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P2¥12, a G protein-coupled receptor that plays a central role In
platelet activation has been recently Identifled as the receptor
targeted by the antithrombotic drug, dopldogrel. In this study, we
further deciphered the mechanism of actlon of clopidogrel and of
Its active metabolite (Act-Meat) on P2Y12 receptors. Using biochem-
lcal approaches, we demonstrated the existence of homooligo-
meric complexes of P2Y12 receptors at the surface of mammalian
cells and In freshly Isolated platelets. In witro treatment with
Act-Met or in vivo oral administration to rats with dopidogrel
Induced the breakdown of these oligomers Into dimerc and
monomeric entitles In P2Y12 expressing HEK293 and platelets
respaectively. In addition, we showed the predominant assocdation
of P2¥12 cligomers to cell membrane lipld rafts and the partition-
Ing of PZY12 out of rafts In response to dopldogrel and Act-Meat
The raft-assodated P2Y12 ocligomers represented the functonal
form of the receptor, a5 demonstrated by binding and signal
transduction studies. Finally, using a serles of receptors indhvidu-
ally mutated at each cysteine residue and a chimeric P2Y12,/P2¥13
receptor, we pointed out the Involvement of cystelne 97 within the
first extracellular loop of P2Y12 In the mechanism of actlon of
Act-Met.

meechanism of action | platelet | antiaggregant

any O prodecin-coupled receplons (GPCES) have been shown

Lo assemble s homodimers, heterodimers, as well as larger
oligomers (1, 2). The exiswence of such oligomernic enlitics raises
questions 85 W0 Ltheir [unctional consequences a5 well as Ltheir
physsobogical relevance. Helerolopous cxpression  syslems  have
provided a varicly of answers concerning higand-dependent regu-
lation of GPCKR olipomeric stales. Ligand binding, depending on
the GPCR siudicd, can promole (3100 or inhibat (11-13) dimer
formation, &= well 45 having no clliecd on preexsting constiluiive
homo- or helerodimens (14-25) The [=ct that heterodimerzation
miay alier the pharmacological propertics of a GPCR along with its
inlernalizaton and signal transduction behavior is of critical im-
portance {26, 27).

Clustcring, even [or nonheplahelical reoeplors, now appears as a
common feature of cell signaling. Specialived struclturnes such as
clathrin-coaled pits, caveolac, and lipid ralls contain high concen-
trations of signaling mokecules. Kalls represent dynamic assemblics
of prodeins and hipids, mostly sphingolipids and chodesterol (28, 29)
Proleins such as glycophosphatidylinositol-anchored proleins, non-
recoplor tyrosine kKinases, Cra subunils of helerodrimernic (6 pro-
leins, and palmitoylated prolwing appear o bocalize o these mi-
crodomains (M), In addition, recent studies have shown Lhist
partitioning of proleins in and oul of ralis can depend on their staic
of activalion or dimerization (31-33). A variely of GPCR have also
been identiled in caveolae or ralls. These include o and B-adren-
crgic receplors (34, 35), adenosine Al receplor (36), angiolensin 11
bypee 1 receplor (37), muscarinic receplor ( 33), EIDG ] receplor (39),
bradykinin Bl and B2 receptors (33, 40, 41), endothelin receplor
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{43). rhodopsin (44). and N-{ormyl peplide receplor (43). In the
mapority of cases, this location was foand o be sensitive 1o ligand
stimulation, clusicring in rall being cilher inareased or decreased.

Platckeis are key clemenis in hemostasis and thrombosis. Diverse
agonists are known o activale platckd ageregation and Obrincgen
binding Lo the subscquently activaled integrin GPIB-111a comples.
In this process, ADP s of particular imporiance, because il s
releascd by damaged cells and activaled platelels, thus cnhancing
the action of manmy platclel activators. ADP mediates platcket
ageregation Lhrough is binding 1w two GPCRs P2Y1 and P2Y12,
acling together o achicve complele aggregatson (46 P2ZYIZ &
cxpressed in platchets, moegakaryocyles, and ncoronal cells (47).
Upon activation, P2Y 12 tnggems a cascade of signaling evenls
including adenylyl cyclise inhibition and PIK activialion (48).
P2Y 12 knockoul mice are particularly prodected against thrombosis
(49} In humans, two genclic P2Y12 deficiencics have been de-
scribed, associated with a hemorrhagic phenotype and a pro-
nounced impairment of ADP-induced platelet aggregation (50, 51).

P2Y 12 is the wtarget of dopidogrel, a well known antithrombaodic
compound that has demonstrated s cllcacy and favorable safely
profik: in an cocensive clinical program, by preventing ischemic
evenis such as cardiovascular death, myocardial infarction, or stroke
in atherothrombotic paticnts, on Wp Of standard reatment (532).
Chlopadoare] docs nol, by isell, cxhibil direcl antisgaregant activity
ire vitrey. Indecd, i v studies have demonstrated thal clopidogrel
has o undergo hepatic metabolation o oblain an active mclab-
olite (53). This active meLaebolite (Act-Met) has been isolated, and
its structure has been elucidated (34). 1L contains a free Lhiol
function, and ils aclivily i lost when Lhe thiod B denvalooed (55),
sugpesting il possible inleraction with cysleine-conlaining  se-
quences. fnovigre, Act-Med inhibils the binding of 2MeS-ADP o
platclets and AlP-induced ageregation of platclels. In a recentl
study, Act-Met was found o inhibil the binding of 2MeS-ALDDP
P2ZY12 (36). This inhibition was shown 0 be irreversible and
seleative for P2ZY 12 (57, 58).

Here, we have lurther dedermined the mechanism of aclion of
clogridogrel and of ils aclive melabolile on the PZY 12 receplor. We
heawe found thal these compounds act on Lthis receplor by an original
mechanism, by inler fering with P2Y 12 assembly and ils localization
in hipid rafis. This allowed us o demonsirale the importance of
oligomerization and membrane localeeation on the unction of Lths
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Fg 1. Disruption by Act-Met of A Act-Meat (M)
oligomeric forms of P2Y12 ex- i i d

pressed in HEKZ93 cells. HEKI93

ells coeapressing HA- and dMyc gkna
tagged FZY 12 receptors were inou-

bated for 1 h at room temperature 20
with the indicated concentration of
Act-Met, and whole-cell extracts
were prepared in octyl-glucoside
buffer, as described in AMateriak
ared Methods. (4) Cell extracts were
subjected to SD5-PAGE wnder non-
reducing conditions followed by
anti-HA&, anti-cMyc or anti-Cterm
PZY 12 immunoblotting. {E) Ex-
tracts from Act-Met-treated cells
{Left) were subjected SOS/PAGE
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under nonreducing conditions, whensas extracts from untreated cells were subjected to 505 /PAGE under redwdng conditions (Right, increasing concentrations

of OTT). Anti-P2Y 12 immunoblotting was then performed.

recepdor. Finally, we provide evidence [or the molecalar inleraction
between Act-Med and P2Y 12

Results

Effect of the Active Metabolite of Clopidogrel on the (ligomeric Forms
of PI1L. P2Y 12 reocplors Lagged at their NH;z wermini with cither
hemagglutinin (HA) or the c-myc epitope were transiently ex-
pressed in HEK295T cells o investigale Lheir stale of mullimer-
iration by using immunoblolling analyses. As illustraled in Fig 14
(keft lanes), anti-HA, anli<Myc and anti-F2Y 12 anlibodics all
identificd monomeric as well as oligomeric receplor specics in
whaole cell v=sates. I should be nobed thal dimers were only delected
with the anti-P2Y 12 antibody, and nol with the anti-tag antibodics.
This may be douc 0 a lesser acoessibility of NHelocatled tags by
anti-Lag antibodics in dimeric struclures, as opposed 1o the acoes-
sibility by the anti P2Y 12 antiserum o the COOH-Iocated peptidic
scquence uscd o raise Lhe antibody. Upon treatment of Lhe cells
with the active melabolile of dopidogrel (Act-Met), the bands
corresponding (o the oligomeric stale of P2Y 12 receplors were no
longer detecied by all three antibodics (Fige 1A, right lancs). The
use of an anti-P2Y 12 antiscrum recognizng the COOH lerminus
of this receplor allosed for the immunodetection of dimers inwhole
cell bmmtes of Ack-Mel-treated oclls. Using Lhis antliscrum, an
imcrease in Lhe intensity of the bands corresponding 1o dimeric and
monomeric forms of P2Y 12 was also observed, podentially reflect-
ing a compensation [or Lthe loss of the oligomeric forms of P2Y 1L
As [or the inghility of the olher two anli-Lag antibodics o delect the
P2Y 12 dimers alter Ac-Med trealmeni, conformations] changes al
the NHz lerminuos of the receplors may climinale recoanilion by the
anti-HA and anti-c-Mwe antibodics.

Hecause Act-Met exhibils a [ree thiol-reactive [unclion {35), we
compared the Ac-Met-induced changes in olipomertotion of
P2Y12 with those induced by 1011, a commonly used thiol-
reducing reagent (Fig. 18). Bolh compounds strongly affected the
high-molecular-mass species of P2Y12 in a concentration-
dependent manner, Act-Mel being al least three orders of magni-
lude more polent than IXIT. However, the bao compounds induced
somewhal dilferent effects on PZY 12 olipomeric organization.
Act-Mel appearcd o prelfereniially disrupl olipomens inko dimers,
whercas treatment with 1IXTT only gencrated monomers. The
getivity of Act-Met on P2Y 12, when compared o IXTT activity,
sccms L0 be restricted o a limiled class of thiol-sensitive chemical
[unctions.

Effect of Act-Met on the Localization of P2Y12 im Lipid Rafts. In Lhe
course of the bochemical characlerization of P2ZY 12 receplors, we
found thal greater amounts of P2Y 12 oligomenc [orms were
obtained when octyl-glucoskde was used lor ocll lvsis instcad of
Tritcn X-100 {data not shown ). This observation led us 0 sngpest

11070 | www pnias org/ogl/doly B0 1073/pnas. 0510886103

that P2Y 12 oligomers could be localed in particular microdomains
wilhin Lthe plisma membrane. These microdomains, g, lipid rafls
{ 28). arc known 1o be insoluble in Triton X-100 due to their lpid
composition, rich in cholesterol and sphingolipids. To ascertain the
presence of PXY 12 oligomers in lipid rale, Triton X-100 cell lvsates
were fractionated by sucrose gradicnt centrifugation and gradicnt
fractions were analyred [or the presence of PZY 12 by immunoblot-
ting. Lipad rali-containing (mactions were monilored by caveolin
immunchlotling, these proleins seryving as a convenienl marker [or
caveolac, a subpopulation of lipid rafis (39). P2Y 12 delection using
the anti-P2Y 12 antibody (Fig. 24 Upper Lefi) showed that oligomers
were mainky located in the microdomain-rich fractions (fractions 4
and 5), whoereas dimers and monomers were predominantly found
in the microdomain-dree fraction 6. This [raction contained the
monomeric, dimeric, & well as the oligomeric form of P2ZY 12

Ader treatment with Act-Mel, olipomers were no longer de-
lecied in any of the gradient [ractions (Fig. 24 Upper Kight'). This
loss/disruption of the P2Y 12 oligomeric enlilics was accompanicd
by an increase in monomers and dimers in ractions 3 and & of the
sucrose aradienl. The vast majorily of monomers and dimers were
redetribuicd oulside microdomains a5 allcsted by their sirong
cnrichment in the gradicnt fraction 6 thal has a very poor content
ol caveolin

We next wanted w verily the sckectivity of the obscrved disrup-
tion and redistribution of P2Y 12 complexes induwced by Act-Mel,
and rule oul any nonspecilic ¢llfect on membrane microdomains
Lhat might resull in ariefacioal pariitioning of proteins ool of lpid
ralis. Microdomains prepared [rom HEK293T cells cocxpressing
c-Myc-P2Y 12 and HA-P2Y 13 were anabered by anti-HA immuno-
blodting. In this helerodogous expression system, P2Y 13 existed as
monomeric and oligomeric specics, Uthe latter in [ar lower amounls
than P2Y12 expressed in those same cells (Fig. 24 Lower Leff).
Both monomeric and olipomernic P2Y 13 species wore mostly asso-
ciated with lipid rafl= ([ractions 4 and 5). In nontreated HEKZ93T
cells, P2Y 13 monomers were largeled 0 ocllular lipid microdo-
mains, a5 opposed o F2Y 12 monomers Lhat were mainly localined
oulside such microdomains. When cells were trealed wilh Act-Mel,
P2ZY 13 kocalization remained unchanged (Fig. 24 Lower Right) in
conirast o P2Y 12, thus demonstrating Lthe selecive action of the
active melabodite of clopidogrel on P2Y 12 olipomems.

To wst the funclionality of the various species, we performed
hinding of [PPREMcS-ADP o the proleins prescal in the sucrose
gradicnt fractions3-7_ The P2Y 12 prodcin content was evaluated by
measuring Lthe intensity on Weslern blols of bands migrated under
reducing conditions (Fig. 28 Uipper). In this expenment, significand
speclic binding was delected in fractions 3-5, identiled as caveolin-
conlaining [ractions (Fig. 28 Lower Left), measured in the same
amounl of proteins deposited. In fraction 6, no binding was delecied
despite s high content in P2Y12. This was particularly obvious
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