDase at 78 kDa. Digestion of the ATPDase with N-glycosi-
dase F caused a marked shift of the molecular mass, thereby showing multiple N-
oligosaccharide chains. Immunohistochemical localization confirmed the presence
of ATPDase on both endothelial and smooth muscle cells.

INTRODUCTION

Extracellular nucleotides interact with specific receptors and elicit a variety of
actions on the different physiological systems of the vertebrates. In the cardio-
vascular system, purinoceptors which respond to ATP, ADP and adenosine have
been found on blood cells, blood vessel cells and heart cells [1-3]. Pharmaco-
logical effects of these nucleotides and their derivative have been recently
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reviewed [2-9]. In the cardiovascular System, major processes such as platelet
aggregation and inflammation, control of vascular tone, and heart function
[2,3,10-14] are influenced by extracellular nucleotides. Blood nucleotides
originate from a variety of sources [3,10,15] including blood cells, platelets and
endothelial cells. Those found within the vessel wall are in part derived from
nerve terminals and smooth muscle cells. Cardiomyocytes and skeletal muscle
cells represent other sources of nucleotides which vary according to physiological
states (hypoxia, exercise). Broken cells resulting from wounds or pathologies can
be added to these various sources.

The physiological response of a given cell to extracellular nucleotides depends on
four main parameters: first, the affinity of the nucleotide or nucleoside for its
receptor; second, receptor density; third, receptivity defined by the sequence of
_intracellular events induced by the plasma membrane signal. Finally, the fourth
important parameter is concentration of the ligand in the immediate environment
of the cell. In the latter respect, ectonucleotidases which carry out the hydrolysis
of the y, B and o phosphate residues of phosphonucleosides play a determinant
role since different purinoceptors interact with ATP or ADP or adenosine res-
pectively.

ATPase, ADPase and AMPase activities have been reported on blood cells, blood
vessel cells and cardiomyocytes [16-24]. A sequential conversion of extracellular
ATP to AMP has been recently attributed to a single enzyme, an ATP diphospho-
hydrolase (ATPDase: EC 3.6.1.5), which was originally found in the pancreas
[25], and later in other mammalian tissues including bovine aorta [26,27] and
other tissues and cells from the vascular system [28-32]. By definition ATPDase
has a wide substrate specificity since it catalyses the hydrolysis of y and B
phosphate residues from triphospho- and diphosphonucleosides, converting them
to their nucleoside monophosphate derivative (for ex. ATP —» ADP —» AMP).
The release of o phosphate from AMP is catalysed by the ecto-5'-nucleotidase, a
well characterised enzyme [33]. We previously reported ATPDases from different
“sources which showed distinct biochemical properties: pig pancreas ATPDase
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[25,34,35], bovine aorta ATPDase [27,36,37], and bovine lung ATPDase [38].
We recently reported the purification of pig pancreas ATPDase, which is a protein
of 54 kDa that bears multiple glycosylation sites [39]. In this work, we describe
the purification and identification of the bovine aorta ATPDase. We also show
the cellular localization with an antiserum specific to ATPDase.

MATERIALS AND METHODS

Materials

5'-p-fluorosulfonylbenzoyladenosine (FSBA) and mouse monoclonal antibodies to
rabbit IgG conjugated to alkaline phosphatase were obtained from Sigma Chemical
Co., St-Louis, MO, USA; agarose-bound lectins: Concanavalin A (Con A), Wheat
germ agglutinin (WGA), Soybean agglutinin and Ulex europaeus 1 agglutinin
(UEA) were bought from Vector Laboratories, inc., Burlingame, CA, USA; N-
glycosidase F (PNGase F) was purchased from Boehringer-Mannheim, Laval,
Québec, Canada; Affi-Gel Blue and DEAE Bio-Gel A agarose were obtained from
Bio-Rad Laboratories, Mississauga, Ontario, Canada.

ATPDase purification

Isolation of the particulate fraction

Bovine aortas, obtained from the Abattoir Giroux in Bromptonville (Qué.), were
kept on ice and processed within one hour after death. All the purification steps
were carried out at 4°C. First, the inner layer of the aorta was stripped out
manually, passed through a meat grinder, and homogenised (10%) with a Polytron
in the following solution: 95 mM NaCl, Soybean Trypsin Inhibitor (20 pg/ml), 0.1
mM phenylmethylsulfonyl fluoride (PMSF) and 45 mM Tris-HCI, pH 7.6.
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Soybean Trypsin Inhibitor and PMSF are protease inhibitors used as a precau-
tionary measure [40]. After filtering with cheesecloth, the homogenate was cen-
trifuged at 600 g for 15 min. The supernatant was centrifuged at 22,000 g for 90
min with a Beckman JA-14. The resulting pellet was suspended in 0.1 mM PMSF
and 1 mM NaHCOs3; pH 10.0 with a Potter at a dilution of 5 mg protein per ml.
The suspension was loaded on a 40% (w/v) sucrose cushion and centrifuged at
100,000 g for 2h30 with a SW 28 Beckman rotor. The enzyme was recovered on
the cushion and kept at 4°C overnight. This membrane preparation was then
- suspended in 10 volumes of 0.1 mM PMSF, 1 mM NaHCOs pH 10.0 and
centrifuged at 240,000 g for 45 min in a SW 50.2 Beckman rotor. The pellet was
rinsed twice: once with 0.1 mM PMSF, 10 mM Tris pH 8.0 and once with 2 mM
EDTA, 20 mM Tris pH 8.0. The final pellet was suspended in 7.5% (v/v) glycerin
~and 5 mM Tris, pH 8.0, at a concentration > 1 mg protein per ml and either frozen
at -20°C, or directly solubilized. At this stage the specific activity of the
ATPDase was enriched by about 33 fold as previously reported [27].

Solubilization and column chromatographies

Before we describe in extenso the purification procedure we will summarise the
main steps. After enrichment of a particulate fraction in plasma membrane by
centrifugation on sucrose cushion, membrane proteins were solubilized with
Triton X-100. ATPDase, in a solubilized protein fraction, was purified by column
chromatographies: ion exchanger (DEAE-agarose) followed by an Affi-Gel Blue
column known to have an affinity for nucleotide binding proteins. The next
purification step was either an electrophoresis under non-denaturing condition
which permit to recover the enzyme activity in the gel, or a Con A column
chromatography which bind mannose and/or glucose rich glycoproteins. In detail,
the particulate fraction was solubilized with 0.3% (v/v) Triton X-100 in 30 mM
Tris pH 8.0 at a concentration of 1 mg protein per ml and centrifuged at 100,000 g
for 1 h. The supernatant fraction was loaded on a DEAE Bio Gel A agarose (20
ml beads) preequilibrated with 0.1% (v/v) Triton X-100, 7.5% (v/v) glycerin and
10 mM Tris, pH 8.0. Protein was eluted by a NaCl gradient (0.03-0.12 M) in the
same buffer, followed by a 0.1% (v/v) Triton X-100, 2 M NaCl wash. Active
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fractions were pooled in 0.1X buffer E (5X buffer E: 0.5% (v/v) Triton X-100,
960 mM glycine, 125 mM Tris, pH 7.0) and electrodialysed in 15 ml cuvettes by
an ISCO electro-eluter according to the following technique: 1X buffer E was
loaded in the apparatus and 15 mA was applied per cuvette. The 1X buffer E was
changed 4 times, at every 50 min. The dialysate was equilibrated at pH 5.9 with
200 mM histidine adjusted to pH 4.0 with HCI (about 20 mM histidine final) and
loaded on an Affi-Gel Blue column (10 ml beads) preequilibrated with 0.07%
(v/v) Triton X-100, 7.5% (v/v) glycerin, 20 mM histidine and 30 mM Tris, pH 5.9.
Proteins were eluted by a linear gradient made of buffer A and B; buffer A (80
ml): 0.07% (v/v) Triton X-100, 7.5% (v/v) glycerin and 10 mM Tris pH 6.5;
buffer B (80 ml): 1 M NaCl, 0.07% (v/v) Triton X-100, 7.5% (v/v) glycerin and
10 mM Tris-HCl pH 7.5; followed by a 1 M NacCl, 0.07% (v/v) Triton X-100, 100
mM Tris pH 8.5 wash. The active fraction was then dialysed against 0.05% (v/v)
Triton X-100, 1 mM Tris pH 8.0, concentrated on a 1 ml DEAE-agarose column
as described above, eluted in 0.4 M NaCl, 0.07% (v/v) Triton X-100, 10 mM Tris-
HCI pH 8.0 and dialysed against water. We then proceeded to a separation by
PAGE under non-denaturing conditions as described by Coté et al. [36]. PAGE
bands, revealed by incubation with the substrate ADP, were excised, incubated for
1 min in 0.4% SDS, 0.5 M Tris, pH 6.8, the buffer was discarded and the gel
boiled for 8 min in 50 pl of 3X sample buffer (see below). The boiled mixture
was loaded in a well and fractionated by SDS-PAGE. Further purification of the
Affi-Gel Blue fraction was also obtained by Con A agarose column chromato-
graphy. Briefly, Con A (4 ml beads) and the protein sample from the Affi-Gel
Blue column were preequilibrated with 0.05 % (v/v) Triton X-100, 100 mM NaCl,
1 mM CaCl;, 1 mM MnCl; and 20 mM 1,4-piperazinediethane-sulfonic acid
(PIPES), pH 6.8. The protein sample was loaded on the column, the unbound
protein were washed with 40 ml of the preequilibration buffer. Bound protein was
eluted with 20 ml of 0.5 M Me-a-D-mannopyranoside diluted in the preequili-
bration buffer. The purified sample was dialysed and concentrated on a mini-
DEAE column as described above. Column were used at a flow rate of 5-15 ml/h
in all cases.
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ATPDase assays

Enzyme activity was determined at 37°C in 1 ml of: 8 mM CaCl,, 200 uM
substrate (ATP or ADP), 50 mM imidazole, 50 mM Tris, pH 7.5 [41]. This
substrate concentration corresponds to about 15 times the apparent K, (Michaelis
constant) of the enzyme [41]. Reaction was stopped with 0.25 ml of malachite
green reagent, and P; was estimated according to Baykov et al. [42]. One unit of
ATPDase activity corresponds to the release of 1 umol Piy/min at 37°C. Protein
was estimated by the technique of Bradford [43] using bovine serum albumin as
the standard of reference.

PNGase F treatment

PNGase F treatment was carried out according to the manufacturer's recommen-
dations (Boehringer-Mannheim, Laval, Québec, Canada). Six pg or less of
purified protein from the Con A agarose column were boiled for 5 min in 0.2%
SDS and 0.2% (v/v) 2-mercaptoethanol in a final volume of 40 pl. The solution
was then added to an incubation medium containing 0.4% (v/v) Triton X-100, 10
mM EDTA, 50 mM sodium phosphate buffer, pH 7.4, and 0.5 units of PNGase F
in a final volume of 200 pl. After a 12 h incubation at 37°C, the incubation
medium was dialysed, lyophilized and fractionated by SDS-PAGE. |

Sedimentation of ATPDase activity with lectin-agarose

Four different lectin-agarose conjugates were used: Con A, WGA, Soybean
agglutinin and UEA-agarose. Binding and elution of proteins were carried out
according to the manufacturer's recommendations (Vector Laboratories, inc.,
Burlingame, CA, USA). Experiments were carried out at 4°C. Briefly, 100 pl of
50% slurry of each lectin-agarose conjugate were put in a microcentrifuge tube
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and washed 4 times with 1 ml buffer A (0.05% (v/v) Triton X-100, 100 mM NaCl
and 20 mM PIPES, pH 6.8). In the case of Con A, 1 mM CaCl, and 1 mM MnCl, .
were added to the buffer. Twenty pg of purified ATPDase from the Affi-Gel Blue
column, equilibrated in buffer A, were added to each of the lectin-agarose beads
and rocked for 45 min, then centrifuged for 1 min. The supernatant was kept and
the beads washed 3 times with 1 ml buffer A. Protein bound to the lectins was
eluted with 150 pl of 500 mM of the appropriate sugar in buffer A, rocked for 30
min and centrifuged. The elution step was repeated once and the 2 eluates were
combined. The sugars used to eluate protein from Con A, WGA, Soybean and
UEA were Me-a-D-mannopyranoside, N-acetylglucosamine (GlcNAc), N-acetyl-
galactosamine (GalNAc) and fucose respectively.

FSBA labelling and SDS-PAGE

Labelling procedure was carried out essentially as previously described with
minor modifications [39]. Twenty pug of the purified enzyme from the Affi-Gel
Blue column was mixed with 150 mM KCl, 5% (v/v) dimethylsulfoxide, 5 mM
CaCl,, 0.125 mM FSBA as estimated by extinction coefficient (1.35 x 10%/cm/M
in éthar_lol) and 36 mM Tris-acetate, pH 7.5, in a final volume of 1 ml. The label-
ling reaction carried out at 37°C, was started by adding FSBA, and stopped after 5
min with 100 mM 1,4-dithiothreitol and 0.1% SDS. For the competition expe-
riments, 10 mM ADP or ATP (substrate) was added 5 min before FSBA. After
incubation, the medium was dialysed for 8 h against water, at room temperature.
The dialysate was lyophilized and resuspended in 150 pl of 1X sample buffer: 2%
(w/v) SDS, 1% (v/v) 2-mercaptoethanol, 10% (v/v) glycerin, 0.001% Bromo-
phenol Blue in 65 mM Tris, pH 6.8 and incubated for 20 min at 37°C. Proteins
were separated by SDS-PAGE on a 8-13.5% polyacrylamide gradient according to
Laemmli [44]. Labelled proteins were detected by a Western blot technique using
rabbit antibodies to FSBA. Proteins of other SDS-PAGE were detected with
Coomassie Blue or by silver nitrate diamine staining [45].
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ATPDase antibodies

A high density multigenic peptide system (MAPS) was synthesized with peptides
corresponding to the N-terminal sixteen amino acid of pancreas ATPDase
(KSDTQETYGALDLGGA) according to the procedure of Tam [46] by the
"Service de Séquence de Peptides de 1'Est du Québec", CHUL research center,
Québec. This approach used a small peptidyl core matrix of four lysine residues
bearing four branching peptides. Rabbits were immunized with 300 pg of the
peptide complex dissolved in 0.5 ml of phosphate buffered saline and 0.5 ml of
Freund's complete adjuvant: 400 pl were injected intra-muscularly and the rest at
three sites subcutaneously. After six weeks, the aninal received a boost of 150 pg
of the antigen in 1 ml of phosphate buffered saline comprising one intramuscular
(200 pl) and four subcutaneous injections. The second boost was given six weeks
later with 75 pg of the antigen. Between day four and nine after the second boost,
blood was collected daily and the antibody titer was measured by a Western-blot
technique using pancreas ATPDase from zymogen granule membrane [39]. When
the antibody titer reached a level of detection at a dilution of 1:50,000, rabbits
were anaesthetized with Somnotol (0.5-1 ml/5 pounds), bled by canulation of the
femoral artery, and their serum kept at -70°C. |

Immunoblotting procedure

FSBA-labelled fractions were separated by SDS-PAGE and transferred to
Immobilon-P sheets as described by Towbin et al. [47]. Blots were stained with
either Ponceau S (Millipore Corp., Bedford, MA, USA) or 0.1% Amido Black
accordihg to Schaffner & Weissman [48]. Immunodetection was carried out as
previously described [39]. The primary antibody was either a rabbit polyclonal
anti-FSBA (1:10,000) or a rabbit polyclonal anti-ATPDase (1:10,000). The
secondary antibody was a mouse monoclonal anti-rabbit IgG (1:6,000) conjugated
to alkaline phosphatase. Antibodies were detected with NBT/BCIP according to
Harlow & Lane [49]. FSBA polyclonal antibodies has been previously described
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[39]. Briefly, these antibodies react specifically against the FSBA conjugated to
glutamate dehydrogenase as shown by Western immunoblot [39].

Immunohistochemistry

Freshly dissected aorta was fixed overnight in 2% paraformaldehyde, 0.17%
glutaraldehyde in 0.1 M Na cacodylate buffer, pH 7.4, with 4% sucrose. Tissue
was dehydrated in graded ethanol solutions and embedded in paraffin. Paraffin
sections were cut at 4 um thickness and mounted on polyionic slides (Superfrost
Plus Fisher, Montreal, Québec, Canada). Paraffin was removed with xylene and
tissues rehydrated through graded ethanol to water, after a rinse in 150 mM NaC(l,
0.1 M Tris, pH 7,5 (TBS). Sections were treated in 0.1 M glycine in TBS for 10
min. The slides were subjected to pressure cooker heat induced epitope retrieval
procedure [50] in 1 mM EDTA, 10 mM Tris, pH 8.0 for 9 min. After a wash in

TBS at room temperature for 10 min, non-specific binding sites were blocked for

30 min at room temperature with 1% bovine serum albumin and 1% fat free skim

milk in TBS. Sections were incubated overnight at 4°C with the ATPDase anti-

serum, or preimmune serum (1:100), washed in TBS several times, and incubated

with mouse monoclonal anti-rabbit IgG conjugated to alkaline phosphatase at a
dilution of 1:100 for 2 h at room temperature. After several washings, visua-

lisation was carried out by the alkaline phosphatase reaction with NBT/BCIP.

Sections were mounted in 5% gelatin, 27% glycerol, and 0.1% sodium azide,

preheated at 45°C. Photographs were taken under bright field illumination using a

Zeiss photomicroscope on Kodak T Max 100 film.
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RESULTS

ATPDase purification

The different steps of the purification procedure are summarised in Table 1. The
particulate fraction isolated according to Coté et al. [27] displayed an ADPase
specific activity of 0.9 unit/mg of protein which represents a 33-fold enrichment
as compared to the activity in the homogenate [27]. The solubilization step, with
Triton X-100, caused a substantial loss of activity (56%) with a corresponding
recovery of about 70% of protein. The enzyme was quite stable throughout the
subsequent steps of the purification procedure. DEAE and Affi-Gel Blue
chromatographies were efficient steps of purification showing successive 10- and
5-fold enrichments in enzyme activity respectively (Figure 1 and 2). With the Con
A-agarose column, the specific activity increased to 55 units/mg of protein, with
ADP as the substrate. PAGE of the active fraction from the Affi-Gel Blue
column, under non-denaturing conditions, allowed further purification while
confirming the capacity to hydrolyse specifically ATP and ADP but not AMP
(Figure 3). Two major bands of activity can be seen on this electrophoregram
with either ATP or ADP as the substrate and these are identified by I and II on
Figure 3. The most intense band of activity, (I) as shown by the intensity of Pj-Ca
precipitate, was cut out from the gel where indicated by the black rectangle on
Figure 3, and separated by SDS-PAGE. As shown in Figure 4 (N-D. gel) it
contains a single polypeptide with a M; estimated at 78,000. The second band of
activity (II) contains the same protein at 78 kDa as observed by SDS-PAGE.
However, in the latter case some additional proteins were associated indicating
that on its native state the enzyme may form complexes with other proteins (data
not shown). Figure 4 also illustrates the SDS-PAGE patterns of protein com-
position corresponding to the successive steps of the purification procedure. As
expected, one notices a progressive increase in the relative proportions of the 78
kDa band up until it reached homogeneity at the last step of purification cor-
responding to electrophoresis under non-denaturing conditions. Overstaining the
electrophoregrams with silver nitrate revealed some contaminant bands which are
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Table 1. ATPDase purification, from the particulate fraction

Step Total protein  Total activity Specific Yield Purification Hydrolysis
activity : factor rate

mg units units/mg % fold ATP/ADP
Particulate fraction (pf) 293 263 0.9 - 33)T 1.5
pf + Triton X-100 293 117 0.4 100 1 1.4
100,000 g supernatant 186 91.2 0.5 78 1.2 1.3

of solubilized pf
DEAE column 15.1 72.2 4.8 62 11.9 1.1
Affi-Gel Blue column 2.76 57.8 21 49 53 1.1
Con A column 0.61 33.5 55 29 138 1.1

A representative out of five complete procedures is shown, ADP as substrate. Determinations were routinely carried out in triplicate.

T The particulate fraction (pf) showed a 33-fold enrichment of ADPase activity as compared to the homogenate [27].
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Figure 1. DEAE-agarose chromatography of the particulate fraction protein solu-
bilized with Triton X-100. Arrow on the left indicates the start of the NaCl gradient and the
arrow on the right the wash with 2M NaCl. Fractions 28-35 were pooled and used for the

next step of purification. (---) Protein concentration; (—) ATPase activity.
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Figure 2. Affi-Gel Blue chromatography of the active fraction eluted from the DEAE-
agarose column. Arrow on the left indicates the start of NaCl and pH gradients. Arrow on
the right indicates a wash with: 1M NaCl, 0.07% (v/v) Triton X-100 and 100 mM Tris, pH
8.5. Fractions 23-30 were pooled and used for the next step of purification or FSBA
labelling. (---) Protein concentration; (—) ATPase activity.
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Figure 3. Localization of ATPDase after PAGE under non-denaturing conditions of the
Affi-Gel Blue fraction. Thirty pg were loaded in each lane on a 4-7.5% polyacrylamide
gradient. ATPDase was Jocalized by incubating the gel for 10 min, at 37°C in; 10 mM CaCly,
100 mM Tris-imidazole, pH 7.5, and 4 mM of the nucleotide: ATP or ADP or AMP.
Liberated P; forms a white precipitate with Ca2* at reaction sites. Protein was stained with
Coomassie Blue. Notice similar migration patterns of ATPase and ADPase activities (bands I
and II) and the absence of reaction with AMP.
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Figure 4. Protein composition at the different steps of the purification procedure as
determined by SDS-PAGE. Electrophoresis was run in a 7-12,5% polyacrylamide gel.
Protein was stained with Coomassie Blue or silver nitrate. Molecular-mass standards (MW):

97.4, 66.2, 45.0, 31.0, 21.5, 14.4 kDa; particulate fraction (Part. fract.), 100 ug; DEAE-
agarose fraction, 35 ug; Affi-Gel Blue fraction, 20 pg; band I of activity from Figure 3, which
corresponds to the band with the most intense Ca-P; precipitate, cut out from the non-
denaturing gel (N-D. gel); sample buffer alone (Control).
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also present in control lanes at the same intensity, and therefore can not be
attributed to the purified enzyme fraction (Figure 4, Control).

FSBA labelling of the ATPDase

Affinity labelling with the ATP analogue FSBA confirmed that the 78 kDa
ATPDase bears an ATP binding site and is illustrated in Figure 5. Coté et al. have
recently shown that this ATP analogue, which forms a covalent bond with the
ATP-binding sites of proteins [51-53], is a strong and irreversible inhibitor of the
enzyme [37]. Enzyme-labelling was carried out with the fraction isolated from the
Affi-Gel Blue column. After 5 and 35 min incubations of this fraction with
FSBA, ADPase activity was reduced by 20% and 60% respectively. Similar
results were obtained with ATP as the substrate. After dialysis of the labelling
medium and fractionation of proteins by SDS-PAGE, FSBA-labelled proteins were
localized with specific antibodies by a Western blot technique (Figure 5). As
expected, the 78 kDa band was labelled by FSBA. Interestingly, two other poly-
peptides were reactive to FSBA antibodies with M; of about 56,000 and 40,000
respectively. However it is important to notice that these bands were absent after
SDS-PAGE of the activity band I (Figure 4, N-D. gel). Specificity of the
antibodies to FSBA is shown in Figure 5. Labelling specificity was demonstrated
by adding millimolar concentrations of Ca-ATP to compete with FSBA during
labelling (Figure 5). Similar results were obtained with Ca-ADP (data not shown).

The 78 kDa ATPDase a glycoprotein

The glycoprotein nature of the ATPDase was determined by two different ap-
proaches. First, binding to lectins, and second, changes of M; following PNGase
F treatment. Results of lectin-agarose sedimentation are summarised in Table 2.
Con A and WGA bound very efficiently the ATPDase activity whereas Soybean
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Figure 5. Western blot of FSBA labelled protein isolated from Affi-Gel Blue column.
Labelled proteins were separated on a 8-13,5% gradient gel by SDS-PAGE, transferred to
Immobilon-P membrane, incubated with the rabbit antibody anti-FSBA and detected by a
secondary antibody conjugated to alkaline phosphatase. Twenty ug of protein from the Affi-
Gel Blue column fraction was used for the assays: incubation with FSBA (FSBA), incubation
with FSBA with competing Ca-ATP (FSBA+ATP), incubation without FSBA (no FSBA).

Molecular-mass standards (MW): 97.4, 66.2, 45.0, 31.0, 21.5, 14.4 kDa.
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and UEA did not. Among the protein bound by Con A and WGA, one finds the 78 ,
kDa which can be eluted by Me-a-D-mannopyranoside and D-GIcNAc respectively
as seen after separation by SDS-PAGE and silver staining. Treatment of the Con
A eluted fraction with PNGase F (Figure 6) resulted in a shift of the 78 kDa band
to a M; of 60,000 or lower (see below).

Immunoreactivity with pig pancreas ATPDase antibodies

As illustrated in Figure 7 A and B, the antiserum raised against the N-terminal
sequence of pig pancreas ATPDase specifically recognised the 54 kDa ATPDase
of the pancreas zymogen granule membrane [39]. After digestion with PNGase F,
the purified ATPDase from pancreas shifted down to 35 kDa (Figure 7 B). The
same antibody recognised the 78 kDa band of the ATPDase from a particulate
fraction from the bovine aorta media, consisting mainly of smooth muscle cells
(Figure 7 A and C). The antiserum recognised also a band of the same M; in a
particulate fraction from smooth muscle cells of the trachea and endothelial cells
from the bovine aorta (Figure 7 C). The antiserum reacted with a second minor
band at about 56 kDa indicating that two different ATPDases would be present in
bovine tissues (Figure 7 A and C). Treatment of the Con A purified fraction from
bovine aorta with PNGase F caused a shift of the 78 and 56 kDa bands down to 54
and 36 kDa (Figure 7 D). Since the pancreas ATPDase shifted from 54 to 35 kDa
after deglycosylation (Figure 7 B), it most probably corresponds to the lower band
seen in the bovine aorta, meaning that the 56 kDa band is the one that shift to
36 kDa. Assuming a M; contribution of 2,000-4,000/0ligosaccharide it indicates
that the 54/56 kDa ATPDase bears between 4 to 10 N-linked oligosaccharide
chains and the 78 kDa ATPDase would have between 6 and 12. No reaction could
be seen with preimmune serum in all cases as shown in Figure 7 A.

With pancreas ATPDase antibodies an immunological localization on the bovine
aorta was carried out (Figure 8 and 9). In Figure 8 A an hematoxylin-eosin
staining of the tunica media and intima is illustrated. With the ATPDase antibody
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Table 2. ATPDase binding to lectin-agarose beads

Lectin-agarose Fractions Relative % Detection of the 78 kDa Sugar specificity
ADPase activity band by SDS-PAGE

Con A Free 5% traces mannose, glucose
Bound 95%
Eluted 62% +
WGA Free 5% traces GlcNAc, NeuNAc,
Bound 95% mannose structured
Eluted 69% sialic acid?
Soybean Free 100% GalNAc
Bound 0%
Eluted 0% -
UEA Free 100% + fucose
Bound 0%
Eluted 0% —

Twenty pg of the ATPDase fraction purified by Affi-Gel Blue column chromatography were incubated with the different
lectin-agarose conjugates, centrifuged, and supernatants were analysed. Lectin-agarose beads were washed and bound
proteins eluted with the appropriate sugar, as described under Materials and methods. % is expressed on the basis of what
has been originally added to the beads. Enzyme determinations were repeated twice in triplicate. Supernatants (free) and
eluted fractions were separated by SDS-PAGE and stained with silver nitrate.

T Weak affinities.
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Figure 6. PNGase F treatment of Con A-agarose column purified fraction. Six ug of
purified ATPDase from Con A agarose column were used in each assay: no incubation
(Con A); incubation with PNGase F, dialysis and lyophilization (PNGase F); incubation
without PNGase F, dialysis and lyophilization (Control). PNGase F appeared as a 34 kDa
band as indicated. The gel was stained with silver nitrate. Molecular-mass standards (MW):

97.4,66.2,45.0,31.0,21.5, 14.4 kDa.
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Figure 7. Western Blot of bovine and porcine tissues showing immunoreactivity with a
rabbit antiserum against pig pancreas ATPDase. Sample were separated on a 8-13,5%
gradient gel by SDS-PAGE, transferred to Immobilon-P membrane, and incubated with
ATPDase antibodies as described in Materials and methods. (A) Specificity of the antiserum.
Preimmune (PI: 1:10,000) and immune serum (I: 1:10,000) were tested against zymogen
granule membrane protein of pig pancreas (10 pg of protein per lane) and a particulate
fraction from aorta smooth muscle cells (40 pg of protein per lane). (B) Reactivity against pig
pancreas ATPDase: from the zymogen granule membrane (ZGM), 10 pg; purified pancreas
ATPDase, 0.2 pg; purified pancreas ATPDase treated with PNGase F, 0.2 pg.
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Figure 7. Western Blot of bovine and porcine tissues showing immunoreactivity with a
rabbit antiserum against pig pancreas ATPDase (suite). Sample were separated on a
8-13,5% gradient gel by SDS-PAGE, transferred to Immobilon-P membrane, and incubated
with ATPDase antibodies as described in Materials and methods. (C) Reactivity against
bovine particulate fractions: trachea smooth muscle cells, 100 ng; aorta smooth muscle cells,
100 pg; aorta endothelial cells, 30 pg. (D) Reactivity against purified bovine aorta ATPDase:
1 pg of protein from the Con A purified fraction, with or without PNGase F treatment.
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Figure 8. Immunohistological localization of ATPDase in the bovine aorta. (A) Hema-
toxylin-eosin staining (X 50). Tunica intima (arrowheads), tunica media (*). (B) ATPDase
antibody (X 50). A good signal is obtained on endothelial cells (arrowheads) and smooth
muscle cells (arrows). Notice that elastic fibers are refractive with our mounting media (snake
arrow). (C) Higher magnification (X 200) of the tunica media showing the antibody reaction
with smooth muscle cells (arrowheads). (D) Control of the media with preimmune serum
(X 200). Notice again the refractive elastic fibers (snake arrow).
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Figure 9. Immunohistological localization of ATPDase in the tunica intima (X 500).
(A) Hematoxylin-eosin staining. Endothelial cells (arrowheads). (B) Specific signal with
ATPDase antiserum on endothelial cells (arrowheads). (C) Control with preimmune serum.
Notice unreactive endothelial cells (arrowheads).
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a good signal is obtained with endothelial cells and smooth muscle cells (Figure 8
B and C). At higher magnification reactivity of endothelial cells is more clearly
seen (Figure 9 B).

DISCUSSION

In the past few years, a growing interest for the ectonucleotidases involved in the
hydrolysis of extracellular ATP and ADP has been noticed. The ATPDase is now
been associated with a variety of mammalian cells [54]. In previous work we
reported some important differences in kinetic and physicochemical properties of
ATPDases from different sources. The ATPDase found in the pig pancreas is a
glycoprotein with an estimated M; of 54,000 [39]. We have shown here that after
PNGase F treatment the M; drops down to 35,000 (Figure 7 B). The major
ATPDase polypeptide found in bovine aorta has an estimated A of 78,000 and
also bears multiple N-oligosaccharide chains (Figure 7 D). These two ATPDases
also differ by their optimum pH of catalysis, their relative migration after PAGE
under non-denaturing conditions (indicating different properties or complexes), -
and by their irradiation-inactivation curves with %°Co [25,27,36,37]. Never-
theless, these enzymes share many ¢common properties: they have comparable
substrate specificities, they are glycoproteins tightly associated with a membrane
fraction, and they are inhibited by sodium azide [54].

Several attempts have been made to identify the protein responsible for the
ATPDase activity in blood vessels. So far, the main evidence comes from
purification to apparent homogeneity as showed by SDS-PAGE and silver stai-
ning. Detection of contaminants by the latter technique may be subjective, and
accordingly, an overstaining should be carried out to make sure that no other
polypeptide is present. It is well illustrated in Figure 4, where staining was
pushed until some parasite bands from the buffer appeared on the gel. Artefactual
bands with molecular masses ranging from 50 kDa to 68 kDa have been commonly
observed in silver stained gels [45,55,56], and background staining has been

99




demonstrated to be due in part to the chemistry of the polyacrylamide gels
[45,57]. These stainings indicated that only one protein was remaining in our
preparation. We then verified if there was an ATP-binding site on that protein.
When an ATP analogue, FSBA, was tested on the Affi-Gel Blue purified fraction,
a strong signal was obtained with the 78 kDa band. Labelling was eliminated by
competition with Ca-ATP or Ca-ADP (Figure 5). Identification of the enzyme
was finally confirmed by a Western blot, with an antiserum directed against the
sixteen N-terminal amino acid sequence of the ATPDase from pig pancreas (54
kDa). Cross-reactivity clearly showed that the 78 kDa protein share some
common sequences with the pancreas ATPDase. Moreover these Western blots
indicated that a polypeptide of the same M, and the same level of glycosylation as
pancreas ATPDase is present in smooth muscle cells of the bovine aorta. It is
noteworthy that in this work a 56 kDa band was also labelled by FSBA in the
Affi-Gel Blue purified fraction (Figure 5). ‘

~ Our results on the identification of the polypeptide responsible for ATPDase
activity are in apparent disagreement with those of Yagi et al., who found that a
purified ATPDase from bovine aorta had a M; of 110,000 [26]. Since no 110 kDa
band could be seen in the purified preparation reported here, either by silver over-
staining, FSBA labelling, or Western blot, we believe that these authors may have
purified another form of the same enzyme or a different nucleotidase from the
same organ. Moodie et al. have purified the ATPDase from the bovine spleen and
their SDS-PAGE gel shows a major band at 100 kDa, and another band close to 78
kDa [58]. More recently, Yagi et al. reported the purification of an ATPDase of
about 75 kDa from human umbilical vessels [30], and Christoforidis et al. an
ATPDase of 82 kDa from human placenta [59]. Those M; are very close to what
we obtained for the bovine smooth muscle and endothelial cells, and most pro-
bably correspond to the same ATPDase. The purified aorta ATPDase displays a
high specific activity. Indeed, if one takes into consideration the inactivation at
the Triton solubilization step, the Con A column fraction was enriched by
approximately 4,500 fold. At this stage, the enzyme is not yet pure as seen in
Figure 6. Indeed, further purification was obtained by PAGE under non-dena-
turing conditions.
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The ATPDase from the smooth muscle cells of the bovine aorta shows bio-
chemical similarities with the ATPDase from the non vascular smooth muscle
cells of the bovine trachea [60]. Indeed, in addition to the same migration patterns
as demonstrated by immunoblot (Figure 7 C) heat inactivation curves and kinetic
properties of the ATPDase from these two sources are almost identical [27,60].
Therefore, since Picher ef al. (1994) have shown that this ATPDase was an
ectonucleotidase in the smooth muscle cells of the trachea [60], the ATPDase
from the bovine aorta is also presumably an ectoenzyme. In this respect, the
cDNA of the human ATPDase has recently been cloned and reexpression in COS
cells confirmed that it is an ectoenzyme [61]. Demonstration that aorta ATPDase
is a glycoprotein is also in agreement with the view that it is an ectoenzyme. Our
lectin binding assays indicate the presence of mannose and/or glucose, and the
absence of D-GalNAc and a-L-fucose as terminal sugars on the oligosaccharide
chains. The major shift in M, after PNGase F digestion shows that this protein
bears several N-linked oligosaccharide chains. So far, binding to Con A column
has been demonstrated for several ATPDases [54], meaning that the presence of
mannose and/or glucose is a common feature of vertebrate ATPDases. Kettlun et
al. (1994) have shown mannose and/or glucose terminal sugars on the human
placental ATPDase and they ruled out the presence of galactose, fucose and
GIcNAc [32].

Of great physiological significance is the fact that ATPDase is associated with
both endothelial and smooth muscle cells (see Figure 7-9). We believe that the
enzyme localized at the surface of these cells plays a crucial role in haemostatic
processes. Indeed, this ectonucleotidase can convert the platelet activating ADP
to AMP and therefore contributes to prevent or reverse the platelet aggregation
process. As suggested by several authors it would contribute to limit the growth
of the thrombus at the site of an injury [3,36,62-65]. The antithrombotic potential
of a glomerular ADPase activity described in ex vivo perfusion studies of intact rat
kidneys [66,67] could well be attributable to an ATPDase. We do not exclude the
possibility that an ecto-ADPase (without ATPase activity) exists at the surface of
blood vessel cells but, to our knowledge, there is no purification of such an
enzyme in the literature. Also, throughout our purification procedure we could
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never dissociate an ADPase activity from an ATPase activity. On the other hand,
presence of ecto-ATPases is indicated by the changes in the relative rates of ATP
and ADP hydrolysis in the early steps of the purification procedure. The demons-
tration of the ATPDase on smooth muscle cells raises the question of other poten-
tial physiological roles of this enzyme, more specifically the control of vascular
tone. Nerve endings can release ATP. The latter would be rapidly converted to
AMP by ATPDase and to adenosine by the ecto-5'-nucleotidase. Hence, an ATP
contractile effect mediated by P,y purinoceptors on the smooth muscle cells would
be converted to a ‘P1 relaxing effect [2]. Moreover, adenosine would exert an
inhibitory effect on a further release of neurotransmitters [68]. An anti-inflam-
matory potential is another interesting possible relevance of vascular nucleotidases
[13,69-72]. ATP and ADP (released from platelets and other blood cells) exert
proinflammatory effect whereas adenosine has potent anti-inflammatory activities
[13,71-73]. Globally from the current literature we can draw a more general
scheme of the functions of vascular ATPDase: working in tandem with 5'-nucleo-
tidase, the ATPDase would convert a P; into a Py effect [3,24,54].
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CHAPITRE 3

PURIFICATION ET CARACTERISATION DE L'ATP
DIPHOSPHOHYDROLASE TYPE III, ET IMMUNOLOCA-
LISATION DE L'ENZYME DANS LE POUMON DE BOEUF

Picher et al. (1993), ont mis en évidence une ATPDase dans le poumon de boeuf.
La fraction particulaire caractérisée montre que cette enzyme posséde des carac-
téristiques biochimiques différentes de celles de I'ATPDase type I du pancréas, et
partage plusieurs des propriétés biochimiques de I'ATPDase type II de 1'aorte.
Elle se distingue cependant de cette derniére par sa courbe d'inactivation par
irradiation au ®°Co et par son profil de migration en gel d'acrylamide apres
électrophoreése dans des conditions non-dénaturantes. Les auteurs ont proposé de
nommer 1'ATPDase du poumon: type III. Dans ce chapitre, nous identifions cette
protéine. Les résultats montrent qu'il s'agit vraisemblablement d'un polypeptide
identique a celui trouvé dans l'aorte. En effet, une protéine de 78 kDa a été isolée,
et son identité confirmée par marquage au FSBA et par détection aprés immuno-
buvardage avec un anticorps anti-ATPDase. Cet anticorps a aussi été utilisé pour
localiser la protéine dans les voies aériennes. L'ATPDase est présente dans de
nombreuses cellules du systéme respiratoire dont les cellules épithéliales en
général, les cellules musculaires lisses, les cellules endothéliales et les cellules
mésothéliales. Une distribution aussi large suggére un role de I'enzyme dans la
régulation des concentrations de nucléotides extracellulaires pour maintenir
I'homéostasie de ce systéme.

Ces résultats sont sous presse dans American Journal of Physiology, Lung Cellular
and Molecular Physiology. Nous remercions monsieur G. Grondin qui a effectué
I'immunolocalisation ainsi que le docteur M. Picher qui a préparé la fraction
enrichie en membrane plasmique et qui a participé a la rédaction de l'article.
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ABSTRACT

We have recently described different isoforms of mammalian ATP diphospho-
hydrolase (ATPDase: EC 3.6.1.5). In the present study, we purified the lung
ATPDase by column chromatographies, followed by PAGE under non-denaturing
conditions. The active polypeptide which has a molecular mass of 78 kDa, was
identified by affinity labelling to the ATP analogue 5'-p-fluorosulfonylbenzoyl-
adenosine (FSBA), followed by detection on Western blot with an antibody
specific for FSBA. N-glycosidase F treatment shifted the molecular mass of the
78 kDa polypeptide down to 54 kDa, indicating that the enzyme bears about 6 to
12 N-linked oligosaccharide chains. A polyclonal antibody raised against the
pancreas ATPDase, that specifically recognized the 78 kDa glycoprotein on
Western blot, was used to carry out an immunological survey of the enzyme
distribution in bovine lungs. Immunoreactivity was detected on: airway epithelia
from the trachea down to alveolar cells, airway and vascular smooth muscle cells,
submucous glands, chondrocytes, leucocytes, as well as endothelial and mesothe-
lial cells. Such a wide distribution suggests that the ATPDase may affect a variety
of physiological effects mediated by extracellular nucleotides, such as airway
smooth muscle tone, surfactant secretion, platelet aggregation and inflammation.

INTRODUCTION

In lungs, extracellular adenine nucleotides and adenosine are now recognized as
physiological regulators of surfactant and mucus secretions (21, 31), epithelial
chloride ion transport (23), ciliary beating frequency (37), airway and vascular
smooth muscle tone (9, 18) and pulmonary thrombosis (3). Apart from broken
cells, these nucleotides are released in the walls and lumen of airways from
sympathetic, cholinergic and non-adrenergic non-cholinergic nerves (9) and mast
cells activated by other nucleotides or substance P (26). In the pulmonary cir-
culation, ATP and ADP are released from platelets activated by various pro-aggre-
gatory factors including ADP itself. Erythrocytes and endothelial cells release
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'ATP and ADP in response to flow-derived shear stress (30), which increases
considerably in pulmonary vessels during each cardiac cycle (25).

The regulation of cellular functions by extracellular adenine nucleotides lies in
part on the fact that ATP and/or ADP act through different cell surface receptors
than adenosine, called P, and Pj-purinoceptors respectively, and that these two
“classes of receptors are often responsible for opposite effects on the same cell
(19). Adenine nucleotides are mainly released in the form of ATP and/or ADP in
lungs, which may potentially lead to considerable damage caused by sustained
broncho- or vasoconstriction, airway obstruction by mucus and surfactant, or
pulmonary thrombosis. Hydrolysis of these nucleotides to adenosine would
terminate these P,-purinoceptor-mediated effects and activate Pj-purinoceptors,
which induce beneficial effects such as smooth muscle relaxation and inhibition of
platelet aggregation (4, 18).

Since the pioneer work of Binet and Burstein in 1950 (6), who reported that ATP
and ADP are rapidly metabolized into adenosine in the pulmonary capillary bed,
several ecto-adenosinetriphosphatase (ecto-ATPase), ecto-adenosinediphosphatase
(ecto-ADPase) and ecto-5'-nucleotidase activities have been localized in lungs. In
pulmonary vessels, cytochemical and perfusion studies have shown that circu-
lating adenine nucleotides are metabolized by plasma membrane enzymes of endo-
thelial cells (6, 11, 15, 34). The external orientation of their catalytic site has
been confirmed by assays conducted on cultured pulmonary endothelial cells (13,
16). In the respiratory tract, all three enzyme activities were measured on isolated
tracheal and bronchial segments (17, 20). An ecto-ATPase activity was detected
by cytochemistry on trachea epithelial and smooth muscle cells (2). The
biochemical properties of these enzymes have not been investigated and it was
generally believed that extracellular nucleotides were hydrolyzed by three distinct
ectoenzymes: an ATPase, an ADPase and a 5'-nucleotidase (11). However, recent
observations on various organs,.tissues and cell types support the concept of a
two-enzyme system, composed of an ATP diphosphohydrolase (ATPDase) and a
5'-nucleotidase (5). Mammalian ATPDases are usually found in the plasma
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membrane and catalyze the hydrolysis of the y and B phosphate residues of all
triphospho- and diphosphonucleosides. They are active in the neutral pH range,
require divalent cations (Ca®* or Mg?"), and are insensitive to inhibitors of P-type,
F-type and V-type ATPases (5, 29).

We have recently demonstrated the presence of an ATPDase in bovine lungs (27).
This enzyme may play a significant role in the control of extracellular concen-
trations of ATP and ADP and thereby would modify their purinergic effects all
along the conducting airways. In this work, we have purified the lung ATPDase
and we have carried out a survey of the enzyme distribution in bovine airways
using a polyclonal antibody raised against the N-terminal amino acid sequence of
the pancreas isoform.

MATERIALS AND METHODS
Materials

ATP, 5'-p-fluorosulfonylbenzoyladenosine (FSBA), Nitro Blue Tetrazolium
(NBT), 5-bromo-4-chloro-3-indolyl phosphate (BCIP), Tris (tris(hydroxymethyl)
aminomethane) and mouse monoclonal antibodies to rabbit IgG, conjugated to
alkaline phosphatase, were obtained from Sigma Chemical Co. (St-Louis, MO,
USA); ADP, AMP, 1,4-piperazinediethane-sulfonic acid (PIPES), Triton X-100,
and N-glycosidase F were purchased from Boehringer-Mannheim (Laval, Québec,
Canada); CaCl, and Tween 20 from Fisher Scientific Co. (Montréal, Québec,
Canada); Dialysis membrane Spectra/Por (6,000-8,000 Da) from Spectrum
Medical Industries, Inc. (Los Angeles, CA, USA); Transfer membrane Immobilon-
P was obtained from Millipore Corp. (Bedford, MA, USA); Wheat germ agglu-
tinin-agarose (WGA-agarose) was bought from Vector Laboratories, Inc. (Burlin-
game, CA, USA); Bradford reagent, bovine serum albumin (BSA) fraction V, Affi-
Gel Blue, DEAE Bio-Gel A agarose, sodium dodecyl sulfate (SDS), molecular-
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‘mass standards and polyacrylamide from Bio-Rad Laboratories (Mississauga,
Ontario, Canada). Other reagents were of analytical grade.

ATPDase purification and assays

Adult bovine lungs were obtained from a local slaughterhouse and a plasma
membrane enriched fraction was isolated, as previously described (27). The
following chromatographic steps were based on a procedure recently described in
our laboratory to purify the bovine aorta ATPDase (33), with some modifications.
Membrane proteins were solubilized at 4°C for 1 h, at a protein concentration of 1
mg/ml in 0.3% (v/v) Triton X-100, 30 mM Tris, pH 8.0, and centrifuged for 1 h at
100,000 g. The supernatant was loaded on an ion-exchange DEAE-agarose
column (20 ml) preequilibrated with 7.5% (v/v) glycerin, 0.1% (v/v) Triton X-100
and 20 mM Tris, pH 8.0. Proteins were eluted by a 0-0.13 M linear NaCl gradient
in the same buffer, followed by a 2 M NaCl wash. The ADPase enriched fractions
were pooled and dialysed against 0.05% (v/v) Triton X-100 and 30 mM Tris pH
7.5. The pH of the dialysate was adjusted to 5.9 with 200 mM histidine pH 4.0,
and loaded on a 6 ml Affi-Gel Blue column, preequilibrated with 7.5% (v/v)
glycerin, 0.07% (v/v) Triton X-100, 25 mM histidine and 25 mM Tris, pH 5.9.
This column has an affinity for nucleotide binding proteins, which were eluted by
a linear gradient made of buffers A and B (buffer A: 7.5% (v/v) glycerin, 0.07%
(v/v) Triton X-100 in 10 mM Tris, pH 6.8; buffer B: 7.5% glycerin, 0.07% Triton
X-100, 1 M NaCl and 10 mM Tris, pH 7.5), followed by a wash with 1 M NaCl,
0.07% Triton X-100 and 100 mM Tris, pH 8.5. Active fractions were pooled and
dialysed overnight against 0.05% Triton X-100 in 1 mM Tris, pH 8.0, and
concentrated on a 1 ml DEAE-agarose column as described above. Proteins were
eluted by 0.4 M NaCl and dialysed against distilled water. This purified fraction
was used for FSBA labelling and for electrophoresis under non-denaturing
conditions (see ref. 33). Further purification was obtained by lectin chromato-
graphy with a WGA-agarose column of 2 ml. This lectin has strong affinities for
N-acetylglucosamine (GlcNAc) dimer or trimer structures/chitobiose and lower
affinities for sialic acid and mannose-containing oligosaccharides. The WGA-
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column, and the protein samples eluted from the Affi-Gel Blue column, were
preequilibrated with 0.05 % (v/v) Triton X-100, 100 mM NaCl and 25 mM PIPES,
pH 6.8. The unbound material was eluted with the preequilibration buffer and
enzyme activity was eluted by adding 0.5 M GIcNAc to the preequilibration
‘buffer. The purified sample was dialysed and concentrated on a 1 ml DEAE
column, as described above. Column flow rates were 5-10 ml/h and all the
purification steps were carried out at 4°C. Enzyme activity was measured with the
malachite green method and protein by the technique of Bradford, as previously
described (see ref. 33). One unit of ATPDase activity corresponds to the release
of 1 umol of phosphate/min, at 37°C.

N-glycosidase F treatment

Neglycosylation was carried out on the ATPDase enriched fractions eluted from
the Affi-Gel Blue and WGA-agarose columns respectively, according to the manu-
facturer's recommendations (Boehringer-Mannheim, Laval, Québec, Canada).
Proteins were boiled for 10 min in 0.2% SDS and 0.1% (v/v) 2-mercaptoethanol
(6 ug of protein in 50 ul). The incubation volume was adjusted to obtain a final
concentration of 0.4% (v/v) Triton X-100, 10 mM EDTA, 50. mM sodium
phosphate buffer, pH 7.4, and 1 unit of N-glycosidase F in 0.4 ml. After a 12 h
incubation period at 37°C, the incubation medium was dialysed against distilled
water, lyophilized, and proteins were fractionated by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE).

FSBA labelling and SDS-PAGE

The purified fraction from the DEAE-agarose (30 pg) and the Affi-Gel Blue
columns (20 pg) were incubated with 0.125 mM FSBA (extinction coefficient:
1.35 x 10*/cm/M in ethanol) in 150 mM KCl, 5% (v/v) dimethylsulfoxide, 5 mM
CaCly, and 36 mM Tris/acetate pH 7.5 at 37°C in a final volume of 1 ml. The
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reaction was started by adding FSBA and stopped after 7 min by adding 0.1 ml of

-1 M 1,4-dithiothreitol in 1% SDS. The specificity of FSBA for the catalytic site
of the ATPDase was assessed by preventing its binding with 10 mM Ca?"-ADP or
Ca?*-ATP added 5 min before FSBA. After the incubation period, the medium
was dialysed 8 h against water, at room temperature. The dialysate was lyophi-
lized, resuspended in 1X sample buffer (2% (w/v) SDS, 1% (v/v) 2-mercapto-
ethanol, 10% (v/v) glycerin, 0.001% Bromophenol Blue, 65 mM Tris, pH 6.8) and
incubated 20 min at 37°C. Proteins were then fractionated by SDS-PAGE and the
FSBA-labelled proteins were identified by immunoblotting procedure. Purity of
the ATPDase was assessed by SDS-PAGE, followed by silver nitrate diamine
staining (see ref. 33).

Immunoblotting procedure

Immunoblotting procedures were carried out as previously reported (33) using
primary antibodies, either a rabbit antiserum raised against FSBA (32) or a rabbit
antiserum raised against a synthetic polypeptide corresponding to the N-terminal
amino acid sequence of the pig pancreas type-I ATPDase (33). Both antisera were
used at a dilution of 1:10,000. The secondary antibody was a mouse monoclonal
anti-rabbit IgG (1:6,000) conjugated to alkaline phosphatase which was detected
with NBT/BCIP.

Immunohistochemistry

Freshly dissected tissues were fixed overnight with 2% paraformaldehyde and
0.17% glutaraldehyde in 0.1 M Na cacodylate buffer, pH 7.4, containing 4%
sucrose. Tissues were dehydrated in graded ethanol solutions and embedded in
paraffin. Paraffin sections were cut at 4 um thickness and mounted on polyionic
slides (Superfrost Plus Fisher, Montréal, Québec, Canada). Paraffin was removed
with xylene and tissues were rehydrated through graded ethanol to water, and
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rinsed in 150 mM NaCl, 0.1 M Tris, pH 7.5 (TBS). The slides were incubated 10
min in TBS containing 0.1 M glycine and subjected to pressure cooker heat
induced epitope retrieval procedure (24) in 1 mM EDTA, 10 mM Tris, pH 8.0 for
9 min. After a 10 min wash in TBS at room temperature, non-specific binding
sites were blocked by a 30 min incubation at room temperature with 1% BSA and
1% fat free skimmed milk in TBS. Sections were incubated overnight at 4°C with -
the ATPDase antiserum, or preimmune serum (1:100), washed in TBS several
times, and incubated with mouse monoclonal anti-rabbit IgG conjugated to
alkaline phosphatase at a dilution of 1:100 for 2 h at room temperature. After
several washings, visualization was carried out by the alkaline phosphatase
reaction with NBT/BCIP. Sections were mounted in 5% gelatin, 27% glycerol,
and 0.1% sodium azide, preheated at 45°C. Photographs were taken under bright
field illumination using a Zeiss photomicroscope on Kodak T Max 100 film.

RESULTS
ATPDase purification

The different purification steps leading to the identification of the lung ATPDase
are described in Table 1. The plasma membrane enriched fraction showed a
14-fold enrichment in ADPase activity as compared to the activity measured in the
homogenate. Membrane solubilization in 0.3% Triton X-100 resulted in a 68%
decrease in ADPase activity, from 0.5 to 0.16 unit/mg. Marked inhibition of
enzyme activity by detergents has been commonly reported for ATPDases (29).
After centrifugation, 66% of the proteins were recovered in the supernatant, along
with 56% of the ADPase activity. ATPase and ADPase activities were coeluted
from the DEAE-agarose column as a sharp peak and recovered in a fraction
containing 57% of the total enzyme activity, for a 5-fold purification (Figure 1).
Subsequent chromatographic separation on an Affi-Gel Blue column resulted in a
4-fold enrichment and 35% recovery of the ADPase activity (Figure 2). WGA-
agarose chromatography resulted in an additional 3-fold purification of the
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Table 1. ATPDase purification

Step Total protein Total activity Specific activity Yield Enrichment  Hydrolysis
(ADP) rate

mg units units/mg % fold ATP/ADP
Particulate fraction (pf) 119 60 0.50 - (1t 2.0
pf + Triton X-100 119 18.9 0.16 100 1 1.4
100,000 g supernatant 78 10.6 0.14 56 0.9 1.5

of solubilized pf

DEAE column 8.4 6..0 0.71 32 4.5 1.1
Affi-Gel Blue column 0.8 2.1 2.6 11 17 1.0
WGA column 0.17 1.2 7.3 6.4 46 1.0

Each determination was carried out in triplicate.

T We have obtained a 14-fold purification in ADPase activity for the particulate fraction (pf) as compared to the

homogenate, as previously reported by Picher ef al. (27).
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Figure 1. DEAE-agarose chromatography of the particulate fraction solubilized with
Triton X-100. The left-hand arrow indicates the initiation of the NaCl gradient (0-0.13 M),
and the right-hand arrow, the 2 M NaCl wash. Conditions of chromatography are described
in the Materials and Methods section. Fractions of 3 ml were collected. Fractions 64-71 were
pooled for the next purification step or for FSBA labelling. (.....) Protein concentration, (®)
ATPase and (O) ADPase activities.
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Figure 2. Affi-Gel Blue chromatography of the active fractions from the DEAE-agarose
column. The lefi-hand arrow indicates the initiation of the NaCl gradient (0-1 M), and the
right-hand arrow a wash with 1 M NaCl, 0.07% Triton X-100 and 100 mM Tris, pH 8.5.
Fractions of 3 ml were collected. Fractions 25-32 were pooled for the next purification step
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ADPase, thus enriched by 46 fold compared to the particulate fraction, or 644 fold
compared to the homogenate. In the course of the purification procedure, the
ATPase/ADPase ratio of activity decreased from 2.0 to 1.0, indicating that other
ATPase activities have been eliminated.

‘The last purification step consisted in fractionation of the enzyme preparation
from the Affi-Gel Blue column by PAGE under non-denaturing conditions.
Nucleotidases were detected by a calcium-phosphate precipitate formed following
incubation of gel strips in the presence of either ATP, ADP or AMP as substrates.
Figure 3 shows that two protein bands hydrolyze both ATP and ADP, but not
AMP, which is in agreement with the characteristics of ATPDases. The presence
of a less intense calcium-phosphate band above the major one suggests that this
enzyme may form different complexes. Similar observations have been reported
for the bovine aorta ATPDase (33). Five pieces of gel were excised from the non-
denaturing gel and analyzed for their protein content by SDS-PAGE: two pieces
from the most intense calcium-phosphate band (B and C), one piece from the
upper less intense band (£) and two control pieces from areas lacking nucleotidase
activity (4 and D) (Figure 4, lane N-D). Detailed analysis of the protein profiles
obtained from these different gel pieces after SDS-PAGE showed that the
ATPDase activity was associated with the same polypeptide of 78 kDa. Indeed,
four of the six polypeptides seen on the SDS-PAGE gel from the most intense
calcium-phosphate band (C) could be eliminated as possible candidates, since they
were also found in nucleotidase free areas (lanes A and D). Of the last two
possible candidates, the 50 kDa and 78 kDa proteins, the latter was retained
because its intensity followed that of the ATPDase activity in B, C and E (+ to
+++; see Figure 4). It is noteworthy that the 78 kDa protein could be
distinguished from a 77 kDa protein on the basis of their appearance after silver
nitrate staining. The 77 kDa band appeared reddish and sharp, while the 78 kDa
band was brownish and diffuse. The 77 kDa reddish band can be seen in Figure 4
lanes C, D and E, whereas the 78 kDa band appeared only in areas bearing a
calcium-phosphate precipitate as shown in Jlanes B, C and E (see open
arrowheads).
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Figure 3. Localization of the ATPDase by PAGE under non-denaturing conditions of
the Affi-Gel Blue fraction. A sample (50 pg) of protein was loaded in each well and sepa-
rated on a 4-7% polyacrylamide gel gradient containing 0.1% Triton X-100 and 0.1% sodium
deoxycholate. Enzyme activity was revealed by a 35 min incubation at 37 °C in: 10 mM
CaCl,, 100 mM Tris/imidazole pH 7.5 and 4 mM ATP, ADP or AMP. Released phosphate
forms a white Ca2* precipitate at the reaction site. A) ATP, B) ADP, C) AMP.
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Figure 4. SDS-PAGE analysis of the enzymogram obtained after separation of the Affi-
Gel Blue fraction by PAGE under non-denaturing conditions. Lane N-D: Enzymogram
as described in Figure 3 (50 pg of protein). Five areas on the gel designated as A to E were
rated from “-” to “+++” on the basis of the intensity of the Ca?*-phosphate precipitate. A
piece of gel was excised from each area and incubated one min in 0.4% SDS and 0.5 M Tris,
pH 6.8. The solution was discarded and the gel was boiled 10 min with 50 ml of 3X sample
buffer (see Materials and Methods section). Each mixture was then fractionated by an
SDS/8-13.5% polyacrylamide gel. The SDS gel was stained with silver nitrate. Open arrow-
heads indicate the 78 kDa polypeptide identified as the ATPDase. Lane MW: molecular-mass

standards.
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FSBA labelling of the ATPDase

The nucleotide-binding properties of the 78 kDa polypeptide were demonstrated
by affinity labelling to FSBA, an ATP analogue which covalently binds to ATP-
binding sites (8). An incubation period of 7 min with 0.125 mM FSBA was
chosen in order to inhibit both ATPase and ADPase activities of the DEAE or
Affi-Gel Blue fractions by 25%, which was a good compromise for both labelling
and competition experiments (not shown). Labelled proteins were identified on
Western blot (Figure 5) with a polyclonal antibody specific for FSBA developed
in our laboratory (32). Specificity of the latter antibody is shown in lane B, where
no reaction could be detected from a protein fraction that was incubated without
FSBA. After incubation with FSBA, several polypeptides of the DEAE fraction
were recognized by the anti-FSBA antibody, the strongest signal corresponding to
the 78 kDa band (Figure 5, lane C). Immunodetection of the 78 kDa band was
enhanced on the Affi-Gel Blue purified fraction, while the other ATP-binding
proteins were eliminated (Figure 5, lanes D and E). Addition of an excess of
ATPDase substrates, Ca**-ADP (not shown) or Ca2*-ATP, to the incubation
medium before FSBA totally prevented FSBA labelling of the 78 kDa band, as
would be expected for an ATPDase (Figure 5, lane F).

The 78 kDa ATPDase is a glycoprotein

We have previously shown that the bovine aorta ATPDase could specifically bind
the lectins Concanavalin A and WGA (33). Here, the WGA-agarose column was
successfully used to further purify the lung enzyme. About 95% of the ATPDase
activity was bound to the lectin and about 60% of it could be specifically eluted
by GlcNAc. SDS-PAGE analysis of the WGA eluted fraction revealed by silver
staining the presence of the diffuse brownish 78 kDa band, we identified as the
ATPDase in Figure 4, and three other bands: a wide band around 60 kDa, and 2
very weak bands (Figure 6). N-glycosidase F treatment of the WGA fraction,
which removes N-linked oligosaccharide chains from glycoproteins, shifted the
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Figure 5. Western blot of FSBA-labelled proteins from the DEAE and Affi-Gel Blue
fractions. Protein samples were incubated with FSBA as described in Materials and Methods
section, fractionated on SDS/8-13.5% polyacrylamide gel and transferred to an Immobilon-P
membrane. The membrane was incubated with rabbit anti-FSBA antibodies, which were
detected with a secondary antibody conjugated to alkaline phosphatase. Thirty ug of DEAE
purified proteins were used in lanes B and C, and 20 ug of Affi-Gel Blue purified proteins
were used in lanes D, E and F. Lane A, molecular-mass standards: 97.4, 66.2, 45.0, 31.0,
21.5 and 14.4 kDa; lane B, DEAE fraction without FSBA; lane C, FSBA-labelled DEAE
proteins; lane D, FSBA-labelled Affi-Gel Blue proteins; lane E, same as D on another gel.
Lane F, the presence of Ca2*-ATP during incubation with FSBA prevented the labelling of the
78 kDa protein purified by Affi-Gel Blue chromatography.
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protein bands to lower molecular masses, including the 78 kDa polypeptide
(Figure 6). Final identification of the deglycosylated form of the 78 kDa protein
was carried out by Western blot with an antiserum raised against a fragment of the
pancreas ATPDase. This antibody specifically detected the 78 kDa lung ATPDase
from the WGA-agarose and Affi-Gel Blue fractions (Figure 7, lanes B and C) as
well as from the particulate fraction (not shown). After N-glycosidase F treatment
of the Affi-Gel Blue fraction, the antibody detected only a 54 kDa polypeptide
(Figure 7, lane D). Control experiments without N-glycosidase F failed to shift
any band, thereby ruling out the possibility of a potential proteolytic cleavage by
some endogenous proteases (Figure 6, and Figure 7, lane C). It is noteworthy that
the same SDS-PAGE pattern was obtained for the 78 kDa band in the absence of
mercaptoethanol and without boiling the samples (not shown).

Immulocalization of the bovine lung ATPDase

Since the pancreas anti-ATPDase antibody cross-reacted specifically on Western
blot with the lung ATPDase (Figure 7), this antibody was used to establish the
enzyme distribution in the bovine respiratory system. In the trachea, a very strong
signal was observed on the pseudo-stratified columnar epithelium (Figure 84).
Immunostaining was more intense on the apical than on the basolateral mem-
branes, and the ATPDase was not detected on basal cells. Submucosal glands
reacted with the antibody with variable intensity among acinar cells (Figure 8B),
which was not observed in control sections (Figure 8C). Tracheal airway smooth
muscle cells were also immunoreactive (not shown). Figure 8D presents a section
of lower bronchus stained with hematoxylin and eosin, featuring a cartilaginous
ring beneath the epithelium. Figure 8 shows that the ATPDase is also present on
epithelial cells of smaller airways. In the cartilage, the chondrocytes were stron-
gly immunoreactive, but not the surrounding mesenchymal cells (Figure 8E).
ATPDase-immunoreactive cells were also detected in the wall of bronchioles and
small blood vessels, as well as in alveolar sacs (Figure 94). Higher magnification
of the respiratory tissue clearly shows the presence of ATPDase on both epithelial
and smooth muscle cells of bronchioles, as well as on endothelial and smooth
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Figure 6. N-glycosidase F treatment of the WGA-agarose purified fraction. The
purified fraction was fractionated on SDS/8-13.5% polyacrylamide gel. The SDS gel was
stained with silver nitrate. Six pg of proteins were used in each assay. Lane MW, molecular-
mass standards: 97.4, 66.2, 45.0, 31.0, 21.5 and 14.4 kDa; lane WGA, purified fraction, lane
PNGase F, fraction incubated with N-glycosidase F, followed by dialysis and lyophilization;
lane Control, fraction incubated without N-glycosidase F, followed by dialysis and lyophi-
lization. The star designates N-glycosidase F on the gel.
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Figure 7. Immunodetection of the lung ATPDase with anti-ATPDase antibodies.
Affi-Gel Blue or WGA-agarose purified fractions were fractionated on an SDS/8-13.5%
polyacrylamide gel, transferred to an Immobilon-P membrane and incubated with the
antiserum, as described in Materials and Methods section. Lane A, molecular-mass standards:
97.4, 66.2, 45.0, 31.0, 21.5 and 14.4 kDa; lane B, WGA-agarose fraction (5 pg); lane C,
control: Affi-Gel Blue fraction incubated without N-glycosidase F (6 pg); lane D, Affi-Gel
Blue fraction incubated with N-glycosidase F (6 pg); lane E, preimmune serum on a WGA-

agarose fraction (5 pg).
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Figure 8. Immunohistological localization of the ATPDase in the bovine respiratory
tract. A: Section of a trachea showing a strong signal on the apical membrane of the
pseudostratified columnar epithelium, with some staining of the basolateral membranes
(arrow), and on the submucosal glands (arrowheads). Basal cells and the connective tissue
matrix showed no reaction. B: Heterogeneous staining of the submucosal gland cells showing
strong (arrow) and weak reactions (arrowhead). C: Control with preimmune serum, showing
no staining of the epithelial cells (arrow) and submucosal glands (arrowheads). D: Histology
of a bronchus stained with hematoxylin and eosin, featuring the pseudo-stratified columnar
epithelium (arrow) and the chondrocytes of the hyaline cartilage (arrowhead). E: Immuno-
localization of the ATPDase on the epithelial cells (arrow) and chondrocytes (arrowhead), but
not on the surrounding mesenchymal cells. F: Control with preimmune serum. Original

magnifications: 4 to F (X 200).
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Figure 9. Immunohistological localization of the ATPDase at the level of bronchioles
and alveoli. A: Section through the lung showing very strong signals on bronchioles (big
arrow), on endothelial (arrowhead) and smooth muscle cells (snake arrow) of arteries, as well
as on alveolar cells (open arrow). B: Control with preimmune serum. Non-specific signals in
the lumen of blood vessels were occasionally observed, as seen in A after immunolabelling
(small arrow). C: Higher magnification of a constricted bronchiole showing a strong signal on
both epithelial (arrow) and smooth muscle cells (arrowhead). D: Same magnification as inC
indicating the presence of ATPDase on epithelial (arrow) and smooth muscle cells of a semi-
dilated bronchiole, as well as on vascular smooth muscle cells in transversal (arrowhead) and
longitudinal (snake arrow) orientation. Connective tissue matrix shows no reaction. Original
magnifications: 4, B (X 50); C, D (X 200).
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Figure 10. Immunohistological localization of the ATPDase in alveolar sacs. A: Histo-
logy of the alveolar sacs stained with hematoxylin and eosin, showing squamous cells
(arrowhead), cuboidal septal cells (small arrows), macrophages (big arrows) and capillary
endothelial cells (snake arrow). B and C: Most cell types of alveolar sacs which include
pneumocytes (arrowhead and small arrow), macrophages (big arrows) and endothelial cells
(snake arrow), were strongly immunostained. Notice that erythrocytes and connective tissue
matrix are unreactive. D: Control with preimmune serum. Original magnifications: 4 to D
(X 800).
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Figure 11. Immunohistological localization of the ATPDase at the level of the visceral
pleura. A: Immunostaining was detected on mesothelial cells (arrowheads) and on cells
embedded in the elastic network of the pleura (arrows). No reaction was detected on collagen
or elastin fibers. B: Higher magnification of the innermost layer of the pleura indicating that
these cells are eosinophils. Notice the presence of both immunoreactive (arrow) and non-
reactive eosinophils (arrowhead). C: Eosinophils observed after staining by hematoxylin and

eosin (arrow). Original magnifications: A (X 200); B, C (X 800).
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muscle cells of small vessels (Figure 9C,D). Figure 104 shows alveolar sacs
stained with hematoxylin and eosin. Alveolar pneumocytes, capillary endothelial
cells and macrophages were all strongly reactive to the anti-ATPDase antibody
(Figure 10B,C). We also noticed that erythrocytes trapped in the vessels did not
react with the antibody (see Figure 10C, snake arrow), their coloration being
comparable to those found in control tissues (Figure 10D). Finally, the ATPDase °
was also detected in the lung outermost tissue layers: in the mesothelium and in
granulocytes localized in the pleura (Figure 114). Higher magnification of the
innermost layer of the pleura indicated that not all granulocytes were immuno-
reactive (Figure 11B). These cells were identified as eosinophils from their
cytological characteristics and their strong staining by eosin (Figure 11C).

DISCUSSION

In this study, we have purified and identified the polypeptide responsible for
ATPDase activity in bovine lungs. Analeis of SDS-PAGE bands, obtained from
enzymograms after electrophoresis under non-denaturing conditions, has indicated
that this polypeptide has an apparent molecular mass of 78 kDa. This finding was
corroborated by affinity labelling with FSBA, an analogue of ATP which cova-
lently links ATP-binding sites of proteins (8). The 78 kDa protein was specifi-
cally labelled by FSBA, as shown on Western blot using a polyclonal antibody to
FSBA. As an additional proof for the identification of this band as an ATPDase,
rabbit polyclonal antibodies raised against the N-terminal amino acid sequence of
the pig pancreas ATPDase cross-reacted specifically with the 78 kDa protein’
band. We also showed, by WGA-agarose chromatography and N-glycosidase F
treatment, that the lung ATPDase is a glycoprotein. Indeed, removal of the N-
linked oligosaccharide chains by N-glycosidase F treatment shifted the molecular
mass of the 78 kDa polypeptide down to 54 kDa, as identified by Western blot
with the anti-ATPDase antibody. Assuming a molecular mass contribution of 2-4
kDa per oligosaccharide, the lung ATPDase would be expected to bear 6 to 12 N-
linked oligosaccharide chains.

141




We have previously described different isoforms of ATPDase in mammalian
tissue, type-I ATPDase in pig pancreas and type-II ATPDase in bovine aorta. N-
glycosidase F treatment reduced the molecular mass of the type-I ATPDase from
54 to 35 kDa (32, 33), whereas the molecular mass of the type-II ATPDase was
shifted from 78 to 54 kDa (33). These findings suggest that the lung ATPDase
would correspond to the aorta isoform. However, these two ATPDases show
different patterns of migration after PAGE under non-denaturing conditions (27).
Also, their native molecular mass, estimated from 60Co irradiation-inactivation
curves, were 70 and 190 kDa, respectively (27, 14). These discrepancies suggest
that lung and aorta ATPDases may differ in their native form, either as a result of
different multimerisations of the 78 kDa unit and/or by association with other
proteins. The fact that the 78 kDa protein was found in the two active gel bands
detected after PAGE under non-denaturing conditions supports this view. The
ATPDase complex was completely dismantled after SDS-PAGE, since the anti-
ATPDase antibody detected only the 78 kDa protein band on Western blot. The
dissociation was not affected by mercaptoethanol, thereby indicating that the
integrity of this complex may not be dependent on disulfide bridges. Other
ATPDases of molecular mass comparable to the lung and aorta enzymes have been
reported, a protein of 82 kDa in human placenta (12), and a protein of 80 kDa in
chicken oviduct (36).

Immunolocalization of the ATPDase in the conducting airways, showed that it was
highly concentrated on the apical membrane of epithelial cells, with a weaker
signal on basolateral membranes. This heterogeneity in enzyme density on airway
epithelium was previously reported for an ecto-ATPase in rat trachea by
cytochemistry (2). ATPDase was not detected on epithelial basal cells, which
eventually differentiate into specialized ciliated or secretory cells to replace those
lost by desquamation (7), indicating that the appearance of the enzyme is part of
the differentiation process. ATPDase was also detected on smooth muscle cells
throughout the conducting airways. This enzyme most probably corresponds to
the ecto-ATPase previously localized in rat trachea smooth muscles by cyto-
chemistry (2) and to the ATPDase activity measured at the surface of bovine
trachea smooth muscle cells (28). Submucosal glands were recognized by the
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anti-ATPDase antibody. Heterogeneity in enzyme density among acinar cells may
result from this mixed population of serous- and mucus-secreting cells (7). The
ATPDase was also present in airways cartilage rings, more specifically on chon-
drocytes. This constitutes the first report of an ectonucleotidase in lung cartilage.
However, an ATPase activity has been detected by cytochemistry on the plasma
membrane of epiphyseal growth-plate cartilage chondrocytes (1).

In lung parenchyma, the anti-ATPDase antibody reacted with most alveolar cells
including macrophages and pneumocytes. To our knowledge, the presénce of
ectonucleotidases on pneumocytes has not been previously reported, whereas a
macrophage ecto-ATPase has been described in alveoli (22) and other tissues (10,
35). The latter enzyme has a broad substrate specificity and is activated either by
Ca?* or Mg?* (35). In addition, we found an ATPDase on granulocytes identified
as eosinophils. The roles of extracellular nucleotides in inflammatory responses
are just starting to emerge, with the recent findings of P;- and P,-purinoceptors on
macrophages, mast cells, granulocytes and lymphocytes (4, 26). Finally, the
ATPDase was detected on pleural mesothelial cells and throughout lung vascular
tissues, on endothelial and smooth muscle cells. On the latter cells, the ATPDase
could explain the ecto-ATPase and ecto-ADPase activities previously reported in
lung vessels by cytochemistry and perfusion studies (6, 11, 15, 34).

In conclusion, we have purified and identified the lung ATPDase as a glycoprotein
of 78 kDa. This enzyme was immunolocalized in airways and blood vessels
throughout the respiratory system, including epithelial, endothelial, smooth
-muscle and inflammatory cells. Such a wide distribution of the ATPDase in lungs
suggests the importance of controlling extracellular concentrations of nucleotides
for the maintenance of lung homeostasis.
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. CHAPITRE 4

COMPARAISON DE DIFFERENTES ISOFORMES
D'ATP DIPHOSPHOHYDROLASE DE MAMMIFERES
ET LEUR IDENTIFICATION A CD39

Dans ce chapitre nous comparons les ATPDases purifiées dans notre laboratoire et
‘en étudions la structure primaire. Afin de séquencer ces protéines, nous avons
d'abord purifié une grande quantité d'enzyme. Une séquence de 19 acides aminés
de la portion N-terminale de I'ATPDase du pancréas de porc a été identifice.
Puisque la séquence N-terminale de l'enzyme de l'aorte de boeuf n'a pu étre
obtenue, la protéine a été fragmentée par traitement au CNBr et ses constituants
séparés par HPLC. Cinq des fragments obtenus ont €té séquences. L'analyse de
ces six séquences,  l'aide des banques de données, a révélé dans chacun des cas
une forte homologie avec une protéine nommée CD39. Une comparaison entre
CD39 et les ATPDases a montré une grande similitude entre les caractéristiques
physiques de ces protéines: la masse moléculaire et le niveau de N-glycosylation
étant identiques. Treés récemment, CD39 a été associée 4 une nouvelle famille de
nucléotidases dont les séquences en acides aminés partagent cinq régions con-
servées. Or, d'aprés la séquence N-terminale de TATPDase du pancréas de porc
on peut déduire que cette protéine ne posséde que les deux derniéres régions
conservées, suggérant ainsi que l'une d'elle soit impliquée dans I'hydrolyse des
nucléotides.

Les résultats décrits dans ce chapitre ont été publiés en 1997, aux pages 143-151,
dans un livre intitulé "Ecto-ATPases: recent progress on structure and function”,
édité par L. Plesner, T.L. Kirley et A.F. Knowles, et imprimé par Plenum Pu-
blishing Corporation 2 New York. Madame F. Dumas a produit les six séquences
en acides aminés, a partir des échantillons que nous lui avons fournis.
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ATP DIPHOSPHOHYDROLASES: A WIDE DISTRIBUTION

Apyrases or ATP diphosphohydrolases (ATPDases: EC 3.6.1.5) first mentioned by
Meyerhof in 1945! refer to a family of enzymes that catalyse the hydrolysis of the
y and B phosphate residues of triphospho- and diphosphonucleosides. The ori-
ginal report by Kalckar in 19442 of an ATPDase in potato extracts initiated a
series of studies on this enzyme (for reviews see 3, 4). Two isoforms have been
described from Solanum tuberosum, varieties Desirée and Pimpernel respectively”.
ATPDases were later found in other plant tissues: cabbage leaves, clover seeds,
pea plumules, chick-pea roots, Alaska pea stems, Mimosa pudica pulvinius and
yellow lupin cotyledons® 4. The role of ATPDases in plants has not yet been
clearly defined but an implication in starch synthesis has been proposed®.
ATPDases have been reported in invertebrates including hematophagous insects,
ticks and leeches (for reviews see 3, 4 and 7) and in a parasitic worm®. In most of
these species, ATPDases would act as antiplatelet agents preventing blood
clotting> 7. The enzyme also exists in prokaryotesg'“, among them, a virulent
Shigella where it is localized in the periplasmic space. It the latter case, it was
suggested that the ATPDase plays the role of a general cytotoxin involved directly
or indirectly in the actual killing of the host cells!!.

In 1980 LeBel et al. partially purified (270 fold) and characterised an ATPDase
from mammalian tissues!2, the pig pancreas (isoform I). ‘A couple of years later,
Laliberté et al. further purified the enzyme (1500 fold) and described some of its
kinetic properties”. They showed that pancreas ATPDase catalyses the hydro-
lysis of ATP and ADP according to the following scheme!*:

ATP ADP
E E-ATP —~E-ADP-P; E-ADP E E-ADP==E-AMP-P; E-AMP E

¥ /N
P; P;

AMP

151




By keeping free Ca%* or free ATP* constant, they showed that Ca®" exerts its
kinetic effects only through its binding to ATP*. Ca’™-ATP?" being a better
substrate. It is noteworthy that the enzyme was not activated by free Ca?t 13,
Pancreas ATPDase apparently differs from most of the ATPDases by the fact that
it can also hydrolyse ATP* 13 whereas most of the ATPDases use Ca’* and
Mg2+-ATP and -ADP complexes, as substrates. In these cases free ATP* could

potentially act as a competitive inhibitor.

In 1983, Knowles et al. reported ATPDase activities in mammalian cells’>. In
11987, Miura et al. described an ATPDase in bovine aorta microsomes and sug-
gested that it worked as an antiplatelet agent'®. Coté et al. further characterised
the bovine aorta ATPDasel’"!° and concluded that the bovine aorta enzyme was
different from the pig pancreas ATPDase. Indeed, these enzymes differed in many
respects: pH dependency profiles, heat denaturation curves, 0Co irradiation-
inactivation curves and enzyme localizations after polyacrylamide gel electro-
phoresis (PAGE) under non-denaturing conditions. More recently, Picher ez al.
described an ATPDase in bovine lungs?’ that displayed biochemical properties
quite similar to those of the bovine aorta enzyme but some differences were
observed leading them to propose a third isoform. To further define the bioche-
mical properties and to clarify the structural relationship between these different
isoforms of ATPDases, it became essential to purify them. We summarise the
results obtained with these various ATPDase isoforms in Table 1.

PURIFICATION OF MAMMALIAN ATPDASES
Pig pancreas ATPDase: isoform 1

The pig pancreas enzyme was purified according to the following procedure.
Briefly, after homogenisation of the tissues, the zymogen granule membrane was
isolated. Proteins were solubilized with Triton X-100 resulting in a lost of about
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Table 1. Biochemical properties of mammalian ATP diphosphohydrolases puriﬁed in our laboratory

ATPDase Optimum pH apparent K, Molecular PNGase F  FSBA Ratio*  References
(in pM) mass treatment  labelled

(isoforms) (substrate) ATP ADP (inkDa)  (in kDa) ATP/ADP

Pig pancreas 8.0 (ATP) 7.312 7.412 54 35 + 13 12, 14, 21
@ 8.5 (ADP) 3.114 5.614

Bovine aorta 7.5 23+39 . 78 54 + 1.1 17,19, 22,
(It (ATP & ADP) 14.1£13%? 12.0+1.9% 23

Bovine lungt] 7.5 7+2 ? 78 54 + 1.0 20, 24

(ATP & ADP)

Bovine heart 75 - ? 29 78 & 56 ? ? 1.1 25
(I & ID) (ATP & ADP) |

Human CD39 ? ? ? 78 54 ? ? 26

* The ATP/ADP ratio is influenced by the incubation buffer and pH. The ATP/ADP ratio from the purified pancreas ATPDase was
evaluated at pH 8.0 and for the aorta, lung and heart enzyme at pH 7.5.

+ Western blot showed also the presence of a weak proportion of the isoform I in the bovine aorta and lung particulate fraction®> 7.

1 This type of ATPDase shows different properties when compared to the aorta enzyme (see text).
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'339%, of either ATPase or ADPase activity. The ATPDase was further purified by
DEAE-agarose and Affi-Gel Blue-sepharose chromatographies. Even though the
steps mentioned above produced en enrichment in ADPase activity by about 3500
fold when compared with the homogenate, the enzyme was not yet in an homo-
geneous state. Further purification was obtained by fractionation by PAGE under
non-denaturing conditions. The enzyme could be visualised directly in the gel. A
single band of activity was obtained with either ATP or ADP as the substrate
(Figure 1). When the latter band of activity was fractionated by SDS-PAGE, a
protein with a molecular mass of about 54-56 kDa was put in evidence?!. This
polypeptide bears an ATP-binding site, as demonstrated by labelling with the ATP
analogue 5'-p-fluorosulfonylbenzoyladenosine (FSBA), detected by a Western blot
technique?!. Labelling specificity was demonstrated by competition experiments
with an excess ATP or ADP. N-glycosidase F (PNGase F) treatment, which
removes N-linked oligosaccharide chains reduced its molecular mass by about
19 kDa?1- 23,

Bovine aorta ATPDase: isoform II

The purification procedure of the bovine aorta included the isolation of a parti-
culate fraction by differential and sucrose cushion centrifugations which showed a
33-fold enrichment in ADPase activity!”. The enzyme was solubilized with Triton
X-100, which caused about 60% loss of ADPase and ATPase activity, and then
purified by DEAE-agarose, Affi-Gel Blue and Concanavalin A column chromato-
graphies. These latter steps produced a 138-fold enrichment of ADPase activity
giving approximately a 4500-fold purification?>, The enzyme was further purified
by PAGE under non-denaturing conditions, followed by its localization in the gel.
Three bands of activity were detected with either ATP or ADP as the substrate
(Figure 1). The most intense band was excised and separated by SDS-PAGE.
Overstaining with silver nitrate revealed a single band, corresponding to a
" molecular mass of about 78 kDa. In the two other bands detected on the non-
denaturing gel, the 78 kDa band was there but there were other protein bands, as
seen by SDS-PAGE. The ATP binding site of the 78 kDa polypeptide was
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confirmed by FSBA labelling. PNGase F treatment caused a reduction of the
apparent molecular mass by about 24 kDa as assessed by SDS-PAGE?.

PANCREAS
AORTA
LUN
PANCREAS |
AORTA
LUNG

ATP ADP

Figure 1. Schematic representation of the enzymograms of the highly purified fractions
of ATPDase from different sources. Highly purified protein fractions were separated in a 4-
7% polyacrylamide gel gradient containing 0.1% Triton X-100 and 0.1% sodium deoxy-
cholate. Enzyme activity was detected by incubating the gel at 37 °C in: 10 mM CaCl,, 100
mM Tris/imidazole pH 7.5 and 4 mM ATP, ADP or AMP. Released P; forms a Ca®* preci-
pitate at the reaction site. No band of activity could be detected with AMP as substrate for
any of the ATPDases shown here.
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Bovine lung ATPDase: isoform IT or II1 ?

The purification procedure of the lung ATPDase was essentially the same as the
one used for the aorta enzyme, except that the Concanavalin A-agarose column
was substituted by a Wheat germ agglutinin-agarose column. Solubilization with
triton X-100 caused about 70% lost of activity. In the purification experiments
described above, as for the lung, the ATPDase activity remained stable after the
detergent solubilization step. The estimated molecular mass of the purified
enzyme was 78 kDa. The presence of an ATP binding site was confirmed by
FSBA labelling and PNGase F treatment reduced its molecular mass by 24 kDa?*
Hence bovine aorta isoform II and lung enzyme would have the same molecular
mass and the same level of glycosylation. This led us to wonder how the different
properties of these two enzymes namely irradiation-inactivation curves and
localizations after PAGE under non-denaturing conditions, could be explained. A
partial answer may be found in the analysis of the migration patterns after PAGE
under non-denaturing conditions. In Figure 1 we have schematically represented
the enzymograms of the purified isoforms isolated from pancreas (isoform I), aorta
(isoform II) and lung?!> 23 24, The latter concord with some enzymograms with
less purified enzymes17 20 pancreas isoform I produced only one band of activity
whereas aorta isoform II and lung ATPDase produced three and two bands
respectively. In the latter cases the bands were not found at the same level. Itis
clear from the analysis of the protein composition by SDS-PAGE of the various
bands of activity that these different isoforms can exist as homogeneous entities
(see previous section). In some cases, where the migration is retarded it coincides
with the presence of other proteins. Whether these proteins are associated in some
way with the 78 kDa polypeptide and whether the enzymes exist as monomers or
multimeric structures are a matters of speculation. Even the lipids attached to the
solubilized enzyme could have an influence on the migration pattern. Various
structural associations may well bring an explanation for the biochemical diffe-
rences observed between bovine aorta (II) and lung ATPDases.
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PARTIAL AMINO ACID SEQUENCES OF ATPDASE ISOFORMSIAND II

An antibody

The N-terminal amino acid sequence obtained for the pancreas ATPDase (isoform
I) was used to raise a polyclonal antibody in rabbits. For this purpose a high
density multigenic peptide system (MAPS) was synthesised with the following
polypeptide (KSDTQETYGALDLGGA) by the "Service de Séquence de Peptides
de 1'Est du Québec", CHUL Research Center, Québec. This approach uses a small
peptidyl core matrix of four lysine residues bearing four branching peptides. One
of the immunised rabbits produced a polyclonal antibody “Ringo”. This antibody
could recognise both isoforms (I and II) of the ATPDase from a variety of pig and

bovine tissues?3> 24 27,

Attempts to sequence the N-terminal amino acids of bovine aorta ATPDase
(isoform II) were unsuccessful. Internal sequences were obtained after CNBr
treatment. As shown in Figure 2, the sequences obtained from pig pancreas and
bovine aorta ATPDases both showed high similarity with human CD39. This
protein has been previously described as a lymphocyte activation antigen. It is
present on mature B cells, activated T cells and activated NK cells?S 28, Up until
‘now the function of this protein was not known. CD39 is a glycoprotein of about
78 kDa containing a 54 kDa polypeptide core with no detectable O-linked
sugars?®. These characteristics concord perfectly with the data obtained for the
bovine aorta and lung ATPDases (table 1). The identification of CD39 as the
ATPDase was confirmed by reexpression of its cDNA in COS cells. These
experiments also confirmed the ectonucleotidase character of the ATPDase?’
(Kaczmarek et al. and Marcus et al. this book) as previously shown by Yagi et
al 3® and Picher et al3!.
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N-terminal amino acid sequence of pig pancreas ATPDase (I) -

CD39

KSDTQETYGALDLGGASTQ
ETNNQETFGALDLGGASTQ [202-220]

Five internal sequences of bovine aorta ATPDase (II)

CD39

CD39

CD39

CD39

CD39

ETPVYLGATAG
ETPVYLGATAG [123-133]

XLLRMEXXE
RLLRMESEE [135-143]

ADKILAAVAXSIXXYPFDFQGARI
ADRVLDVVERSLSNYPFDFQGARI [145-168]

XVLNXG (SorF)
KFLNLT S [368-374]

LXLTNVIPAEXPM
LNLTNMIPAEQPL [456-468]

Figure 2. Partial amino acid sequences of ATPDase isoforms I and II, and human CD39.
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A putative conserved region involved in catalytic activity

Potato apyrase cDNA has recently been cloned?. Analysis of this cDNA with
other sequences recently deposited in the data bank showed considerable
homology with related ATPDases’> 33. Handa and Guidotti described four
conserved regions shared by the member of this new family of proteins32. Three
of these conserved regions were found in the first 180 amino acid residues of
CD39. The other corresponded to amino acids 213-220 of human CD39. A
comparison of the N-terminal amino acid sequence of isoform I ATPDase from
pig pancreas showed a high level of identity with an internal sequence of CD39
starting at amino acid # 202 of the 510 of human CD39 amino acid sequence. It
now appears that isoform I is a truncated form of CD39 (ATPDase isoform II). In
agreement with this proposal, the residual part of CD39 which is 309 amino acid
residues corresponds to the molecular mass of the deglycosylated isoform I, which
is 35 kDa. This truncated isoform of ATPDase possesses only the fourth conser-
ved region. Thus, this conserved region could represent the putative catalytic site
of the ATPDases. The sequence "DLGGASTQ" of the porcine pancreas ATPDase
is 100% identical to murine and human CD39. Vasconcelos et al.3® reported the
conserved regions between nucleoside triphosphatases which are in agreement
with the results of Handa and Guidotti’2. They found an additional conserved
motif at the carboxy terminus corresponding to the amino acid residues 447 to 453
of human CD39. This latter box of homology should also be considered as a
potentially important region for the catalytic activity of the enzyme.

SUMMARY AND CONCLUSION

Our work shows that at least two isoforms of ATPDase are present in mammalian
tissues. Isoform Iis a truncated form of isoform II. Western blots have indicated
that both 78 and 54-56 kDa isoforms coexist in many bovine and pig tissues,
isoform II being generally the most abundant one?’. Christoforidis et al. reported
an ATPDase of 82 kDa from human p1acenta34 whereas Kettlun et al. described an

159




ATPDase from the same organ of about 60 kDa (Kettlun et al., this book). These
apparent discrepancies could tentatively be explained by the two isoforms of the
enzyme. Sequence analysis showed high similarity between ATPDase I and II,
and CD39, supporting the view that CD39 was an ATPDase. Cloning and
reexpression of CD39 cDNA in COS cells confirmed it and also demonstrated the
extracellular orientation of the catalytic site of the enzyme?® (Kaczmarek et al.,
this book).
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CHAPITRE 5

CLONAGE ET EXPRESSION DE L'ADNC DE CD39/ATPDASE:
INHIBITION DE L'AGREGATION PLAQUETTAIRE

Aprés avoir purifié et séquenceé différentes isoformes d'ATPDase de mammifeéres,
il devenait alors possible de cloner son géne. Comme nous l'avons constaté au
chapitre 4, I'analyse des séquences nous a révélé une forte homologie avec CD39
humaine qui était corroborée par la comparaison des propriétés physiques de ces
protéines. Or, nous savions que les cellules endothéliales des vaisseaux sanguins
possédaient une forte activité ATPDasique. Comme nous nous intéressions parti-
culicrement au role inhibiteur de l'agrégation plaquettaire, possiblement attri-
buable 2 I'ATPDase, nous étions intéressés a cloner le géne de 'ATPDase exprimé
dans les cellules endothéliales. Nous avons d'abord isolé 'ADNc du gene de
CD39 de cellules endothéliales humaines, afin de vérifier 'hypothése que CD39
&tait une ATPDase. Les résultats sont concluants: CD39 est une ATPDase. En
effet, la protéine ‘produite par l'expression de 'ADNc du géne de CD39 humaine,
aprés transfection transitoire dans les cellules COS, possédait les propriétés
biochimiques des ATPDases, et était reconnue par un anticorps anti-ATPDase.
L'expression de ce gene dans les cellules COS a aussi montré que le site actif de la
protéine produite était dirigé du coté extracellulaire a la cellule. Le fait que
' ATPDase/CD39 hydrolyse les nucléotides extracellulaires est en accord avec un
6le de controle de 'agrégation plaquettaire, que nous avons d'ailleurs montré in
vitro. Effectivement, la protéine produite dans les cellules COS était capable
~ d'inhiber l'agrégation des plaquettes induite par divers agonistes physiologiques.

Ces résultats ont été réalisés en collaboration avec l'équipe du docteur S.C.
Robson a Boston et ont fait 1'objet d'une publication parue en 1996 dans Journal of
Biological Chemistry, volume 271, pages 33116-33122. Notre laboratoire a con-
tribué a l'article de la fagon suivante: (1) Nous avons effectué les études d’homo-
logies avec les séquences partielles de diverses ATPDases, ainsi que d'autres
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ATPases et protéines reliées a cette famille d'enzymes. (2) Nous avons identifié
une séquence de huit acides aminés correspondant possiblement au site actif de
l'enzyme. Ces analyses ont par la suite été vérifiées par le docteur E. Kaczmarek.
(3) Nous avons effectué les expériences d'immunoprécipitation et avons développé
le protocole de préparation des fractions particulaires. ~ (4) Plusieurs clones
d'ADNc de CD39 furent obtenus par RT-PCR et analysés, dont trois par monsieur
J. Sévigny, alors en stage a Boston. '
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SUMMARY

Vascular ATP diphosphohydrolase (ATPDase) is a plasma membrane-bound
enzyme that hydrolyses extracellular ATP and ADP to AMP. Analysis of amino
acid sequences available from various mammalian and avian ATPDases revealed
their close homology with CD39, a putative B cell activation marker. We
therefore isolated CD39 cDNA from human endothelial cells and expressed this in
COS-7 cells. CD39 was found to have both immunological identity to, and
functional characteristics of the vascular ATPDase. We also demonstrated that
ATPDase could inhibit platelet aggregation in response to ADP, collagen and
thrombin, and that this activity in transfected COS-7 cells was lost following
exposure to oxidative stress. ATPDase mRNA was present in human placenta,
lung, skeletal muscle, kidney and heart and was not detected in brain. Multiple
RNA bands were detected with the CD39 cDNA probe that most probably
represent different splicing products. Finally, we identified an unique conserved
motif, DLGGASTQ, that could be crucial for nucleotide binding, activity and/or
structure of ATPDase. Because ATPDase activity is lost with endothelial cell
activation, over-expression of the functional enzyme, or a truncated mutant
thereof, may prevent platelet activation associated with vascular inflammation.

INTRODUCTION

The quiescent vascular endothelium maintains blood fluidity by inhibiting blood
clotting, by the regulation of platelet activation and adhesion, and by promoting
fibrinolysis. In large part, the antithrombotic effects are mediated by surface
molecules present on resting endothelial cells, such as thrombomodulin and
heparan sulfate (1). Endothelial cells also have the potential to regulate platelet
activation by the synthesis of prostacyclin and nitric oxide and by the surface ex-
pression of ATP diphosphohydrolase (ATPDase). This ectoenzyme (EC 3.6.1.5)
has been also described as apyrase, ecto-ATPase, ecto-ADPase, nucleotide
phosphohydrolase or ATP pyrophosphohydrolase (2). ATPDases are generally
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low abundance proteins which have been difficult to purify, given their sensitivity
to detergents and the propensity to co-isolate with other proteins. High levels of
ATPDase activity are associated with the vasculature (endothelium, smooth
muscle, cardiac cells), lymphocytes, and platelets (2).

Extracellular tri- and diphosphate nucleosides appear in tissue fluids and plasma
as a consequence of lysis of blood cells and tissues, and through secretion from
platelet dense granules (3). Vascular ATPDase expressed by quiescent endothelial
cells, hydrolyzes extracellular ATP and ADP to AMP, which is further converted
to adenosine by 5'-nucleotidase (3, 4). In addition, ADP, which interacts with
purinergic P receptors is a powerful agonist for platelet recruitment, adhesion
and aggregation while adenosine is an antagonist of these processes (5-7). Thus,
the function of ATPDase is critical for the inhibition of platelet aggregation
following the hydrolysis of ADP to AMP with the ultimate generation of
adenosine (4). However, we have recently provided evidence for the loss of
ATPDase activity following endothelial cell activation, such as would occur in
vascular inflammatory states or xenograft rejection, where platelet deposition is a
consistent component (8, 9). Such changes in the level of expression and activity
of the ATPDase may therefore be of pathogenetic significance and prompted our
attempts to identify and study this vascular ectoenzyme.

The biochemical characterization of ATPDase purified from various tissues and
organisms has generally revealed a highly glycosylated protein of molecular mass
60-100 kDa. This ectoenzyme is Ca’" and Mg?* dependent, is not sensitive to
known inhibitors of the various other ATPases, and hydrolyzes nucleoside tri- and
diphosphates but not monophosphates. These enzymatic characteristics have
facilitated classification of these proteins into a subgrouping termed E-type
ATPases (2). '

Recently, ATPDase from human placenta, porcine pancreas, bovine aorta, and
chicken gizzard have been purified and partially sequenced (10-13). Our analysis
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of these sequence data has shown significant homology to human CD39 (Figure 1)
(14). CD39 is known to be an acidic glycoprotein with molecular mass 78 kDa,
that contains two potential transmembrane regions and six potential glycosylation
sites. Interestingly, CD39 was originally described as a B cell activation marker
and has been shown to be expressed on the surface of other activated lymphocytes
and quiescent vascular endothelium (14). Additionally, CD39 is considered to
participate in the enhancement of cell-cell interactions; monoclonal antibodies
(mAb) to certain epitopes of CD39 induce homotypic adhesion, probably through
involvement of LFA-1 (CD11a/CD18) (15). Recently, pdtato apyrase (a plant
ATPDase) has been also purified and was independently found to have sequence
homology to certain newly identified nucleotide triphosphatases and to murine and
human CD39 (16). Subsequent work by Wang and Guidotti has confirmed that
B cell CD39 had ecto-apyrase activity (17). As the functional significance of
these observations remains unclear, we have further evaluated the role of
CD39/ATPDase in modulating platelet reactivity and examined the distribution
and nature of CD39 mRNA expression in human tissues.

MATERIALS AND METHODS

Purification and sequencing of mammalian ATPDase

Porcine pancreas and bovine aorta ATPDases were purified according to the
previously described methods (11, 12). Purified proteins were then sequenced at
the Biotechnology Research Institute of Montréal. The sequence of N-terminus of
the porcine pancreatic ATPDase and 5 internal sequences from the bovine aortic
ATPDase following CNBr cleavage were obtained and were available for our
study.
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RT-PCR

To amplify a ¢cDNA fragment directly from mRNA, 0.1 ug of total RNA was
prepared from human umbilical endothelial cells (18), annealed with oligo-(dT)16
primer and the first strand ¢cDNA synthesis was carried out with Superscript
Reverse Transcriptase (GIBCO-BRL, Grand Island, NY). The product of this
reaction served as a template for PCR amplification. The following primers were
designed based on the CD39 cDNA sequence (14) (GenBank accession No.
S73813):

forward primer: 5'- GAAAGGATCCGAAAACAAAAGCTGCTACT - 3';
reverse primer:  5' - AGAATCTAGACAGTAAAAGCCAAGGAAGC - 3",

The DNA fragment of interest was amplified by PCR with the "hot start" tech-
nique, according to the Perkin-Elmer protocol. Amplification was carried out for
36 cycles (1 min at 94°C, 2 min at 57°C, and 3 min at 72°C) followed by 10 min
at 72°C. The amplified PCR product was examined on 1% Agarose gel. Res-
triction enzyme digestion and sequencing confirmed that the obtained cDNA
fragment was CD39. The PCR product was subcloned into the pCRII vector (TA
cloning kit, Invitrogen, San Diego, CA); subsequently plasmid was multiplied in
"One Shot" bacteria (Invitrogen, San Diego, CA), purified and digested with Not I
and Spe 1. The insert was purified on glass beads (Bio101, Vista, CA) and then
cloned into 2 mammalian expression vector pPCDNA3 (Invitrogen, San Diego, CA)
previously digested with Not I and Xba I. Plasmid DNA was purified with a
Qiagen kit (Qiagen, Chatsworth, CA) and checked for the correct orientation of
the insert by restriction mapping; this was hen followed by confirmation of the
correct sequence (Applied Biosystem, model 373A). All restriction enzymes were
from New England Biolabs (Beverly, MA).
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Transient transfection

COS-7 cells were grown in Dulbecco's Modified Eagle Medium (DMEM) sup-
plemented with 10% fetal calf serum (FCS). Cells were seeded at 5 x 10° cells
per 30 mm well and transfected 20-24 hrs later with Lipofectamine (Life Tech-
nologies, Grand Island, NY) according to the manufacturer's instructions. Briefly,
the cells were exposed to 1 ug of DNA (pCDNA3 or pCDNA3-CD39) and 4 pl of
Lipofectamine in DMEM without FCS for 5 hrs, followed by addition of equal
volume of DMEM containing 20% FCS. Twenty four hrs after transfection, the
culture medium was changed (DMEM/10% FCS) and ~70 hrs post-transfectioh,
COS-7 cells were used for analyses. Control COS-7 cells used for transfection
were negative for CD39 as analyzed by Western blotting and FACS with anti-
CD39 mAb, and ATPDase biochemical activity was negligible. '

Immunocytochemistry

COS-7 cells were fixed with 0.05% glutaraldehyde for 15 min. The presence of
CD39 antigen was revealed by anti-human CD39 mAb (Accurate, Westbury, NY)
using biotinylated goat anti-mouse IgG and streptavidine-horseradish peroxidase
(HRP) (Pierce, Rockford, IL) as a detection system. Three-amino-9-ethyl-
carbazole (Sigma, St. Louis, MO) was used as the HRP substrate.

Cytofluorometric analysis of the expression of CD39

COS-7 cells after transient transfection were harvested by gentle pipetting with
Hanks balanced salt solution (GIBCO-BRL) containing 10 mM EDTA. They were
washed with buffer (PBS, 5% FCS, 0.02% sodium azide) and incubated with
either anti-human CD39 mAb, BU61 (IgGl) (Accurate, Westbury, NY) or an
isotype matched control mAb, anti-CD25/ACT-1 (IgG1) (Dako, Carpinteria, CA)
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for 30 min on ice. Cells were washed twice and incubated with anti-mouse IgG
conjugated with fluorescein-5-isothiocyanate (Sigma, St. Louis, MO) for 30 min
on ice. Finally cells were washed twice and analyzed by flow cytometry on a
FACScan bench top model using Cellquest II software (Becton Dickinson, San
Jose, CA). Data were collected from viable cells only, as determined by pro-
pidium iodide uptake.

Cell lysate and cell membrane preparation

Cells were washed 3 times with Tris-saline buffer, pH 8.0 at 4°C, harvested by
scraping in 20 mM Tris, pH 8.0, 50 mM NaCl, 0.1 mM PMSF, containing
Aprotinin (0.02 KIU/ml) and centrifuged 800xg for 15 min at 4°C. Cells were
resuspended in the harvesting buffer, then disrupted in Potter homogenizer and
centrifuged 800xg for 15 min at 4°C. Supernatants containing cell lysates were
used for Western blot analysis. Cell membranes were used for ATPDase activity
and platelet aggregation assays. These were prepared by ultracentrifugation of
cell lysates 47,000 rpm for 1 hr at 4°C followed by second centrifugation (57,000
rpm for 50 min at 4°C) of the resuspended pellet. Membranes were resuspended
in 7.5% glycerol in 5 mM Tris-HCI, pH 8.0. Protein was measured according to
the Bradford method (19). ‘

Western blotting

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed according to
Laemmli (20). Proteins (20 pg per lane) were separated on a 10% gel under
denaturing conditions, transferred to PVDF membrane (Immobilon P, Millipore,
Bedford, MA) by semi-dry electroblotting and probed with either a rabbit poly-
clonal antibody to porcine pancreas ATPDase or monoclonal antibody to CD39
(Accurate, Westbury, NY). Bands were visualized using HRP-conjugated goat
anti-rabbit IgG or goat anti-mouse IgG (Pierce, Rockford, IL) and the Enhanced
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ChemiLuminescence assay (Amersham Life Science Inc., Arlington Heights, IL)
according to the manufacturer's instructions.

Polyclonal antibody to ATPDase

Polyclonal antibody to ATPDase was generated to a peptide sequence
corresponding to the N-terminus of the purified protein from porcine pancreas
(KSDTQETYGALDLGGA) (11). This antibody cross-reacted with ATPDase
from bovine aorta, lung and trachea, as determined by Western blotting.

ATPDase activity measured by hydrolysis of ATP and ADP

COS-7 cell lysates were incubated with either 200 puM ADP or 200 uM ATP, and
Ca?" or Mg?* dependent release of free phosphate was determined. Malachite
green was added to stop the reaction and absorbance was measured at 610 nm to
determine levels of phosphate generation against the standard curve of KH;PO4

(21).
ATPDase activity measured by hydrolysis of 14C-ADP to AMP

Monolayers of transiently transfected COS-7 cells, and appropriate control cells
were analyzed for ability to hydrolyze extracellular 4C-ADP (50 pCi per
reaction, New England Nuclear, Boston, MA) carried out on thin layer
chromatography plates, (Whatman Laboratory Division, Clifton, NJ). The solvent
system comprised of isobutyl alcohol/1-pentanol/ethylene glycol monoethyl ether/
NH4OH/ water at ratios 90:60:180:90:120. The separated compounds were
scanned for radioactivity with a Phosphor-Imager (Molecular Dynamics, Sun-
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nyvale, CA) and degradation of the *C-ADP was determined by ImageQuant
software according to manufacturer’s instructions.

Platelet aggregation assays

Blood was taken after informed consent from apparently healthy human volunteers
and anticoagulated with 0.1 vol. 3.2% sodium citrate. Platelet rich plasma (PRP)
was prepared by centrifugation of whole blood at 280xg for 15 min at 22°C. The
platelet aggregation assay utilized a 2-sample, 4-channel Whole Blood Limi-
Aggregometer, model 560 (Chronolog Corporation, Havertown, PA). Platelet rich
plasma was preincubated with COS-7 cell membrane or cell lysate preparations
for 10 minutes at 37°C in a siliconized glass cuvette containing a stirring bar,
followed by stimulation with either ADP (5 pM), collagen (5 pg/ml) or thrombin
(0.1 U/ml) (Chronolog Corporation, Havertown, PA). Platelet aggregation was
recorded for at least 10 min. Data were expressed as the percentage of light
transmission with platelet poor plasma equal to 100%.

Effect of reactive oxygen intermediates on ATPDase activity

COS-7 cells (control, transfected with pCDNA3 and with pCDNA3-CD39) were
exposed for 2 h to either HyO; (100 uM; Sigma, St Louis, MO) or xanthine
oxidase (100 mU/mL; Boehringer Mannheim GmbH, Mannheim. Germany) and
xanthine (200 pM; Sigma, St Louis, MO) to directly generate the oxidative stress
observed to abrogate endothelial cell ATPDase function (8; Robson et al.
 manuscript submitted). These experiments were performed in order to determine
the direct effect of reactive oxygen intermediates upon enzymatic function and
immunoreactivity of the recombinant CD39/ATPDase. Cells were harvested, and
the lysates and membrane preparations were then used for biochemical analysis, to
determine their effect on stimulated platelet aggregation and were subjected to
Western blotting.
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Northern analysis

For tissue mRNA analysis, a Multiple Tissue Northern Blot, a charge-modified
nylon membrane to which poly(A)" RNA (2 pg per lane) from multiple human
tissues had been transferred, was used (Clontech Laboratories; San Diego, CA).
For the probe, our pPCDNA3-CD39 construct was digested with Bam H 1 and Xba 1
and CD39 c¢cDNA fragment (1714 bp) was purified with the Gene-Clean kit (Bio
101, Vista, CA) and labelled with [a-3?P]dATP using Ready-To-Go labelling kit
(Pharmacia, Piscataway, NJ). Prehybridization, hybridization, washes and strip-
ping of the membrane were carried out with the rapid hybridization protocol from
Stratagene (La Jolla, CA). Final washes were at 60°C in 0.2-x sodium saline
citrate/0.1% SDS. The blots were exposed to Kodak Biomax Mr film (Eastman
Kodak Company, Rochester, NY) with intensifying screens at -80°C for 1 day.

RESULTS

ATPDase sequence analysis

We purified ATPDase from pig pancreas and bovine aorta according to the method
described earlier and sequenced these proteins (11,12). The obtained sequences
originated from the N-terminus of the pig pancreas ATPDase and 5 internal
fragments of bovine aorta ATPDase and all showed remarkable homology to
human CD39 (Figure 1). Figure 1 also presents previously published partial
amino acid sequences of ATPDases purified from human placenta (10) and
chicken gizzard (13) which confirm previously unrecognized homology with
CD39. The molecular mass of both CD39 and vascular ATPDase is 78 kDa and
becomes 54 kDa after removal of Asp-linked oligosaccharides by N-glycosidase
(12, 15); these data suggest that CD39 and ATPDase may represent the same
protein.
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Figure 1. Primary sequence of CD39 (GenBank access No. S73813). The published
sequence of CD39 is aligned with 4 putative ATPDases purified from human placenta, porcine
pancreas, bovine aorta, and chicken gizzard. The shaded areas indicate exact matches;
putative "apyrase conserved regions" are underlined (17); the black outlined box represents a
putative ATP binding domain (31).
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Isolation of CD39 cDNA and its expression in a mammalian system

To test the hypothesis that CD39 has ATPDase activity, we-isolated CD39 cDNA
by reverse-transcriptase polymerase chain reaction (RT-PCR) using RNA prepared
- from human umbilical endothelial cells as a template for the first cDNA strand.
Primers homologous to CD39 generated PCR product of the expected size viz.
1714 bp. The PCR product was subjected to restriction mapping and then
sequenced (data not shown). This confirmed the identity of the PCR fragment
‘with the published sequence of human CD39 (14). The PCR fragment was
subcloned into the pCRII vector, excised with Not I and Spe I, and subsequently
cloned into a mammalian expression vector, pCDNA3. COS-7 cells were then
transiently transfected with pPCDNA3-CD39 and used for further analyses. In each
experiment we used nontransfected COS-7 cells and cells transfected with
pCDNAS3 alone as the controls. '

The expression of CD39 on the surface of COS-7 cells was confirmed by flow
cytometry and immunocytochemistry. Cells used for flow cytometry analysis
were incubated with either mAb to CD39 or mouse anti-human IgG of the same
isotype. Cytofluorometric analysis confirmed the presence of CD39 on the
surface of transfected COS-7 cells (Figure 2). Immunocytostaining confirmed that
only cell populations transfected with pPCDNA3-CD39, and not the control cells,
were stained by the mAb to human CD39 (data not shown).

Immunological identity between CD39 and ATPDase

To evaluate the identity of CD39 with ATPDase, cell lysates from control and
transfected COS-7 cells were analyzed by Western blotting (Figure 3). Both the
mAb to CD39 and a polyclonal antibody to ATPDase recognized a band of the
same mobility, with the molecular mass ~80 kDa (Figure 3A and B, respectively),
a finding strongly supporting our hypothesis of identity between CD39 and
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Figure 2. Cytofluorometric analysis of the expression of CD39. COS-7 cells after
transient transfection were incubated with either anti-human CD39 mAb, BU61 (IgG) or an
isotype matched control mAb, anti-CD25/ACT-1 (IgG1) and anti-mouse IgG conjugated with
fluorescein-5-isothiocyanate. ’

1 - Control, nontransfected cells treated with anti-CD39;
2 - pPCDNA3-CD309 transfected cells incubated with isotype control antibody;
3 - p>CDNA3-CD309 transfected cells stained with anti-CD39 mAb.
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Figure 3. Immunological confirmation of CD39/ATPDase expression by Western
blotting. Western blotting of COS-7 cell lysates was performed with: (A) Monoclonal
. antibody to human CD39; (B) Polyclonal antibody to porcine pancreas ATPDase N-terminus
cross-reactive with vascular ATPDases. The COS-7 cells are represented as follows:

.1 - Untreated control COS-7 cells;
2 - COS-7 cells transiently transfected with pCDNA3;
3 - COS-7 cells transiently transfected with pPCDNA3-CD39.

The polyclonal antibody to ATPDase cross-reacts nonspecifically with some proteins present
in COS-7 cells but specifically with a possible truncated form of the ATPDase (see text).

181




=
=




ATPDase. In addition, the polyclonal antibody recognized a second band around
54 kDa which could represent a truncated form of the ATPDase non-reactive with
the monoclonal antibody to CD39. Consistently, specific CD39 and ATPDase
immunoreactivity was detected only in pCDNA3-CD39 transfected cell popu-
lations.

ATPDase activity of CD39

On the basis of apparent molecular and antigenic similarities between CD39 and
ATPDase, we next evaluated selected biochemical functional characteristics of
CD39. We incubated COS-7 cell membrane preparations with exogenous ADP or
ATP and determined ATPDase activity by measuring divalent cation dependent
phosphate release by standard biochemical techniques. The control COS-7 cells
essentially did not hydrolyze ADP or ATP, while pCDNA3-CD39 transfected cells
exhibited very high levels of ATPDase activity for both substrates (Figure 4). The
ATPDase expressed by CD39 transfected cells did not act on exogenous AMP. In
addition, ADP hydrolysis was totally inhibited by 5 mM EDTA, reduced by 60%
with 20 mM sodium azide and unaffected by 3 mM ouabain. These inhibitory
data are largely consistent with the classification of the vascular ATPDase as an -
E-type ATPase (2).

We also investigated the activity of expressed enzyme by studying of the capacity
of intact transfected COS-7 cells to hydrolyze radiolabelled ADP, assayed by thin
layer chromatography. In a representative experiment, transiently transfected cells
converted 68% of the 50 pCi of #*C-ADP to *C-AMP over 20 minutes, as
compared to 11% and 9% for cells transfected with the pCDNA3 only and
nontransfected COS-7 cells, respectively, under the identical experimental
conditions.
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Figure 4. Specific ATPDase biochemical activity of CD39. The biochemical activity of
CD39/ATPDase expressed in COS-7 cell membranes was determined by free phosphate
release (nmoles Py/mg/min) following the hydrolysis of ADP and ATP and compared to
control COS-7 cells and those that had undergone transfection with the vector alone in a
representative experiment (data expressed as mean = SD). (see Methods for further details).
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Additionally, protein from crude preparations of human umbilical cord vein
immunoprecipitated with anti-CD39 also had all the required characteristics of E-
type ATPase. These included specific substrate specificity for ATP and ADP,
Ca?" and Mg®>" dependence, insensitivity to 5 mM tetramizole, an inhibitor of
alkaline phosphatase, and inhibition by 20 mM sodium azide by 57% and 47% for
ADP and ATP as substrates, respectively.

Effect of CD39/ATPDase on platelet aggregation

Because our interest in the vascular ATPDase has concerned the regulation of
platelet activation by adenosine nucleotides in the setting of vascular inflam-
matory disorders, we next investigated the effect of COS-7 cell transfected with
pCDNA3-CD39 on platelet aggregation in vitro. Membrane preparations from
cells expressing CD39 consistently inhibited platelet aggregation in response to
exogenous ADP, whereas membranes from the control cells transfected with
pCDNA3 only, had no significant effect (Figure 5A). Comparable specific inhi-
bitory effects were observed when platelets were stimulated by collagen (5 pg/ml)
or by low levels of thrombin (0.1 U/ml) in the presence of the transfected COS-7
membranes. Thus platelet aggregation in response to agonists other than ADP was
inhibited only by COS-7 cells expressing CD39 (Figure 5B and C). These latter
observations also confirm the established dependence of platelet aggregation
following collagen and thrombin stimulation upon platelet released ADP in vitro.

Effect of oxidative stress on ATPDases activity

To generate oxidative stress and to evaluate the effect of reactive oxygen inter-
mediates upon the ATPDase function of CD39, COS-7 cells transfected with
pCDNA3-CD39 were exposed for 2 h to either HyO, or xanthine oxidase and
xanthine. Cells were harvested, and cell lysates used for analysis of t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>