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ABSTRACT: Platelet activation is central to the pathogenesis of hemostasis and arterial 
thrombosis. Platelet aggregation plays a major role in acute coronary artery diseases, myo- 
cardial infarction, unstable angina, and stroke. ADP is the first known and an important 
agonist for platelet aggregation. ADP not only causes primary aggregation of platelets but 
is also responsible for the secondary aggregation induced by ADP and other agonists. ADP 
also induces platelet shape change, secretion from storage granules, influx and intracellular 
mobilization of Ca2+, and inhibition of stimulated adenylyl cyclase activity. The ADP- 
receptor protein mediating ADP-induced platelet responses has neither been purified nor 
cloned. Therefore, signal transduction mechanisms underlying ADP-induced platelet respons- 
es either remain uncertain or less well understood. Recent contributions from chemists, bio- 
chemists, cell biologists, pharmacologists, molecular biologists, and clinical investigators 
have added considerably to and enhanced our knowledge of ADP-induced platelet respons- 
es. Although considerable efforts have been directed toward identifying and cloning the ADP- 
receptor, these have not been completely successful or without controversy. Considerable 
progress has been made toward understanding the mechanisms of ADP-induced platelet 
responses but disagreements persist. New drugs that do not mimic ADP have been found 
to inhibit fairly selectively ADP-induced platelet activation ex vivo. Drugs that mimic ADP 
and selectively act at the platelet ADP-receptor have been designed, synthesized, and eval- 
uated for their therapeutic efficacy to block selectively ADP-induced platelet responses. 
This review examines in detail the developments that have taken place to identify the ADP- 
receptor protein and to better understand mechanisms underlying ADP-induced platelet re- 
sponses to develop strategies for designing innovative drugs that block ADP-induced platelet 
responses by acting selectively at the ADP-receptor and/or by selectively interfering with 
components of ADP-induced platelet activation mechanisms. 

KEY WORDS: Purinergic Receptors, ADP-receptor, aggregin, identification and clon- 
ing, ADP-induced platelet activation mechanisms, drugs inhibiting ADP-induced platelet 
aggregation. 
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ABBREVIATIONS: CP, creatine phosphate; CPK, creatinephosphokinase; PEP, 
phosphoeno;pyruvate; PK, pyruvate kinase; FSBA, 5)-fluorosulfonylbenzoyladenosine; 
FSBG, 5’p-fluorosulfon yl benzoy lguanosine; o ADP, adenosine 5’-diphosphate 2’,3’-dialdehyde; 
roADP, adenosine 5’-diphosphate 2’,3’-dialchol; 2-MeS-ADPY 2-methylthio-ADP; 2-N3- 
ADP, 2-azido-Adenosine 5’-diphosphate; 2-AzPET-ADP, 2-(p-azidophenyl)ethylthioadenosine 
5’-diphosphate; ATP-a-S, adenosine 5’-0-(-2-thiophosphate); AMPCCI,P, a$-dichloro- 
methylene-adenosine 5’-diphosphate; AMPCF,P, a$-difluoromethy lene-adenosine 5’-diphos- 
phate; AMPNP, a7j3-imido-adenosine 5’-diphosphate; AMPPCP, P,y-methlyene-adenosine; 
Ap,A, a,o-diadenosine polyphosphate; WR-K, Woodward’s Reagent-K, N-ethyl-5-phenyl- 
isooxazolium-3’-sulfonate; NaBH,, sodium borohydride; 2-BOP-TADP7 2-(3-bromo-2-oxopro- 
pyl thio)adenosine-5’-diphosphate; 2-BDB-TADP7 2-(4-bromo-2,3-dioxobutylthio)adenosine- 
5’-diphosphate; 6-BDB-TADP7 6-(4-bromo-2,3-dioxobutylthio)adenosine-5’-diphosphate; 
8-BDB-TADP7 8-(4-bromo-2,3-dioxobutylthio)adenosine-5’-diphosphate; pCMBS, p-chloro- 
mercuribenzenesulfonate; NBD-CI, 7-chloro-4-nitrobenz-2-oxa- 1,3-diazole; A23187, a cal- 
cium ionophore; U46619,9, l l-dideoxy-9a, l l a  -methanepoxy prostaglandin F2a; vWF, von 
Willebrand Factor; PAF, platelet activating factor; PMA, phorbol 12-myristate 13-acetate; 
[Ca2+],, intracellular calcium ion concentration; AA, arachidonic acid; PIP,, phosphatidyli- 
nositol-4,5-bisphosphate; IP,, inositol- 174,5-triphosphate; IP,, inositol- 173,4,5-tetrakisphos- 
phate; DAG, diacylglycerol; PKC, protein kinase C; PLC, phospholipase C; PLA,, phospho- 
lipase A,; PDGF, platelet-derived growth factor; W P D ,  storage pool deficiency due to 
defects in dense granule secretion; CFV, cyclic blood flow variation; SDS-PAGE, sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis; PRP, platelet-rich plasma; GP, glycopro- 
tein; TM, transmembrane. 

1. INTRODUCTION 

Nucleotides have long been known to act 
as stores of chemical energy that are used in 
metabolic processes and repositories of struc- 
tural information that are used in the assem-. 
bly of DNA and RNA. Szent-Gyorgyi first 
brought the awareness to the scientific com- 
munity that extracellular nucleotides such 
as ATP also exert effects on the cardiovascu- 
lar physiology.’ Although unnoticed for al- 
most 20 years, this discovery led to an enor- 
mous surge of interest in the extracellular 
effects of ATP on a wide variety of cellular 
responses.2-L2 More recently, the role of the 
extracellular ATP in modulating autoirn- 
mune functionsL3J4 and apoptosis in thymo- 
cytes, macrophages, and other cells has come 
to light.LsJ6 

ADP was not only the earliest but the 
first low-molecular-weight compound identi- 
fied as a platelet agonist. Hellem demonstrat- 
ed that a low-molecular-weight compound 
derived from red cells induced adhesion of 
the cells to glass;’’ the same compound was 
later found to aggregate plateletsL8 and identi- 
fied as ADP.I9 Born first showed that ADP 
induced platelet aggregation in Be- 
cause platelet aggregation induced by ADP 
was antagonized by adenosine and compounds 
structurally similar to ADP, it was thought 
that ADP-induced platelet aggregation played 
a central role in aggregation induced by oth- 
er agonists.2L.22 Later on it was demonstrated 
that ADP was not responsible for the primary 
wave of aggregation observed with several 
platelet a g o n i s t ~ . ~ ~ . ~ ~  ADP is also released 
from intracellular stores and the released 
ADP is responsible for the secondary wave 
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of aggregation seen during platelet stimula- 
tion by other agonists. ADP stimulates pn- 
mary aggregation of platelets and the ADP 
secreted by the storage granules produces 
secondary aggregation. Understanding of the 
biochemical and cellular mechanisms under- 
lying ADP-induced physiological responses 
has required participation of several disci- 
plines, including cell biology, pharmacolo- 
gy, and, more recently, molecular biology. 

I I .  ADP-INDUCED PLATELET 
AGGREGATION AND CLINICAL 
IMPORTANCE 

Why has ADP-induced platelet aggre- 
gation been singled out for extensive and 
intensive investigation? Platelet aggregation 
is central to the pathogenesis of hemostasis 
and arterial thrombosis. Platelet aggrega- 
tion plays a major role in acute coronary 
artery diseases, myocardial infarction, unsta- 
ble angina, and s t r ~ k e . ~ ~ - ~ ~  The deposition 
of platelets on an injured vessel wall is also 
important in hemostatic plugs as well as 
thrombus formation and depends on the rhe- 
ology of blood flow, blood components, and 
properties of the vessel Adherence 
of platelets to injured vessel wall is also fa- 
cilitated by the release of the contents of 
their storage granules into the surrounding 
medium. Low-molecular-mass substances 
such as ADP, ATP, serotonin, and, Ca2+ are 
components of the platelet dense granules 
and dense tubular system, respectively; high- 
molecular-mass substances such as adhe- 
sive, coagulant, and mitogenic proteins are 
components of a-granules. The interaction 
of components released from the storage 
granules of platelets exposed to stimuli leads 
to their interaction with binding sites for these 
components on platelet surface leading to 
platelet activation or with other components 

on the surface of blood or vascular cells lead- 
ing to cell-cell communication. ADP-induced 
platelet activation in vivo promotes platelet 
adhesion to exposed surface of the vessel wall 
at the site of injury and is mediated by glyco- 
protein-Ib (GPIb) complex and von Willebmnd 
factor ( V W F ) ~ ~ , ~  followed by platelet-plate- 
let bridge formation (aggregation) that is me- 
diated by the adhesive proteins and confor- 
mationally competent GPIIb-IIIa complex, 
a receptor for f i b r i n ~ g e n . ~ ~ . ~ ~  

ADP-removing enzyme systems crea- 
tine phosphate (CP) with creatine phospho 
kinase (CPK) and phosphoenolpyruvate (PEP) 
with pyruvate kinase (PK) when injected into 
the superior mesenteric artery have been shown 
to increase bleeding times significantly in rats 
and rabbits.37 CPWCP and PEPPK have been 
shown to inhibit significantly deposition of 
platelets to type I collagen, suggesting a 
role of ADP in mediating platelet recruit- 
ment in thrombus formation. Clopid~gre l ,~~  
a drug that inhibits ADP-induced activation 
of platelets in vivo, has been shown to com- 
pletely abolish cyclic blood flow variations 
(CFVs) in stenosed and endothelium-injured 
coronary arteries, suggesting that ADP an- 
tagonists may provide significant protection 
against platelet aggregation leading to path- 
ophysiological states in clinical settings.39 
Ti~lopid ine~~ and PCR 4099,4' like clopi- 
dogrel, block ADP-induced platelet activation 
in vivo and were found to completely inhibit 
ADP-induced platelet aggregation ex vivo 
in rats and greatly prolonged rat tail transec- 
tion bleeding time, suggesting that ADP plays 
a key role in thrombogenesis.42 

A congenital defect of platelet functions 
in a human patient due to severe impair- 
ment of the primary wave of platelet aggre- 
gation induced by ADP and other agonists 
that release ADP from intracellular stores 
has been described.43 Impairment of platelet 
aggregation due to defective interaction 
between ADP and its platelet receptor or the 
defect in the receptor protein itself has been 
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linked to a spasmodic history of brief epi- 
sodes of excessive bleeding in another pa- 
tient.44 Storage pool disease (6-SPD) due to 
defects in the storage of nucleotides andor 
their secretion from dense granules has been 
shown to lead to impairment of platelet ag- 
gregation in response to collagen and other 
stimuli due to absence of the potentiating ef- 
fects of ADP released during ~ e c r e t i o n . 4 ~ ~ ~  
ADP-induced primary aggregation of plate- 
lets is related to increasing age regardless of 
sex.48 The rate of primary wave of aggrega- 
tion increased with an increase in age (up to 
50 years). The same pattern was observed 
with the secondary wave of aggregation, but 
only with 

ADP-induced platelet activation, par- 
ticularly the ADP-induced platelet aggrega- 
tion, plays a key role in maintaining normal 
hemostasis and thrombosis. Defects in the 
binding of ADP to its receptor or the abnor- 
malities in the ADP-receptor protein could 
have pathophysiological consequences. There- 
fore, characterization of the platelet ADP- 
receptor protein and availability of mono- 
clonal antibodies to the receptor could pave 
the way to elucidate signal transduction mech- 
anisms underlying ADP-induced platelet ac- 
tivation and help design specific antithrom- 
botic drugs that might prove useful in clinical 
settings. 

logical but also biochemical information.50 
Such a description of purinoreceptors is 
helpful in understanding the place of an 
ADP-receptor and ADP-induced platelet 
activation in the broader context of cell re- 
sponses mediated by purinoreceptors. 

A. P I  -Purinergic Receptors 

Purinoreceptors were initially divided 
into two broad catagories: P1-purinergic re- 
ceptors that followed the agonist potency 
order of adenosine > AMP > ADP > ATP 
and P2-purinoreceptors that followed the 
agonist potency order of ATP > ADP > 
AMP > adenosine.s1 Subsequently, another 
criteria of biochemical responses was added 
and led to the proposal for subclassification 
of purinergic receptors. The PI-purinergic 
receptors for adenosine were divided into 
A,- and A,-receptor~~~ or R,- and R,-recep- 
tors.s3 A,-and A,-receptors appeared to be 
similar to R,- and R,-receptors.s4 This clas- 
sification has been amended to accommo- 
date additional pharmacological responses 
mediated by adenosine receptorss5 and places 
them in the seven transmembrane (TM) 
superfamilys6 of which crystalline bacterio- 
rhodopsin is structurally archetypical. 

I I I .  PU R I NO R EC E PTO RS 
B. P2-Purinergic Receptors 

The concept that nucleotides mediate 
physiological responses by binding to spe- 
cific binding sites on cell surfaces was put 
forward by Burn~ tock .~~  Purinergic recep- 
tors have been classified based on the rela- 
tive potencies of agonists and antagonists 
for these receptors. More recently, it has 
been suggested that classification of recep- 
tors should also include not only pharmaco- 

P2-purinoreceptors were initially divid- 
ed into P2X and P2Y categorie~.~’ Since 
then the enormous amount of literature in 
the area of purinoreceptors made it  neces- 
sary to include additionally P2X-, P2Z-, 
nu-, P2T-, P2D (P3)-, and P4-type puriner- 
gic receptors in the parent category of P2- 
purinergic  receptor^.^^^ 
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1. P2X-Purinergic Receptors 

P2X type purinergic receptors are ligand- 
gated ion (Na+, K+, and Ca*+)-channel .~~.~~.~~ 
(alternatively named as ionotropic ATP re- 
ceptors)@ for which the agonist potency or- 
der is a$-methylene ATP (@-Me-ATP) > 
P,y-Me-ATP > ATP = 2-methylthio-ATP 
(2-MeS-ATP).60 P,y-Me-L-ATP (L-AMP- 
PCP) is not only the most potent agonist 
acting at P2X receptors but also the most 
selective because it displays no agonist or 
antagonist activities at any of the known 
P2-recept0rs.5~ Pyridoxal phosphate-6-azo- 
phenyl-2’,4’-disulfonic acid (PPADS) is a 
very potent inhibitor of P2X purinorecep- 
tor-mediated cellular responses.6’ GTP, CTP, 
UTP, and ADP are as active as ATP at P2X 
re~ept0rs.s~ P2X receptors are widely distrib- 
uted and evoke responses in various areas 
of brain as well as contraction of cardiac 
and smooth muscle. Recently, the presence 
of P2X Receptors in differentiated HL-60 
cells has been reported.66 P2X receptors in 
NGF-differentiated PC- 12 cells@ and vas 
deferens cells67 have been cloned using Xe- 
nopus oocyte expression cloning system. A 
characteristic structural feature of the cloned 
P2X receptors is that they exhibit only two 
hydrophobic  domain^,^.^^ a structural feature 
that distinguishes them from other ligand- 
gated ion channels that have three to five 
hydrophobic d0rnains.6~ 

2. P2Y-Purinergic Receptor 

ATP-binding P2Y receptors are G-pro- 
tein coupled receptors and act via stimula- 
tion of phospholipase C (PLC) leading to the 
formation of inositol- 174,5-triphosphate (IP,) 
and diacylglycerol (DAG) as well as an in- 
crease in intncellular levels of Ca2+ [Ca2+]i.68-70 

P2Y receptors also have been shown to mod- 
ulate intracellular levels of and 
arachidonic acid (AA) me tab~ l i sm.~~  P2Y- 
purinergic receptors follow the agonist PO- 

tency order 2-MeS-ATP >> ATP > a$- 
Me-ATP > P,y-Me-ATP. GTP, CTP, UTP, 
and ADP are as potent in inducing relax- 
ation of taenia ~ 0 1 i . ~ ~  Suramin is a nonspe- 
cific antagonist of P2Y receptors;72 reactive 
blue has been shown to be a somewhat more 
selective antagonist of cellular responses me- 
diated by P2Y receptors.60 The metabotropic 
P2Y-purinergic receptors are 7-TM G-pro- 
tein coupled receptors, but the mode of bind- 
ing of the adenine ring differs from that of 
G-protein coupled 7 TM adenosine recep- 
t o r ~ . ~ ~  The P2Y, (human),73P2Y2 (h~man),’~ 

(chicken),78 P2Y6 (rat),79 and P2Y7 (human)80 
receptors have been cloned. The numerical 
order of the P2Y receptors corresponds to 
the order in which they have been cloned. 
There are some noteworthy structural fea- 
tures among the PZY receptors that are pre- 
sent in the N-terminus of the extracellular 
domain as well as in TM1 through TM756 
regions that are also present in the sequences 
of members of the G-protein coupled recep- 
tor family.81 It has been suggested that P2Y 
receptors should be numerically numbered 
according to the common structural features 
inherited by them instead of the order in 
which they have been cloned.56 The P2Y re- 
ceptors are widely distributed and are present 
in brain neurons, astrocytes, osteoblasts, en- 
dothelial and epithelial cells, pituitary and 
pancreatic p-cells, and hepatocytes. 

P2Y3 (~hicken),~’ P2Y, ( h ~ m a n ) , ~ ~ . ~ ~  P2Y 5 

3. P2Z-Purinergic Receptors 

P2Z-purinergic receptors are unique and 
are activated only by ATPG.82 When ATP 
is chelated with Mg2+ or Ca2+, it is rendered 
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ineffective in stimulating cellular responses 
mediated by P2Z receptor. Binding of AT€"'- 
renders the cells nonselectively permeable 
to Na+, K+ and Ca2+ and allows the flux of 
substances up to 900 Da. GTP, CTP, UTP, 
ADP, and AMP are inactive at P2Z. Anoth- 
er peculiar characteristic of P2Z Receptors 
is that they do not distinguish between S ,  
and R, stereoisomers of phosphothioate an- 
alogs. No selective antagonists of this recep- 
tor are known. However, 10-fold molar ex- 
cess of 2-MeS-L-ATP added simultaneously 
with ATP inhibited by 50% permeabilization 
of rat mast cells.83 P2Z-purinergic receptors 
are present in inflammatory cells, such as 
macrophages and mast cells.58 

4. P2U-Purinergic Receptors 

P2U-Purinergic Receptors are activated 
by UTP as well as ATP.68*74 P2U receptors 
are also metabotropic and coupled to G-pro- 
teins. Stimulation of PLC leads to phospho- 
inositide metabolism and an increase in 
[Ca2+]i.74 The P2U receptor cloned from 
human sources is also responsive to ATP.74 
P2U receptors described by Erb et aLE4 and 
Lustig et al.85 appear to have the same 
metabotropic characteristics and are stimu- 
lated by UTP and ATP. Photoaffinity label- 
ing of the cloned P2U receptor 3'-0 
(4-benzoyl benzoy1)adenosine-5'- [ ~ t - ~ ~ p ]  
triphosphate suggests that the binding site 
for ATP and UTP may be distinct. The P2U 
receptor cloned from chick brain by Com- 
muni et al. exhibits a preference for uridine 
over adenine nucleotides and therefore con- 
stitutes the first example of a pyrimidinergic 
receptor.77 UTP and ATP have been shown 
to evoke C1- currents in airway epithelia 
that are generated by a mechanism different 
from the one involved with cystic fibrosis 
(CF) membrane conductance regulator.86 
This finding is important because it  sug- 

gests that nucleotides may be therapeuti- 
cally beneficial for the induction of C1- se- 
cretion in the airways of individuals with 
CF.87-89 There are no known specific an- 
tagonists of P2U-purinergic receptors. 

5. P2T-Purinergic Receptors 

P2T receptors located in blood platelets 
are unique because ADP is an agonist and 
ATP an antagonist. ATP and AMP are com- 
petitive antagonists at P2T  receptor^.^.^^ CDP, 
UDP, GDP are almost inactive at P2T recep- 
tors. Binding of ADP at P2T stimulates re- 
lease of Ca2+ from intracellular stores as well 
as influx of extracellular Ca2+92-96 and causes 
inhibition of prostaglandin-stimulated 
adenylyl cyclase activity?' The agonist po- 
tency rank order for P2T receptors is 2-MeS- 
ADP > ADP = 2-C1-ADP.90s98.99 The antago- 
nists for the P2T receptors are discussed in 
detail separately later on in Section IV. For a 
long time the existence of P2T receptors was 
limited to platelets. In the last few years, the 
presence of P2T receptors has been demon- 
strated in megakaryoblastic cell line CHRF- 
288-1 I ,loo human erythroleukemia (HEL) 
ce11s,101J02 U937 and K562 leukemia cells,lol 
and megakaryocytic Dami cells,103 all of 
which express platelet proteins. 

6. P2D (P3) and P4-Purinergic 
Receptors 

Diadenosine polyphosphates (Ap,A, n = 
2 - 6) are a class of nucleotides that are 
gaining increasing attention in the extracel- 
lular regulation of a variety of cellular sys- 
terns6' They are found in the dense gran- 
ules of plateletslMJo5 and adrenal chromaffin 
cells.IM Binding of adenosine polyphosphate 
to platelets can cause platelet aggregation107 
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and inhibition of ADP-induced platelet ag- 
gregation;Io5Jo8Jw binding to chromaffh cells 
causes release of catecholamines.l10 Avail- 
able evidence suggests that they also regu- 
late intracellular mobilization and uptake of 
Ca2+ in chromaffin cells.61 Although they 
appear to show similarities with P2Y recep- 
tors in this respect, a separate classification, 
P2D or P3, has been suggested for receptors 
that bind with high affinity to diadenosine 
polyphosphates.6l Recently, different bind- 
ing sites for ATP and ApDA on rat brain 
synaptic terminals have been detected; those 
binding to ApnA have been termed as P4- 
purinergic receptors.61 

IV. REVERSIBLE AGONISTS 
AND ANTAGONISTS 
AT P2T-RECEPTOR 

Chemical modification of ADP can be 
carried out in the adenine ring, ribose moi- 
ety, and diphosphate moiety. Substitution at 
the C, position results in lowering or com- 
plete loss of agonist potency. 8-Br-ADPIII 
is a weak reversible inhibitor and 8-(4-bromo- 
2,3-dioxybutylthio)adenosine-5’-diphos- 
phate [8-BDB-TADPI1l2 is an irreversible 
(covalent) inhibitor of ADP-induced plate- 
let activation. Substitution at C, produces 
ADP derivatives that are either as potent as 
ADP or more potent than ADP in inducing 
platelet activation. 2-CI-ADP, 2-N3-ADP 
and 2-MeS-ADP are more potent than ADP 
as platelet agonists 90, 98~113 and their actions 
are completely antagonized by ATP.98 2-MeS- 
ADP, 2-ethylthio-ADP (2-EtS-ADP), and 
2-butylthio-ADP (2-BUS-ADP) have all 
been shown to activate platelets.l13 2-(4-bromo- 
2,3-dioxobutylthio)adenosine-5’-diphos- 
phate [2-BDB-TADP] (Figure lc) at short 
time intervals has been shown to be half as 
potent as ADP in eliciting platelet respons- 

e ~ . ~ ~ ~  The effect of substitution at C, on the 
ability of ADP analogs to activate platelets 
is discussed in more detail in the following 
section in this review. Gough et al. demon- 
strated that small functional groups at N6 
reduced and large substitution completely 
abolished the ability of ADP-analogs to aggre- 
gate p1atelets.II3 Investigations carried out 
in our laboratory showed that 5’-p-fluorosul- 
fonylbenzoylguanosine (FSBG) (Figure 2c), 
unlike 5’-p-fluorosulfonylbenzoyladenosine 
(FSBA) (Figure 2b), was completely inef- 
fective in inhibiting platelet aggregation by 
agonists that depend on binding of ADP to 
its receptor.Il5 6-(4-bromo-2,3-dioxobu- 
tylthio)-adenosine-5’-diphosphate [6-BDB- 
TADP] (Figure 1 b) was a reversible inhibi- 
tor of ADP-induced platelet activation.Il4 

Chemical modification of ribose moiety 
in ADP results in loss of ADP-induced plate- 
let functions. Adenosine-5’-diphosphate 
2’,3’-dialdehyde (oADP) (Figure 3b) and 
adenosine-5’-diphosphate 2’,3’-dialcohol 
(roADP) (Figure -3c) only induce platelet 
shape change.116.117 They are completely 
ineffective in eliciting other platelet re- 
sponses, such as aggregation,116*117 and in- 
tracellular mobilization of Ca2+.II7 When 
platelets are exposed to oADP for longer 
periods of time, i t  inhibits ADP-induced 
platelet aggregation,lI6.’ I 7  secretion,II7 and 
mobilization of [Ca2+Ii.II7 Adeninearabinosyl 
5’-diphosphate did not elicit shape change 
or aggregation but inhibited ADP-induced 
platelet shape change.II7 Work from our 
laboratory demonstrated that oADP and 
roADP can interact with P2T receptor but 
fail to activate signal transduction machin- 
ery necessary for platelet a~ t iva t i0n . I~~ 

Chemical modifications in the diphos- 
phate moiety have a varying degree of in- 
fluence on the ability of ADP-analogs to 
modulate platelet functions. Adenosine 5’- 
0-(-2-thiophosphate) [ADP-P-S] can act as 
a partial agonist, whereas ADP-a-S is com- 
pletely ineffective; instead, i t  is a competi- 
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0 0  

'>CH2 -C -C-CH2 -Br 
N 5 N  II II 

'N N I 9 0 II - 

l-7 
H O  O H  

0 0  
II I I  

CH2 -C-C-CH2-Br 
I 
S 

.'.J: I! N 

N 
\> 

0 
II - 0 

N- 

o-P-o-P-o 
t, - t, - b 

HO O H  

(a) 8-BDB-TADP (bj 6-BDB-TADP 

0 0  
II II 

Br-C-C-CH2 

N 
\> 

N- 

lo 'Y- 
O 
II - 0 

'0 - P - 0  - P - 0  
I I 

0 - 0 - 

H O  OH 

(c) 2-BDB-TADP 

0 

H'O OH 

(d) 2-BOP-TADP 

0 
It - 0 

, o - P - 0 - P - 0  
6 - 6 - 

FIGURE 1. Chemical representations of chemically reactive ADP-affinity analogs. 8-BDB-TADP 
(a),112 6-BDB-TADP (b),l14 2-BDB-TADP (c),l14 and 2-BOP-TADP (d).128 For complete name of the 
nucleotide analogs, please refer to abbreviations. 
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0 - 0 - 

0 
I1 

0 - P - 0 - P - 0  
I I 

HO O H  

(a) ADP 

0 
F - S  
0 

I 

I 

HO OH 

0 

H O  O H  

(c) FSBG 

FIGURE 2. Chemical representations of nucleotides modified at 5'-position. FSBA (b)lS and 
FSBG (c).115 ADP (a) is included for comparison. 
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0 - P - 0 - P - 0  
I 

0 - I - O l d  

H O  O H  

I I 

- 0 o-p-o-~-ok”\il - 
H C  CH 

I I  I I  
0 0  

I I 

- 0 o-p-o - - : - O k ” d  
H z C  C H 2  

I I  
H O  O H  

(a) ADP 

(b) oADP 

(c) roADP 

FIGURE 3. Chemical representations of ADP-aff inity analogs 
modified in the ribose moiety. oADP (b)l16e117 and roADP (c).l168117 
ADP (a) is included for comparison. 
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tive antagonist of ADP-induced inhibition 
of stimulated adenylate cyclase activity.11sJ19 
a$-Dichloromethylene-ADP [AMPCCl,P] 
is equipotent and a$-difluoromethylene-ADP 
[AMPCF,P] is more potent than a,P-Me ADP 
as antagonist of ADP-induced platelet aggre- 
gation and inhibition of stimulated adenylyl 
cyclase activity.lZ0 AMP and ATP are both 
competitive inhibitors at P2T r e c e p t ~ r . ~ . ~ '  
a,PImido-ADP (AMPNP) is a poor agonist 
at the P2T receptor.120 2-CI-ATP7 2-chloro- 
adenosine-5'-monophosphorothioate [2G- 
AMPSP], P,ymethylene-ATP (AMPPCP), Sp- 
and Rp-ATP-a-S and y-fluoro-ATP have 
been shown to be competitive antagonists at 
P2T receptor.w 2-Alkylthio analogs of ATP 
were found to be non-competitive inhibitors 
at P2T receptor.lZ1Jz2 

a,oDiadenosine polyphosphates (Ap,A) 
have been shown to be antagonists of ADP- 
induced platelet aggregation.loS Ap,A has 
been shown to be the most potent of all the 
Ap,,A analogs (n = 2 - 6), as an inhibitor of 
ADP-induced platelet aggregation.lo8 Due 
to the presence of an axis of symmetry in 
the structure of Ap,A, it was thought that it 
might act competitively with ADP at P2T 
receptor.Io8 However, one- and two-dimen- 
sional proton magnetic resonance investiga- 
tions of ApnA (n = 2 - 6) showed that base 
stacking was minimum in Ap,A and Ap3A.lW 
It remains to be determined that it is also 
true of the platelet bound Ap,A and Ap,A. 
Therefore, the molecular basis for the strong 
inhibitory action of Ap,A on ADP-induced 
platelet aggregation remains to be ascertained. 

The P2T receptor exhibits stereoselec- 
tivity toward ligands that act as agonists and 
antagonists of the receptor: Rp-ADP-a-S is 
five times more stereoselective than the Sp- 
ADP-a-S at the.P2T receptor. Similarly, Rp- 
ATP-a-S is almost twice as potent as Sp- 
ATP-a-S in inhibiting ADP-induced platelet 
aggregation." L-ADP, ~-N,-L-ADP and 2-C1- 
L-ADP are completely inactive as agonists 
or antagonists at P2T receptor.'23 In marked 

contrast, ~-N,-L-ATP, ~-CI-L-ATP and 2- 
MeS-L-ATP are 25- to 125-fold more potent 
than their enantiomeric counterparts as ago- 
nists at P2Y r e ~ e p t 0 r . I ~ ~  

V. 2-SUBSTITUTED ADP 
ANALOGS 

Substitution, large or small, at C, in ADP 
produces compounds that have similar ap- 
parent affinities at P2T receptor.s8 2-N,- 
ADP124J25 (Figure 4a) was found to be 5-fold 
more potent, and 2-Cl-ADP and 2-MeS- 
ADP124J26 were 10-fold more potent than ADP 
in inducing platelet aggregation. 2-AzPET- 
ADP126 (Figure 4b), 2-aminopropyl-thioadeno- 
~ine5'-diphosphate,l~~ and 2-BDB-TADPlZ8 
were found to be less potent than ADP in 
inducing platelet aggregation. Furthermore, 
at the same concentration the potency of ADP 
analogs to induce elatelet aggregation is dif- 
ferent from the potency to cause inhibition 
of intracellular CAMP formation. What is 
the molecular basis for comparing the rela- 
tive potency of ADP analogs? 2-Cl-ADP, 2- 
N,-ADP, and 2-MeS-ADP not only contain 
substituents at C, that have different sizes 
but also are covalently bound to C, by a 
hetero atom that has different ionic radius 
and carries different number of lone pairs of 
electrons in their outermost electronic shell. 
Electronic interactions with neighboring at- 
oms are the result of the number of lone 
pairs of electrons and configuration of orbi- 
tals (s,p,d,f) that hold these electrons. Size 
of an atom, therefore, manifests itself in po- 
sitioning a hetero atom in relation to other 
atoms in its neighborhood. Inspection of the 
structure of a C,-substituted ADP analog does 
not permit predictions about its potency as 
a platelet aggregating agent and inhibitor of 
stimulated adenylyl cyclase activity. It is 
not possible to predict. the relative potency 
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0 
- +  

II - 0 I II 

H O  OH 

(a) 2-N3-ADP 

0 
II  - 0 

A 
II 

N=N=N - -I- e C H 2 - C H 2 - S  

0 -P -0 - P - 0  
6 - 6 - 

H O  O H  

(b) 2-AzPET-ADP 

FIGURE 4. Chemical representations of ADP-affinity analogs containing the azido group. 2-N3- 
ADP (a)124.125 and (b) ~-AZPET-ADP.*~~ 

of compounds such as 2-N,-ADP124 (Figure 
4a) and ~ -AzPET-ADP*~~  (Figure 4b), al- 
though they cany the same reactive function- 
ality, the azido group, but are bonded to C, 
in ADP by nitrogen and sulfur, respectively. 
Recent investigations from our laboratory 
showed that 2-BDB-TADP [2-(4-bromo-2,3- 

dioxobuty1thio)adenosine 5'-diphosphate] 
(Figure lc) was half as potent as ADP in 
inducing platelet shape change, aggregation, 
exposure of fibrinogen binding sites, sero- 
tonin from dense granules and mobilization 
of [Ca2+]i.114 In order to examine the effect 
of the size of the substitution at C, in ADP, 
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we synthesized 2-BOP-TADP [2-(3-bromo- 
2-oxopropy l thio)adenosi n-5’-diphosphate] 128 

(Figure Id) and investigated and compared 
its potency with ADP in inducing various 
platelet responses. 2-BOP-TADP is one car- 
bon atom lower homolog of 2-BDB-TADP, 
but the two compounds contain the same chem- 
ical functionality and are bound to C, in ADP 
by a carbon atom. It was found that at equi- 
molar concentration, 2-BOP-TADP was as 
potent as ADP in eliciting platelet respons- 
es.128 We suggest that the size of the sub- 
stituent at C, in ADP has a bearing on the 
potency of an ADP analog to elicit platelet 
responses. Moreover, the size of a substitu- 
ent at C, in AMP has a bearing on its poten- 
cy to inhibit ADP-induced platelet responses. 
For example, the rank order of potency for 
inhibiting ADP-induced platelet aggrega- 
tion by 2-alkylthio analogs of AMP was 
found to be 2-ethylthio-AMP > 2-(pentan- 
1-y1)-AMP > 2-meth~1thio-AMP.l~~ We be- 
lieve this to be true for ATP derivatives as 
well. 

VI. IDENTIFICATION OF THE 
PLATELET ADP-RECEPTOR 

A. Photoaffinity Labeling 

Agonists and antagonists that bind re- 
versibly at P2T receptor, by definition are 
unsuitable for covalent labeling with radioac- 
tive compounds necessary for the identifica- 
tion of the ADP-receptor protein. 2-N3-ADP 
(Figure 4a) has been shown to aggregate plate- 
lets and inhibit stimulated adenylate cyclase 
activity.12s 2-N3-ADP has also been used to 
label the active-site of adenosine deami- 
n a ~ e . ’ ~ ~  Attempts to identify the platelet 
ADP-receptor protein by photoaffinity la- 
beling with 2-N3-[P-32P]-ADP, however, 

were unsucce~sful.~~~Photoaffinity labeling 
of platelets by ~-AzPET-[P-~~P]-ADP (2-(p- 
azidopheny1)ethylthioadenosine [P-32P]-5’- 
diphosphate) (Figure 4b), an ADP analog 
that also aggregated platelets and inhibited 
intracellular formation of CAMP resulted in 
the labeling of several proteins in the range 
of 20 to 200 kDa; incorporation of the label 
into a 43-kDa protein was inhibited by 0.8 
mM ADP and ATP.’26 Other prominent 
bands of radioactivity in the autoradiogram 
of platelets labeled with ~-AzPET-[P-~~P]- 
ADP correspond to proteins of 68 and 100 
kDa.126 The band of radioactivity at 68 kDa 
has been ascribed to radiolabeled albumin 
present as contaminant in the platelet wash- 
ing and suspension buffer, but seems un- 
likely in washed platelets. Actin (43 kDa) 
has been shown to be radiolabeled when 
isolated platelet membranes, but not intact 
platelets, were exposed to [,H]-FSBA, an 
ADP-affinity Firm evidence 
that the 43-kDa protein labeled by 2-AzPET- 
[P-32P]-ADP is not actin has been lacking.126 

ATP-a-S is a potent antagonist of ADP- 
induced platelet responsesg0 and also binds 
tightly to the ADP-binding sites on plate- 
l e t ~ . ~ ~ ~  Photoaffinity labeling of intact plate- 
lets with [35S]-ATP-a-S resulted in the in- 
corporation of the radiolabel in a 120-kDa 
protein identified as GPIIba.IM These re- 
sults only suggest that there is a nucleotide 
binding site on GPIIb and in no way indi- 
cate that GPIIb is a candidate for the platelet 
ADP-receptor.lW Platelets from individuals 
with Glanzmann’s thrombasthenia (impair- 
ment andor lack of GPIIb) show normal 
ADP-induced platelet shape change and in- 
flux of Ca2+,13 but are poorly labeled with 
[3SS]-ATP-a-S.136 Furthermore, GPIIb has 
been shown to be radiolabeled with [,%I- 
GTP-a-S and [3sS]-UTP-a-S.136 GPIIb has 
never been shown to be labeled with any 
ADP-affinity analog. The platelet ADP-re- 
ceptor has never been shown to be labeled 
with a GTP or a UTP affinity-analog and 
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platelet responses induced by ADP are not 
inhibited by GTP and UTP. 

Mayinger and Gawaz demonstrated that 
~-N,-[Y-~~P]-ATP labeled both GPIIb and 
GPIIIa of the GPIIb-IIIa complex (the fibrin- 
ogen receptor) in human blood platelets and 
suggested that extracellular nucleotides mod- 
ulate platelet responses by directly regulat- 
ing the fibrinogen re~ept0r.l’~ It seems that 
~-N,-[Y-,~P]-ATP and [35S]-ATP-a-S label 
the same protein, GPIIb, on platelet surface, 
thus preventing the binding of fibrinogen to 
its receptor, resulting in the inhibition of 
ADP-induced platelet aggregation. 

8. Photoaff inity Labeling: 
Effects of Ultra-Violet Radiation 
on Cellular Responses 

Photoaffinity labeling requires the photo- 
lytic action of ultraviolet (UV) radiation on 
a photolabile group incorporated into si te-spe- 
cific affinity ligand. Cyclic n u c l e o t i d e ~ ’ ~ ~ - ~ ~  
and n u ~ l e o t i d e s ~ ~ ’ J ~ ~  containing photolabile 
groups have been used in the photoaffinity- 
labeling of functional proteins for which they 
are competitive inhibitors. UV radiation-in- 
duced labeling of non-competitive blockers 
of acetylcholine receptor has been used to 
ascertain binding site of these blockers on 
the r e~ep t0 r . l~~  Photoaffinity labeling of pro- 
teins in intact cellular systems frequently 
does not take into account effects of W radi- 
ation on cellular responses before designing 
experiments largely because of the lack of 
scientific information available on the sub- 
ject prior to 1990. W radiation has now 
been shown to expose fibrinogen binding 
sites on platelets leading to platelet aggrega- 
tion.144J45 UV radiation-induced exposure of 
fibrinogen binding sites was correlated with 
PKC act i~at i0n.I~~ Exposure of platelets to 
W radiation has been shown to cause pro- 

gressive increase in the expression of activa- 
tion markers P-selectin (GMP-140: CD 62) 
and LIMP (GP 53: CD 63) on the platelet 
membrane over a time in a dose-dependent 
manner.147 The phenomenon of UV radia- 
tion-induced cellular activation is not limit- 
ed to platelets. It has been shown that UV 
radiation induces tyrosine phosphorylation 
in lymphocytes in a dose- and wavelength- 
dependent manner and also induces Ca2+ 
signals in Jurkat T cells via tyrosine phosphory- 
lation of PLCyl and associated p r ~ t e i n s . l ~ ~ J ~ ~  
Radiation has also been shown to recruit stress- 
activated protein kinases (SAPKs, also called 
c-Jun-N-terminal kinases [ J N K S ] ) , ’ ~ ~ . ~ ~ ’  
which are involved in specific gene expres- 
sion.152J53 These investigations demonstrate 
and support the conclusion that UV radia- 
tion can mimic the effect of binding of small 
physiological molecules (agonists) to their 
receptors in activating signal transducing 
machinery in mammalian cells. Photoaffinity 
labeling of intact human blood platelets car- 
ried out by using ~ - A z P E T - [ P - ~ ~ P ] - A D P ~ ~ ~  
and [35S]-ATP-a-S134 did not consider these 
problems. It would be more appropriate to 
describe these investigations either as “photo- 
labeling” or as “UV radiation-induced label- 
ing” instead of photoaffinity labeling. These 
investigations failed to examine the effects 
of UV radiation on the ability of 2-AzPET- 
ADP and ATP-or-S to induce exposure of 
platelet fibrinogen binding sites, secretion, 
and mobilization of [Ca2+],.126JM The ago- 
nist specificity of these reagents in the pres- 
ence of W radiation was never evaluat- 
ed.126JM In one report, it has been stated that 
2-AzPET-ADP was less potent than ADP in 
inducing platelet aggregation but was nearly 
as potent as ADP under the conditions of 
photolysis, but no data were presented to sub- 
stantiate this If anything, 
2-AzPET-ADP under the conditions of pho- 
tolysis would be expected to behave as an 
inhibitor of ADP-induced platelet aggrega- 
tion because of covalent modification of ADP- 
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binding sites by the nitrenes generated from 
the affinity label. 

C. Affinity Labeling 

FSBA (Figure 2b) is an ADP derivative in 
which the diphosphate moiety at the 5’-end 
has been replaced by chemically reactive but 
spatially equivalent p-fluorosulfon ylbenzoyl 
moiety that is capable of forming a covalent 
bond with nucleophiles such as -SH (cys- 
teine), -OH (tyrosine), -N = NH (histidine) 
and - E ~ ~  (lysine) groups (Figure 5) at the 
active and/or regulatory sites of purified 
enzymes as well as ligand binding domains 
of intact cellular s y s t e m ~ . ~ ~ ~ J ~ ~  FSBA re- 
mains the most extensively used nucleotide 
affinity analog to elucidate the structure-func- 
tion relationship of nucleotide binding pro- 
teins.132J54 FSBA has been demonstrated to 
inhibit ADP-induced platelet shape change,131 
aggregation, and exposure of fibrinogen bind- 
ing sites.15s Inhibition of ADP-induced plate- 
let shape change correlated with covalent 
incorporation of FSBA into platelets in a time- 
and concentrationdependent rnanner.ls6 [3H]- 
FSBA was shown to label a single surface- 
membrane protein, aggregin (100 kDa)157J58 
in intact human blood platelets, although four 
different nucleotide binding proteins, includ- 
ing actin, were radiolabeled in membranes 
prepared from platelets.l3I FSBA is a slow- 
acting irreversible inhibitor of ADP-induced 
platelet shape change and aggregation (cf., 
covalent modification). FSBA has been shown 
to have no effect on ADP-induced inhibition 
of stimulated adenylate cyclase activity or the 
binding of 2-MeS-[k32P]-ADP to platelets.Is9 
At higher concentration (300 CIM), FSBA- 
induced platelet shape change and caused con- 
centration-dependent rise in [Ca2+]i.160 Platelet 
aggregation and exposure of fibrinogen bind- 
ing sites induced by collagen11s and U46619 

(a thrornboxane mimetic)161 have been 
shown to be inhibited by treatment of plate- 
lets with FSBA, suggesting involvement of 
ADP-dependent mechanism. Investigations 
using unlabeled FSBA and [3H]-FSBA dem- 
onstrated that epinephrine increases the avid- 
ity of ADP in potentiating ADP-induced 
platelet aggregation.162 In contrast, covalent 
modification of platelets by FSBA had no 
effect on the rates of aggregation of plate- 
lets by high concentrations of thrombin163 
and plasmin,lU suggesting that platelet ag- 
gregation induced by these two pathophysi- 
ological proteases under these conditions 
does not require binding of ADP to its re- 
ceptor. Instead, experimental evidence sug- 
gests that thrombin- and plasmin-induced 
platelet aggregation involve an indirect cleav- 
age of the ADP receptor aggregin by calpain 
expressed on the s u ~ f a c e . l ~ ~ J ~  Either bind- 
ing of ADP to its receptor or proteolytic 
cleavage of ADP receptor may have the 
same consequences of removing the latency 
of the platelet fibrinogen receptor, the GPIIb- 
iIIa comp1eX.1~8~63~~ 

FSBA does not contain the negatively 
charged diphosphate moiety at the 5’-end 
and hence is insoluble in aqueous medium 
and its solution needs to be freshly prepared 
in either dimethylformamide or dimethyl- 
sulfoxide. FSBA cames an ester linkage 
between p-fluorosulfonylbenzoyl group and 
5’-hydroxyl group of adenosine, which is 
prone to hydrolytic cleavage catalyzed by 
acids or bases as well as enzymatic cleavage 
by ectonucleotidases at the surface of cells 
(Figure 6). These processes lead to the for- 
mation of adenosine, which is an inhibitor 
of ADP-induced platelet activation. There- 
fore, the use of FSBA requires inclusion of 
adenosine demeans in the incubation mix- 
tures.155Js9 Experimental methods available 
for the synthesis of [3H]-FSBA produce a 
product of relatively low specific radioactiv- 
ity, thus making the process of identifying 
the platelet surface radiolabeled proteins cum- 
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* *  
X = Tyr-OH, 

*q? 
% 

Protein - X  F-S 

L y d N  3 * *  H 2, Cys-SH m a  

0 
.c-0 

I I  

Protein 3- 0 
'c-0 
II 

H O  O H  

%' 
H O  OH 

FIGURE 5. Schematic representation of covalent adduct formation between FSBA 
and proteins. Nucleophilic attack by the lone pair of electrons in reactive amino acids 
present in the functional domain(s) of proteins on the electrophilic sulfur in FSBA is 
accompanied by the displacement of fluoride ion leading to the formation of a covalent 
adduct. The negative inductive effect of the two sulfonyl groups facilitates such reaction. 

bersome and time c~nsuming. '~~J" At higher 
concentrations, FSBA induces platelet shape 
change and mobilization of [CaZ+]i.160 

In view of the limitations on the use of 
FSBA as an ADP affinity analog to probe 
ADP-induced platelet functions and identi- 
fy the ADP receptor protein, a new genera- 
tion of nucleotide-based affinity reagents 
were thoroughly investigated. The ADP af- 
finity analogs containing 4-bromo-2,3-di- 
oxobutylthio (BDB-T) moiety at C,, C,, and 
N6 positions (the only positions in the ad- 

enine ring in ADP available for covalent 
modification) (Figure 1) have been used previ- 
ously by Dr. Roberta F. Colman's group to 
investigate structure-function relationship of 
nucleotide binding enzymes.13* The BDB- 
TADP compounds have several advantages 
over FSBA. These compounds are true ADP 
affinity reagents and contain a negatively 
charged diphosphate moiety at the 5' end, thus 
making them soluble in aqueous medium, and 
their aqueous solutions are stable over a pe- 
riod of months when stored at -80°C. The 
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0 
F -S 

0 

I 

I 

H 
H O  OH 

FSBA 

H’ , OH‘ 

NH2 

1 Enzymatic 

- O H  H - 0  
I 

5’-p- F I u o ro s u If o n y I be n zo i cac i d Adenosine 

FIGURE 6. Schematic representation of the cleavage of the ester bond at the 
5’-end in FSBA. Cleavage of the ester bond at 5’-end in FSBA by acids, bases, 
and ectonucleotidases generates adenosine and 5’-pfluorosulfonylbenzoic acid. 
Adenosine is an antiplatelet agent. 

compounds can be synthesized as 32P-labeled 
derivatives of high specific radioactivity. They 
can also be used as unlabeled compounds 
followed by reduction with commercially 

available NaBE3H], (Figure 7, Scheme 1) of 
very high specific radioactivity to increase 
incorporation of the label into compound 
covalently bound to the platelet receptor. 
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- 9 0  
0-7-0-f-0 

HO OH 

L L 

.. .. .. 
X = Ser-OH, Lys-'NHz, -Cys-SH 

H 
HO OH 

l--f 
HO OH 

Scheme 1 

FIGURE 7. Schematic representation of the possible modes of adduct formation between 8-BDB- 
TADP and proteins. 
Scheme 1. Covalent adduct formation by nucleophilic displacement at alpha carbon atom in 8- 
BDB-TADP. Nucleophilic attack by the lone pair of electrons in reactive amino acids present in the 
functional domain(s) of proteins on the carbon atom alpha to the diketone function in 8-BDB-TADP, 
is accompanied by the displacement of bromide ion leading to the formation of a covalent adduct. 
The negative inductive effect of the 1,2-diketo function attached to carbon bearing bromine 
facilitates such a reaction. The reaction is representative of the general reaction between the BDB- 
TADP and BOP-TADP compounds and proteins. The adduct formed is amenable to reduction with 
NaB[3H]4 (bottom figure). Tritium in the vicinal diol may exchange to varying degrees depending on 
the solvent used and its polarity. Reduction of the adduct between 8-BOB-TAOP and proteins with 
NaB[3H]4 provides an effective means to radiolabel proteins with affinity analogs containing the 
BDB-T and BOP-T groups. Alternatively, the same goal can be accomplished by using [32P]-labeled 
BDB-TADP and BOP-TADP compounds and omitting the reductive step shown in the Figure 8a. 
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0 - P - 0 - P - 0  

0 - iu 
HO OH 

o-P-o-;-ok,j 
- 0 - 

H 
HO OH 

Scheme 2 

FIGURE 7. 
Scheme 2. Covalent adduct formation by nucleophilic addition at both carbonyl groups of the 1,2- 
diketone moiety in 8-BDB-TADP. Simultaneous nucleophilic attack by the lone pair of electrons on 
the two nitrogens of arginine leads to the formation of a substituted imidazole derivative that is not 
amenable to reduction with NaB[3H],. Thus, the ability to detect formation of a radiolabeled protein 
adduct following treatment with NaBrH], provides a way to distinguish between arginine and other 
residues being modified by the affinity analogs containing the BDB-T group. 
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- 0 0  
0 - P - 0 - P - 0  

0 
It 

CH2 -C 
It 

-C-CH2-Br 
fl 

Protein x-L 
HO OH .. .. 

X Ser-OH, Cys-SH 

YI Protein 

N H 2  
H 
I 

b N y C H 2  -C ? $  -C-CHz 

N N  I a -Br 

Scheme 3 

FIGURE 7 (continued). 
Scheme 3. Covalent adduct formation by nucleophilic addition at one carbonyl group of the 1,2- 
diketone function in 8-BDB-TADP. Nucleophilic attack by the lone pair of electrons on the hetero 
atoms in serine and cysteine in proteins on the carbonyl function of the affinity analog leads to the 
formation of hemiacetals and thiohemiacetals. The formation of hemiacetals and thiohemiacetals 
is a reversible reaction, but such adducts may be stabilized by hydrogen bond formation between 
the generated hydroxyl groups and hetero atoms of appropriately disposed groups in reactive 
amino acids in a protein (bottom figure). The products formed are not amenable to reduction with 
NaB[3H],. 

The compounds are susceptible to solvoly- 
sis (hydrolysis is a special case of solvoly- 
sis) (cf., a-haloketones) at high and low pH, 
but the hydrolysis products simply tend to 

lower the effective concentration of the par- 
ent compounds and do not generate adeno- 
sine, an inhibitor of platelet functions (Fig- 
ure 7, Scheme 4). 
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0 - P - 0 - P - 0  

0 - PU 
HO OH 

Solvolysis i 

Scheme 4 

FIGURE 7. 
Scheme 4. Schematic representation of solvolysis of 8-BDB-TADP. The BDB-TADP and BOP- 
TADP affinity analogs are prone to hydrolysis at moderate to high basic pH or solvolysis by the 
reactive functional groups in solvents. The reaction involves nucleophilic displacement of bromide 
ion by the elctrophilic groups present in the solvent. Such reactions simply tend to lower the 
effective concentration of the affinity analogs but do not generate adenosine (cf. FSBA; Figure 6) ,  
an antiplatelet compound. 

Unlike the ADP-analogs used in photo- 
affinity labeling to identify the ADP recep- 
tor protein,126.1H the nature of the chemical 
reactions of the BDB-TADP compounds are 
well known and the products formed by inter- 
actions with proteins have been identified. 13* 

There are three modes of chemical reaction 
between the BDB-TADP compounds and 

functional proteins. First, nucleophilic dis- 
placement of bromine, at carbon atom alpha 
to the diketone moiety, by the reactive groups 
(-OH, -SH, -cNH2) in essential amino acids 
leads to formation of a covalent bond (Fig- 
ure 7, Scheme 1); the product of such a 
reaction is amenable to reduction by 
NaB[3H], (Figure 7, Scheme 1). Second, the 

457 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



essential arginine residue in proteins can 
react with the a-diketone function in BDB- 
TADP analogs to yield a cyclic adduct16' that 
cannot be reduced by NEB[~H], (Figure 7, 
Scheme 2). Third, the OH (serine) and -SH 
(cysteine) functions can undergo nucleophil- 
ic addition with the carbonyl moiety(ies) of 
a-keto (cf., 2-BOP-TADP; Figure Id) or a- 
diketofunction (cf., 2-BDB-TADP; Figure lc) 
to form hemiacetals or thiohemiacetals (Fig- 
ure 7, Scheme 3). Formation of hemiacetals 
and thiohemiacetals is reversible, but such 
chemical linkages can be stabilized by hy- 
drogen bonding in the functional domains of 
proteins (Figure 7, Scheme 3) (cf., a-ketoam- 
ide inhibitors of the active-site of thrombin); 
however, such adducts or the enols derived 
from them cannot be reduced by NaB[3H],. 

8-Br-ADP has been previously shown 
to be an inhibitor of ADP-induced platelet 
aggregation.13, Therefore, 8-BDB-TADP 
appeared to be the first choice of investiga- 
tion for its effects on ADP-induced platelet 
functions and the surface proteins modified 
by it. 8-BDB-TADP (Figure la) has been 
used previously to investigate structure-func- 
tion relationship of ADP-requiring enzymes 
such as pyruvate kinase166and glutamate de- 
hyd1-0genase.l~~ 8-BDB-TADP did not induce 
platelet shape change and aggregation or mo- 
bilization of [Ca2+Ii.lI2 8-BDB-TADP inhibit- 
ed ADP-induced platelet shape change, aggre- 
gation, exposure of fibrinogen binding sites, 
secretion, mobilization of [Ca2+],, and forma- 
tion of intracellular CAMP mediated by pros- 
taglandins.' '* 8-BDB-TADP inhibited plate- 
let aggregation induced by those agonists 
that completely (ADP)'" or partially (colla- 
gen, U46619)115J61 depend on the binding of 
ADP to its receptor. An autoradiogram of the 
gel obtained by sodium dodecyl sulfate-poly- 
acrylamide gel electrophoresis (SDS-PAGE) 
of solubilized platelets modified by either 
8-BDB-T-[P-32P]-ADP or 8-BDB-TADP and 
NaB['H], showed the presence of a single 
radiolabeled protein band at 100 kDa (Fig- 

ure 8a). The intensity of this band was re- 
duced when platelets were preincubated with 
ADP, ATP, 8-bromo-ADP7 or covalently 
modified with p-chloromercuribenzenesul- 
fonate (pCMBS) and FSBA before labeling 
with the above reagents (Figures 8a and lc). 
These results show that 8-BDB-TADP se- 
lectively and covalently modified aggregin, 
a putative ADP-receptor on the platelet sur- 
face, and such modification led to the loss 
of ADP-induced platelet functions.'12These 
results also suggest that the presence of a 
cysteine andor lysine residue(s), but not an 
arginine residue, at or near the ADP-bind- 
ing site in platelets. These results are in accord 
with those that showed o-phthalaldehyde 
(OPTH), a reagent that cross-links suitably 
disposed -SH and -E,,, groups, blocked 
ADP-induced platelet shape change and ag- 
gregation by covalently modifying the ADP- 
binding sites in platelets.168 

We then compared 8-BDB-TADP with 
2-BDB-TADP for the ability of the latter to 
modulate platelet responses. 2-BDB-TADP 
(Figure 1 c) has been used previously to probe 
the allosteric site of pig heart NAD+-depen- 
dent isocitrate dehydrogenase that binds to 
ADP.*69 ADP analogs substituted at C, have 
been shown to activate ~1atelets. l '~ 2-BDB- 
TADP at short times was found to induce 
platelet shape change, aggregation, exposure 
of fibrinogen binding sites, secretion, and 
mobilization of [Ca2+],.l l4 When platelets were 
incubated with 2-BDB-TADP for longer time 
periods, ADP-induced platelet responses, in- 
cluding ADP-induced inhibition of stimulat- 
ed adenylate cyclase, were blocked. Under 
these experimental conditions, 2-BDB-TADP 
partially inhibited collagen- and U46619-in- 
duced platelet aggregation but minimally af- 
fected ADP-independent platelet aggrega- 
tion induced by thrombin, A23187 (a Ca2+ 
ionophore) and phorbol 12-myristate 13-ace- 
tate (PMA). 2-BDB-TADP and NaBrH], ra- 
diolabeled a single 100-kDa surface protein 
in platelets (Figure 9). Prior treatment with 
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FIGURE 8. SDS-PAGE of platelets labeled with [/3-32P]-8-BDB-TADP. Panel 
a) autoradiogram of platelets labeled with [P-32P]-8-BDB-TADP in the absence 
(lanes A through C) and in the presence of ADP (lane D).I12 Panel b platelets 
were labeled with [P-32P]-8-BDB-TADP in the absence (lane A) and presence 
of ADP (lane B). ATP (lane C) and platelets were covalently modified with 
FSBA before modifying with [P-32P]-8-BDB-TADP (lanes E and F). Lane D 
corresponds to an aliquote of [p -32P]-8-BDB-TADP in the absence of platelets. 
The band at 100 kDa corresponds to radiolabeled aggregin, a putative ADP- 
receptor in both the figures.112 

ADP, ATP, or covalent modification with 
FSBA reduced such labeling (Figure 9). More- 
over, the 100-kDa protein in platelets cova- 
lently modified with 2-BDB-TADP was not 
radiolabeled with 8-BDB-T-[P-3’P]-ADP 
(Figure 10a). These results suggest that when 

platelets were exposed to 2-BDB-TADP for 
longer periods of time, it abrogated ADP- 
induced platelet responses by covalently mod- 
ifying aggregin. These results are consistent 
with previous data because 2-BDB-TADP 
and 8-BDB-TADP are structurally similar 
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FIGURE 9. SDS-PAGE of platelets labeled 
with 2-BDB-TADP and NaB[3H]4. Platelets were 
labeled with 2-BDB-TADP and NaB[3H]4 in the 
absence (lane A) and presence of ATP (lane 
D) and ADP (lane E).l14 Platelets were co- 
valently modified with FSBA before labeling 
with 2-BDB-TADP and NaB[3H]4 (lanes B and 
C). The band at 100 kDa corresponds to ra- 
diolabeled aggregin in both of the 

and contain the same chemical functionali- 
ty, and under suitable experimental condi- 
tions would be expected to exhibit similar 
chemical behavior. We also found that 2-BOP- 
TADP (a one carbon atom lower homolog 
of 2-BDB-TADP) behaved similarly to 2- 
BDB-TADP in inducing platelet responses 
but was twice as potent as 2-BDB-TADP128 
and equivalent to ADP. 2-BOP-TADP (Fig- 
ure Id) and NaB[3H], radiolabeled a single 
100-kDa protein in platelets and the intensi- 
ty of the band corresponding to the 1 OO-kDa 
radiolabeled band was decreased by prior treat- 
ment of platelets by ADP, ATP, and cova- 
lent modification with FSBA (Figure 11). 
Platelets covalently modified by 2-BOP- 
TADP were not labeled by 8-BDB-T-[P- 
3?P]-ADP demonstrating that 2-BOP-TADP, 
under appropriate experimental conditions, 
blocks ADP-induced platelet responses by 
covalently modifying aggreg i n. I z 8  

Finally, we investigated the effects of 6- 
BDB-TADP (Figure lb) on platelet responses 
and the surface protein(s) modified by it. 6- 
BDB-TADP has been used previously to in- 
vestigate the mechanism of the allosteric regu- 
lation by ADP of NAD+-dependent isocitrate 
dehydr~genase. '~~ 6-BDB-TADP was not an 
agonist of platelet aggregation.Il4 6-BDB- 
TADP inhibited ADP-induced platelet aggre- 
gation in a concentration-dependent manner 
but lost its inhibitory potency over the next 20 
min. Platelets treated with 6-BDB-TADP were 
not radiolabeled by subsequent treatment with 
NaE3[3H]4. 6-BDB-TADP reduced the ability 
of 8-BDB-T-[P-32P]-ADP to radiolabel ag- 
gregin in intact platelets (Figure 10b).'14 These 
results suggest that 6-BDB-TADP is a revers- 
ible inhibitor of ADP-induced platelet aggre- 
gation. The presence of a free amino function 
at N6 in adenine nucleotides plays a critical 
role in the binding of nucleotides at their bind- 
ing-site.171 For example, GDP completely lacks 
the agonist potency of ADP,II3 and FSBG, 
compared with FSBA, is completely ineffec- 
tive as an inhibitor of platelet aggregation 
induced by those agonists that require binding 
of ADP to its receptor.lI5 

The investigations described in this sec- 
tion constitute the only kind in which the 
same chemical substituent was placed at C,, 
c8, and N6 to systematically examine the ef- 
fect of this substitution on the ability of ADP 
analogs to modulate platelet responses. Two 
important findings of these investigations are 

TADP, and 8-BDB-TADP, like FSBA, mod- 
ulate platelet responses by interacting with 
aggegin, a putative ADP receptor' * z ~ 1 1 J . 1 2 8  and 
second, the size of a substituent at C2 has a 
bearing on the potency of an ADP analog to 
function as a platelet agonist.128 It is impor- 
tant to mention that aggregin (100 kDa) is a 
unique protein that is different from GPIIb134 
and GPIIIa.17' 

The ADP analogs modified at the ribose 
moiety have been shown to stimulate plate- 

frst, 2-BDB-TADP, 2-BOP-TADP, 6-BDB- 
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FIGURE 10. SDS-PAGE of platelets labeled with [/3-32P]-8-BDB-TADP in the absence and pres- 
ence of 2-BDB-TADP and 6-BDB-TADP. Panel a) platelets were labeled with [P-32P]-8-BDB-TADP 
in the absence (lanes A and B) and presence (covalently modified) of 2-BDB-TADP (lanes C and 
D).l14 Panel b platelets were labeled with [/3-32P]-8-BDB-TADP in the absence (lanes A) and 
presence (incubated for 10 min) of 6-BDB-TADP (lanes B and C). The band at 100 kDa corre- 
sponds to radiolabeled aggregin in both of the 

let functions.lI6 oADP (Figure 3b), oATP, 
roADP (Figure 3c) and roATP were found 
to induce platelet shape change but not ag- 
gregation and mobilization of [Ca2+]i.116,117 
oAMP and oAdn were ineffective in induc- 
ing platelet shape change. When platelets 
were incubated with oADP for 5 min, it 
inhibited ADP-induced platelet shape change 
and aggregation. Using an immunoaffinity 
method (described in the next sections) it 
was found that oADP initially interacts with 
aggregin to form an unstable Schiff s base 
and subsequent reduction with NaBH, sta- 
bilized this interaction.l17 

are some of the few examples of those affin- 
ity compounds that act both as agonists and 
irreversible antagonists of cellular functions. 

2-BDB-TADP, 2-BOP-TADP, and oADP 

Affinity reagents are generally regarded as 
inhibitors of enzyme functions and antago- 
nists of receptor-mediated cellular responses. 
Zabwcki et al. described affinity labels for 
the estrogen receptor that function as estro- 
gen Wrzeszcynski and Colman 
demonstrated that adenosine 5’-O[S-(4-bromo- 
2,3-dioxobytyl)thiophosphate], an ADP-af- 
finity analog, caused time-dependent acti- 
vation (instead of inhibition) of bovine liver 
glutamate d e h y d r ~ g e n a s e . ~ ~ ~  In the case of 
cellular receptors, it is easier to understand 
that affinity reagents directed to the recep- 
tor site could first bind reversibly to trans- 
mit signals for receptor-mediated cell respons- 
es and more slowly modify these sites 
covalently, thus interfering with agonist-in- 
duced responses by externally added ligands. 
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FIGURE 11. SDS-PAGE of platelets labeled 
with 2-BOP-TADP and NaBrH],. Platelets were 
labeled with 2-BDB-TADP and NaB[3H], in the 
absence (lane A) and presence of ADP (lane B) 
and ATP (lane C).128 Platelets were covalently 
modified with FSBA before labeling with 2- 
BOP-TADP and NaB(3H] , (lane D). The band 
at 100 kDa corresponds to radiolabeled aggre- 
gin in both of the figures.lZ8 

D. Labeling with Pseudo-Affinity 
Compounds 

Hydrophobic interactions between the 
nucleotide binding site and the adenine ring 
of the nucleotides play an important role in 
directing these ligands to the binding site. 
Therefore, it has been possible to use aromat- 
ic compounds containing suitable chemically 
reactive groups (pseudo-affinity compounds) 
to probe the nucleotide binding site in en- 
zymes. Salicylic acid and its iodinated deriv- 
atives have been demonstrated to interact 
with the adenine binding site of dehydroge- 
nases and kinases. One of the examples is the 
inactivation of isocitrate dehydrogenase by 
covalent modification by 4-iodoacetamido- 
salicylic acid.175 Another reagent OPTH (Fig- 
ure 12a) that covalently forms an isoindole 
adduct with closely situated lysine and cys- 

teine residues has been used to investigate 
the catalytic subunit of CAMP-dependent pro- 
tein k i n a ~ e l ~ ~  and catalytic and regulatory sites 
of cGMP-dependent protein kinase.177 Because 
ADP-induced platelet aggregation is inhib- 
ited by sulfhydryl group-modifying reagents, 
such as N-ethylmaleimide (NEM)178J79 and 
pCMBS, as well as by amino group-modi- 
fying reagents, such as pyridoxal phosphate 
(PLP).180 We examined the effect of OPTH 
on ADP-induced platelet responses. OPTH 
inhibited ADP-induced platelet shape change 
and aggregation in a time- and concentration- 
dependent manner and the excitation and emis- 
sion fluorescence spectra were consistent with 
the formation of an isoindole adduct between 
platelets and OPTH.168 OPTH inhibited 
labeling of platelets by [3H]-FSBA. Taken 
together the results suggest that covalent 
modification of essential cysteine and lysine 
residues by OPTH at or near the ADP-bind- 
ing domain in aggregin led to the loss of 
ADP-induced platelet activation.168 

7-Chloro-4-nitobenz-2-oxa- 1,3-diazole 
(NBD-Cl) (Figure 12b) is a chemical modifi- 
cation reagent that forms fluorogenic adducts 
with 0, S ,  and N amino acids.181 The reagent 
has been used successfully to investigate struc- 
ture-function relationships of nucleotide-bind- 
ing enzymes, such as the catalytic subunit of 
CAMP-dependent protein kinase 18* as well as 
intact cellular systems, such as HL-60 cells.183 
NBD-Cl was shown to inhibit ADP-induced 
platelet responses by covalent modification of 
ADP-binding sites in platelets.'@ [14C]-NBD- 
C1 radiolabeled a 100-kDa protein in platelets 
and the intensity of this radiolabeled protein 
band was reduced by ADP and ATP, as well 
as prior covalent modification of platelets by 
pCMBS or FSBA.IM We also demonstrated 
that NBD-C1 and pCMBS prevented radiola- 
beling of aggregin in platelets exposed to 8- 
BDB-T-[P-32P]-ADP.185 Taken together, the 
results show that covalent modification of 
aggregin by NBD-C1 inhibited ADP-induced 
platelet activation. 
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(a) OPTH 

Cl 

(b) NBD -C 1 

(c) WR-K 

FIGURE 12. Chemical representation of pseudo- 
affinity compounds. (a) OPTH ,IM (b) NBD-CI ,Ia5 and 
(c) WR-K.186 For complete names of the compounds 
see abbreviations. The pseudo-aff inity compounds 
were used to investigate their effect on ADP-induced 
platelet activation and the  surface protein(s) modified 
by them. For details of their chemical reactions with 
proteins see appropriate references. 

Woodward’s Reagent-K (WR-K) (Fig- 
ure 12c) contains an aromatic nucleus, a heter- 
ocyclic five-membered ring containing nitro- 
gen and a negative charge, structural features 
present in ADP. WR-K has been used to 
investigate structure-function relationship of 
enzymes such as Na+-mg2+-ATPaselS6 as well 
as anion-proton cotransport of human red 
blood c e l I ~ . * ~ ~  Although the reagent was orig- 
inally designed to react with essential car- 
boxylic groups, it has been shown to react 
with essential sufhydryl group(s) in L-threo- 
nine dehydrogenase.lsS We demonstrated that 

treatment of platelets with WR-K led to loss 
of ADP-induced platelet functions and WR-K 
and NaB [3H]4 were found to radiolabel a sin- 
gle surface protein at 100 kDa.ls5 Radiola- 
beling of a 100-kDa protein in intact plate- 
lets by these reagents was reduced by prior 
treatment with ADP and ATP or covalent 
modification with sulfhydryl group-modi- 
fying reagents, such as pCMBS, NBD-CI, 
and OPTH. Platelets covalently modified by 
WR-K were not radiolabeled with 8-BDB- 
T-[P-32P]-ADP. Together the results show 
that covalent modification of an ADP-re- 
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ceptor with WR-K led to inhibition of ADP- 
induced platelet responses. 

The results obtained by ADP affinity an- 
alogs and pseudo-affinity compounds agree 
with each other and suggest that aggregin is 
a strong candidate for an ADP receptor in 
human blood platelets. Results also suggest 
that the ADP-binding site on platelets contain 
essential cysteine and/or lysine residues and 
covalent modification of these residues blocks 
the ability of ADP to stimulate platelets by 
inhibiting binding of ADP to its receptor. 

E. lmmunoaffinity Labeling 

Information presented in the previous 
sections shows that despite the limitations 
on its use, FSBA served a very useful pur- 
pose in understanding details of ADP-in- 
duced platelet activation and the initial iden- 
tification of the surface protein responsible 
for binding to ADP. We have also described 
several ADP affinity analogs and pseudo- 
affinity compounds to identify an ADP re- 
ceptor protein and their effects on ADP- 
induced platelet functions. 

The available method of synthesis of 
[3H]-FSBA yields a product of relatively 
low specific activity, thus limiting its use in 
the identification and purification of the 
ADP-receptor protein. The use of 2- and 8- 
BDB-TADP compounds to selectively and 
covalently label aggregin requires synthesis 
of these compounds either as radioactive 
materials or as non-radioactive compounds 
that then require additional use ofNaB[)H],. 
Although these reagents provide an effec- 
tive and useful means to identify aggregin 
by radiochemical methods, the synthesis of 
the ADP-affinity analogs on a large scale is 
laborious and time consuming. 

In order to develop a rapid method to 
identify aggregin, we undertook to investi- 
gate the use of a commercially available affh- 

ity-purified polyclonal antibody to FSBA- 
labeled glutamate dehydrogenase (GDH)Is9 
to identify FSBA-labeled aggregin in corre- 
spondingly labeled platelets. The polyclonal 
antibody neither recognized GDH nor FSBA, 
but it did recognize FSBA-labeled proteins, 
such as FSBA-labeled pyruvate kinase.lgO An 
immunoblot of the gel obtained by SDS-PAGE 
of the solubilized FSBA-labeled platelets 
showed the presence of a 100-kDa protein 
band, and this band was absent in platelets 
either preincubated with ADP or ATP (Fig- 
ure 1'3, left panel) or covalently modified with 
2-BDB-TADP, 2-BOP-TADP, and 8-BDB- 
TADP (Figure 14). Corresponding gels 
stained with Coomassie blue showed the pres- 
ence of a multitude of proteins in the range 
of 20 to 200 kDa (Figure 13, right panel).Ig0 
The results show that the polyclonal anti- 
body to FSBA-modified GDH is capable of 
recognizing FSBA-labeled aggregin in in- 
tact platelets and thus could potentially be 
used to purify aggregin by immunoaffinity 
column chromatography. The immunoaffn- 
ity method was found to be more sensitive 
than the radiochemical methods developed 
in our laboratory to identify the platelet ADP 
receptor. As FSBA is also capabIe of react- 
ing with enzymes that require ATP for their 
catalytic function, the polyclonal antibody 
may be used to identify and purify other P2 
type purinergic receptors that require bind- 
ing of ATP to elicit platelet responses. It 
should be noted that in cells other than plate- 
lets this method could potentially recognize 

.more than one nucleotide-binding receptor. 
However, the method is limited to the identi- 
fication of those surface ADP and ATP bind- 
ing proteins that react covalently with FSBA. 

F. M i scel I an eo u s 

Adler and Hardin obtained a platelet 
soluble fraction that contained 80% of the 
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FIGURE 13. lmmunoblot of platelets labeled with FSBA in the absence and presence of nucle- 
otides. lmmunoblots were prepared by SDS-PAGE of platelets, transferring the proteins from the 
gel onto a polyvinyledenefluoride membrane and developing the membrane with a polyclonal 
antibody to FSBA-labeled glutamate dehydrogenase (GDH).lE9 Left panel, the lanes correspond to 
the following: FSBA-modified GDH (lane A); platelets were first incubated with ADP before modi- 
fying with FSBA (lane 8); platelets were first incubated with ATP before modifying with FSBA (lane 
C); platelets modified with FSBA (lane D); platelets (lane E), platelets treated with ADP only (lane 
F), and platelets treated with ATP only (lane G).lgo Right panel, gel obtained by SDS-PAGE of 
samples described in the top panel was stained with Coomassie blue.'90 The immunoblot in the left 
panel shows the presence of two proteins: a 1 OO-kDa protein corresponding to aggregin covalently 
modified with FSBA and a 87-kDa protein tentatively identified as glycoprotein-llla. The latter was 
accomplished in a separate experiment by using a highly purified sample of glycoprotein-llb-it la 
complex. Polyclonal antibody to FSBA-GDH used to prepare the immunoblot is not monospecific. 
In addition to recognizing FSBA-modified proteins, the polyclonal antibody also recognizes an ester 
linkage (cf. FSBA-modified proteins contain an ester linkage at 5'-end. See Figures 2 and 4). Such 
ester linkages are present in platelet membrane-surface proteins like glycoprotein-it la, which are 
myristylated and/or p a l m i t ~ y l a t e d . ~ ~ ~  In contrast, multitude of proteins are present on the surface 
of platelets as revealed by the Coomassie blue stained gel (right panel). 

membrane ADP binding activity that corre- 
sponded to 20% of the total membrane pro- 
tein (4-fold purification)191. The ADP bind- 
ing activity was destroyed following trypsin 
digestion and the rank order of potency for 
nucleotide antagonism of [3H]-ADP binding 
to the fraction was ATP, ADP > AMP >> ad- 
enosine. The membrane fraction was further 
purified by sucrose density gradient and a 
value of 61 kDa was established for the ADP 
binding protein. The authors suggested that 
the hydrodynamic propenies (axial ratio, f/ 
f, = 1.09) indicate that the protein is spherical 
but anchored to the platelet membrane by a 

large hydrophobic tail that is cleaved from the 
main protein during membrane isolation. 
There has been no follow-up on this inves- 
tigation. 

VII. ADP BINDING SITES ON 
PLATELETS 

The first definitive attempt to estimate the 
number of ADP binding sites on platelets 
was made by Nachman and Fems, who re- 
ported a value of 100,000 sitedplatelet with 
an affinity constant of 6.5 pM.Iy2 Scatchard 
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FIGURE 14. lmmunoblot of platelets labeled 
with FSBA in the presence of chemically reac- 
tive ADP-affinity analogs. lmmunoblots were 
prepared as described in the legend to Figure 
13. The lanes correspond to the following: plate- 
lets (lane A); FSBA-modified platelets (lane B); 
platelets covalently modified with 8-BDB-TADP 
before modifying with FSBA (lane C); platelets 
covalently modified with 2-BDB-TADP before 
modifying with FSBA (lane D), and platelets 
covalently modified with 2-BOP-TADP before 
modifying with FSBA (lane E).lW The results 
show that the protein band at 100 kDA recog- 
nized by the polyclonal antibody to FSBA-GDH 
indeed corresponds to aggregin, a putative ADP- 
receptor and the chemically reactive ADP-aff in- 
ity analogs, FSBA, a-BDB-TADP, 2-BDB-TADP, 
and 2-BOP-TADP covalently modify the same 
platelet surface protein, aggregin (1 00 kDa). 

analysis of the binding parameters for E3H]- 
ADP to solubilized ADP membrane frac- 
tion yielded a value of 38 ~,LM for the K, of 
a single class of binding sites.Igl Binding of 
2-N3-[p-32P]-ADP was reversible and followed 
saturation kinetics and a value of 400 to 600 
sites per platelet was determined.130 Equi- 
librium binding studies using 2-MeS-[P-32P]- 
ADP showed that binding was saturable and 
reversible and yielded a value of 400 to 1200 
sites per platelet for single class of binding 

sites; a value of 6 and 15 nM was deter- 
mined for K, in washed platelets and plate- 
lets in platelet-rich plasma (PRP).99 Steady 
state binding of [2-3H]-ADP to para- 
formaldehyde fixed platelets yielded values 
of 410,000 f 40,000 sites per platelet (K, = 
7.9 & 2.0 pM) and 160,000 f 20,000 sites/ 
platelet (K, = 0.35 k 0.04 p.M) for the low- 
and high-affinity binding sites; it was sug- 
gested that high-affinity binding sites were 
responsible for platelet activation.'" Bind- 
ing of ~-AzPET-[P-~~P]-ADP to platelets was 
reversible and saturable and a value of 400 
sites per platelet (apparent affinity constant 
of 11 nM) was determined for a single class 
of binding sites.126 

Recently, two patients with defects in 
the ADP binding and/ ADP receptor have 
been r e p ~ r t e d . ~ ~ , ~  In one of these investiga- 
tions, binding isotherms for [ T I - A D P  
yielded values of 46,000 sites per platelet 
(K, = 3.1 phi') and 50,000 sites per platelet 
( K, = 3.5 pM) for the patients; a median 
number for normal volunteers was found to 
be 65,000 sites per platelet (Kd = 3.1 pM).43 
Binding studies using [2-'H]-ADP and 
paraformaldehyde-fixed platelets from 
one patient in the same investigation 
yielded values of 32,000 sites per platelet 
(K, = 0.14 r-LM) for the high-affinity bind- 
ing sites and 77,000 sites per platelet 
(K, = 2.2 pM) for the low-affinity binding 
sites; a median value of 55,800f 14,900 
sites per platelet (K, = 0.5 f 0.25) for the high- 
affinity binding sites and 546,000 & 86,000 
sites per platelet (Kd= 12.5 f 3.4) for the 
low-affinity binding sites were assigned to 
the control.43 In another clinical investiga- 
tion, Scatchard analysis of binding isotherms 
generated by using 2-MeS-[3H]-ADP yielded 
values of 3 0 k  17 sites per platelet (K, = 
2.07f 0.25 nM) and 8 3 6 f  126 sites per 
platelet (K, = 2.16 f 0.79 nM) for the patient 
and controls, respectively.a 

A simultaneous investigation of binding 
of 2-MeS-['H]-ADP to platelets from nor- 
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ma1 healthy volunteers and normal rats yield- 
ed values of 600 sites per platelet (K, = 5.4 
f 2.1 nM) and 1200 f 55 sites per platelet 
(K, = 4.0 rt 0.5 nM), re~pective1y.l~~ In rat 
platelets only, binding of 2-MeS-[3H]-ADP 
was found to be time-dependent and satu- 
rable; Scatchard analysis of the data yielded 
a value of 940 f 30 sites per platelet (Kd = 
0.78 k 0.05 nM) for a single class of bind- 
ing sites.lg4 The same group of investigators 
showed that clopidogrel, a potent and specif- 
ic inhibitor of ADP-induced platelet aggrega- 
tion in vivo, reduced by 70% (280 sites per 
platelet, Kd = 0.9 nM) a single class of ADP 
binding sites when compared with control 
rats (960 sites per platelet, K,, = 0.77 nM). It 
was concluded that rat platelets consist of 
two populations of a single class of binding 
sites, which could be discriminated on the 
basis of their resistance to c l o p i d ~ g r e l . ~ ~ ~  

FSBA, in the presence of adenosine de- 
aminase, was shown to inhibit ADP-induced 
platelet shape change, but it  did not antago- 
nize the ADP-induced inhibition of stimulat- 
ed adenylate cyclase a~tivity.”~ On the other 
hand, pCMBS was shown to block ADP- 
induced inhibition of accumulation of CAMP 
in platelets. FSBA did not inhibit ADP- 
induced mobilization of [Ca2+],. At higher 
concentration (300 pM), FSBA induced 
platelet shape change and concentration-de- 
pendent increase in [Ca2+Ii.l6O It was sug- 
gested that FSBA-induced platelet shape 
change was mediated by aggregin and the 
intracellular mobilization of Ca2+ and an- 
tagonism of the ADP-induced inhibition of 
stimulated adenylate cyclase activity was 
mediated by a second ADP receptor or two 
sites on one receptor of different affinities.160 
Incorporation of [3H]-FSBA into aggregin in 
platelets from human volunteers administered 
clopidogrel was unaffected compared with 
controls.196 However, ADP-induced platelet 
aggregation was severely impaired.’% Bind- 
ing of 2-MeS-[P-32P]-ADP to the platelets 
from volunteers administered clopidogrel was 

reduced (199 k 78 sites per platelet) com- 
pared with controls (534 f 4 4  sites per plate- 
let) without a consistent change in binding 
affinity.lg6 The results show that clopidogrel 
administration to human volunteers reduced 
the number of those ADP binding sites that 
are involved in the antagonism of intracel- 
lular CAMP formation. We have not made 
any attempt to estimate the number of ADP 
binding sites on platelets because the ADP 
affinity analogs containing the BDB-T and 
BOP-T moieties to identify the ADP recep- 
tor covalently modify the receptor. These 
reagents are biochemical probes used to iden- 
tify the ADP receptor protein and relate the 
chemical modification of the receptor pro- 
tein with biochemical platelet responses 
induced by ADP. They are unsuitable to 
evaluate the pharmacological characteris- 
tics of the receptor. 

The presence of P2T receptors on hemat- 
opoietic cell lines has been demonstratedlol 
and binding characteristics of ADP to pro- 
megakaryoblasts (RPM), human erythroleu- 
lekmia (HEL) cells, U937 and K562 cells 
have been investigated.’O1 Scatchard analy- 
sis of the saturation binding isotherms using 
[3H]-ADP gave values of 399,000 k 170,000 
sites per cell (Kd = 775 k 230 pA4) for RPM, 
8 1,900 k 32,500 sites per cell (K, = 2 1.5 f 
8.4 ClM) for HEL cells, 53,900 f 28,000 sites 
per cell (K, = 13.7 f 3.9 pA4) and 11,500 f 
2300 sites per cell (Kd = 22.0 f 5.3 pA4) for 
U937 cells.lOIThe single class of ADP bind- 
ing sites on these cells were displaced by 
antagonists with potency rank order of ATP 
> ADP > AMP > adenosine.lol 

Soslau et al. have presented experimen- 
tal evidence that shows that there might be 
receptors for ATP on platelets that modu- 
late platelet functions and are different from 
those mediated by the binding of ADP at P2T 
r e ~ e p t o r . ~ ~ ~ . ’ ~ ~  The potency rank order P,y- 
Me-ATP, a,P-Me-ATP > ATP suggests the 
presence of P2X purinergic receptors on hu- 
man blood platelets.lg8 These investigators 
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also suggest that inhibition of ADP-induced 
platelet aggregation by ATP, in part, is a con- 
sequence of increase in endogenous CAMP 
level mediated by an unknown G,-coupled 
~ r 0 t e i n . l ~ ~  They claim that ATP and its non- 
hydolyzable analogs inhibit collagen- and 
U466 1 9-induced platelet aggregation. Yes, but 
by which mechanism? It has been demon- 
strated that collagen-115 and U46619-induced 
platelet aggregation,16I in part, involves bind- 
ing of ADP to its receptor. Therefore, bind- 
ing of ATP at a P2T receptor would inhibit 
collagen- and U-46619-induced platelet ag- 
gregation. In the presence of Caz+, [Y-~~PI-  
ATP was found to label platelet surface pro- 
teins. The extent of phosphorylation of an 
individual protein and the number of phos- 
phorylated proteins increased with increas- 
ing concentration of Ca2+.198 These results 
are difficult to explain. The radiolabeled ATP 
compounds previously have been shown to 
label GPIIb and GPIIIa.1MJ37 It was suggested 
that binding of nucleotides to GPIIb and GPma 
serves to regulate platelet functions that de- 
pend on the exposure of GPIIb-ma complex, 
the fibrinogen receptor.137 We reemphasize 
that ADP and ADP analogs have not been 
shown to label the fibrinogen receptor. In our 
laboratory all of the ADP affinity analogs 
used were shown to bind to a single surface- 
membrane protein, aggregin (100 kDa). 

The information presented in this sec- 
tion clearly shows disagreement among in- 
vestigators concerning the nature and num- 
ber of ADP binding sites on platelets. There 
is not only variation in results obtained with 
platelets from the same species but also with 
those obtained with different species. Cul- 
tured cell lines show an unusually high num- 
ber of ADP binding sites with low binding 
affinities, but these results can in part be 
explained on the basis of large surface area 
of these cells.lo1 One factor contributing to the 
differences in the results concerning the num- 
ber of ADP binding sites on platelets may be 
due to the use of metabolically active nucle- 

otides that are known to be degraded by ectonu- 
cleotidases on cell surfaces. In some of the 
investigations, formalin-fixed platelets have 
been used to attempt to circumvent this prob- 
lem. The variation in results may also be due 
the methods employed to isolate and wash 
platelets that might influence secretion of 
nucleotides from the intracellular stores. An- 
other factor contributing to this disparity may 
be due to the methods (silicon oil method, 
sucrose cushion method, and filter paper-re- 
tention method) employed to separate cell- 
bound radioactivity from unbound radiolig- 
ands. In our judgment, the mysterious nature 
of the ADP receptor protein has contributed 
the most to the disagreement. Is binding of 
the nucleotides being determined to a 43, 
61, 100 kDa protein, GPIIb, GPIIIa or yet 
another unknown ADP-binding protein? 

The two-receptor hypothesis for the plate- 
let ADP receptor has been in existence for 
quite some time. First, ADP induces plate- 
let shape change and aggregation (which in 
turn depends on the exposure of fibrinogen 
binding sites) and mobilization of [CaZ+li; 
second, ADP antagonizes stimulated adeny- 
late cyclase activity. However, the degree of 
ADP-induced platelet aggregation by ago- 
nists at P2T does not follow the same order 
as the inhibition of stimulated adenylate cy- 
clase activity. At low concentration, FSBA 
inhibits ADP-induced platelet shape change, 
aggregation, and exposure of fibrinogen bind- 
ing sites. At higher concentration FSBA in- 
duces platelet shape change and mobilizes 
Caz+ from intracellular stores. At low concen- 
tration, pCMBS blocks the ability of ADP to 
antagonize increase in endogenous levels of 
CAMP mediated by prostaglandins. At higher 
concentration pCMBS inhibits ADP-induced 
platelet shape change, aggregation, and label- 
ing of aggregin by 2- and 8-BDB-TADP. 
pCMBS has been shown to inhibit binding of 
ADP to the high affinity-binding sites on plate- 
lets. At a given concentration, the potency of 
2-CI-ADP, 2-N3-ADP, and 2-MeS-ADP to 
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aggregate platelets is different from their po- 
tency to inhibit stimulated adenylate cyclase 
activity. Clopidogrel blocks only by 70% the 
ADP binding sites on platelets, while leaving 
the other 30% resistant. The results presented 
by various investigators either favor only one 
class of high-affinity ADP binding sites or 
two classes of sites differing in their affinity 
for ADP. What are the chemical identities of 
the two proteins that bind to ADP? 

Investigations camed out in our labora- 
tory show that 2-BDB, 8-BDB-TADP7 and 
2-BOP-TADP under appropriate experimen- 
tal conditions inhibit all of the ADP-induced 
platelet responses and modify a single sur- 
face-membrane protein of 100 kDa. 2-AzPET- 
ADP inhibits binding of 2-MeS-[P-32P]-ADP 
to a single class of high-affinity binding sites 
on platelets and antagonizes CAMP forma- 
tion. It labels several proteins on platelet 
surface, but labeling of a 43-kDa protein is 
prevented by ADP and ATP, suggesting that 
the 43-kDa protein represents the adenylate 
cyclase receptor for ADP on platelets. These 
results imply that the 43-kDa protein also 
mediates ADP-induced platelet shape change, 
aggregation, exposure of fibrinogen binding 
sites, and intracellular mobilization of Ca2+; 
however, no experimental evidence has been 
obtained to support this. An important point 
that needs to be emphasized is that under 
photolytic conditions there may be a mix- 
ture of populations of intact 2-AzPET-ADP 
molecules and nitrenes derived from 2-AzPET- 
ADP, and the two would react differently 
with platelet surface proteins. We believe 
that intact 2-AzPET-ADP, such as 2-BDB- 
TADP and 8-BDB-TADP, would and should 
bind to aggregin, a 100-kDa protein. 
Whether it is also true for the binding of 
2-AzPET-derived nitrenes needs careful 
experimental investigation. An autoradio- 
gram of the platelets labeled with products 
of photolysis of ~-AzPET-[P-~~P]-ADP 
showed the presence of an intense band of 
radiolabeled protein at 100 kDa.*26 The avail- 

able experimental evidence does not favor 
the presence of two different ADP binding 
receptor proteins in platelets. The results 
obtained by various investigators can be 
explained on the basis of one ADP receptor 
protein that may have two sites differing in 
their affinity for ADP. That epinephrine 
increases by 10-fold the avidity of ADP for 
the ADP binding sites without changing their 
number supports the one-receptor hypoth- 
esis. It is also possible that ADP-induced 
platelet responses are manifestations of two 
different signal transducing mechanisms that 
follow binding of ADP at P2T.6,10J2 Until 
such times when the identity of two ADP 
binding proteins has been firmly established, 
the one-receptor hypothesis serves a rea- 
sonable working model for ADP-induced 
platelet activation. Extensive investigations 
camed out in our laboratory using ADP 
affinity analogs, pseudo-affinity compounds, 
and immunoaffinity method has shown la- 
beling of a single ADP binding surface-mem- 
brane protein, aggregin (100 kDa) that modu- 
lates all of the platelet responses. 

VI I I. PH 0s PH 0 LI PAS E 

PHOSPHATE FORMATION, 
AND INTRACELLULAR Ca2+ 
M 0 B I L lZATl0 N 

ACT1 VAT1 0 N , I N 0s IT0 L- 

Stimulation of platelets by agonists re- 
sults in the rise in [Ca2+], from a 80 to 100 nM 
basal value to low micromolar levels.92 Iono- 
phores, such as A23 187, have been shown to 
mobilize Ca2+ from intracellular stores that 
proceed without any receptor occupancy. 199 

Binding of agonists such as thrombin or 
thromboxane to platelet surface receptors leads 
to G-protein-mediated stimulation of PLC 
that brings about the hydrolysis of phos- 
phatidylinositol-4,5-bisphosphate (PIP,) to 
yield IP, and DAG. Binding of IP, to intra- 
cellular receptors is accompanied by release 
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of Caz+ from dense tubular system.2001n the 
case of ADP, this relationship has not been 
established. An open question has been the 
relationship between receptor occupancy and 
ADP-induced increase in the intracellular 
concentration of Ca2+. 

Experimental evidence obtained suggests 
that ADP does not directly stimulate membra- 
nous PLC in human blood  platelet^.^^^-,^^ 
However, other investigators have gathered 
evidence that supports the claim that ADP 
activates PLC.2W-206 ADP-induced liberation 
of [32P]-IP3 from human blood platelets has 
been rep0rted.2~~ The increase in the radiola- 
beled IP, was only twofold over a basal value 
of 150 &and was unaffected by the presence 
or absence of external Ca2+.207 One possibility 
is that ADP stimulates interconversion of inosi- 
tols (IP, IP,, IP,) instead of PLC activation 
that leads to the formation of IP3.208 

Continuous-flow measurements using 
electroporated platelets loaded with [,H]-inos- 
itol showed that shear forces acting alone 
caused a rapid burst in the synthesis of IP, 
before 0.5 s.2@ Thrombin and ADP caused an 
initial (130 to 200 ms) burst of IP, and IP, 
(inositol- 1,3,4,5-tetrakisphosphate), but IP, 
was liberated fmt.2@ Other important find- 
ings of this investigations are as follows: (1) 
formation of IP3 and IP, was detected earlier 
than any increase in intracellular Ca2+ could 
be detected, and (2) shear forces only in com- 
bination with thrombin or ADP induced mo- 
bilization of [Ca2+],?I0 Although shear forces 
in combination with thrombin or ADP cause 
intracellular rise in Ca2+, both stimuli acting 
alone cause formation of IP, and IP,?@The 
importance of shear forces in mechanisms 
governing physiologic and pathologic pro- 
cesses in regulating cellular functions in vivo 
has been reviewed in detail elsewhere?ll It is 
generally agreed that ADP causes activation 
of PLC, but the causal and temporal relation- 
ships between IP, and IP, formation and rise 
in intracellular levels of Ca2+ either remain 
uncertain or unestablished. It is possible that 

ADP-mediated initial burst of IP, may cause 
some release of Ca2+ from the dense tubular 
system and then release more Ca2+ by a dif- 
ferent cellular mechanism similar to calcium- 
induced calcium release (CICR).212-214 Single 
cell investigations carried out with fluorescent 
indicators suggest that formation of IP, is 
coupled with Caz+ oscillations and CICR 
mechanism is required for the propagation of 
the oscillatory signal involving coordinated 
control of uptake and release cycles.215 Inves- 
tigations carried out by Tsuneda et al. and 
Heemskerk et al. have confirmed a similar 
phenomenon taking place in platelets. Caffhe 
(which operates through rynodine receptor 
operating CICR mechanism) has been shown 
to elevate intracellular levels of Caz+ in plate- 
lets but does not cause any functional respons- 
es. Therefore, the existence of CICR mecha- 
nism in mobilizing [Ca2+], in platelets also 
remains uncertain. Additional mechanism(s) 
for the release of Ca2+ may be necessary in 
light of the fact that only 40 to 70% fraction 
of the total [Ca2+Ii is released by IP, in perme- 
abilized cells and isolated membranes.218 This 
suggestion also finds support in the investi- 
gations camed out by Murphy et al., which 
show poor correlation between platelet-ac- 
tivating, factor-induced increase in [Ca2+],, 
DAG, and IP, in rabbit We be- 
lieve that ADP by itself (without shear 
forces) does not make a major contribution 
to calcium mobilization. 

IX. Ca2+ INFLUX 

Activation of platelets by ADP is also 
accompanied by influx of CaZ+ from the ex- 
tracellular medium. Mechanisms of ADP- 
induced Ca2+ influx are even more poorly 
understood than those responsible for mobi- 
lization of Ca2+ from intracellular stores. 

In the capacitative model proposed by 
Putney, depletion of intracellular stores some- 
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how regulates (or signals) the opening of Caz+ 
channels in plasma membrane.220~221 Thapsi- 
garin (Tg) and 2,5-di(t-butyl)- 1,4-benzo- 
hydroquinone (tBuBHQ), inhibitors of Ca2+- 
ATPase, have been shown to cause an increase 
in  cytosolic Ca2+ in a large number of cell 
types, including platelets.222 The mechanism 
of action of Tg and tBuBHQ involves Caz+ 
entry by depletion of intracellular stores in 
the absence of second messenger genera- 
tion. Cytochrome P-450 has been suggested 
to link store depletion with Ca2+ entry in 
platelets, and it has been shown that econa- 
zole, an inhibitor of cytochrome P450, inhib- 
ited Caz+ and Mn2+ i n f l ~ x . 2 ~ ~ 2 ~ ~  Sargent et al. 
have disputed these observations because in 
stopped-flow experiments econazole had no 
effect on the initial phase of Ca2+ 

In another model, Kuno and Gardner226 
and I r ~ i n e ~ ~ ’  suggested that IP, and IP, may 
directly act at the plasma membrane recep- 
tors leading to the influx of Ca2+ into cyto- 
sol. Rengaswamy and Feinberg demonstrat- 
ed that IP, could release Ca2+ loaded in platelet 
plasma membrane fractions by a Na+/Ca2+ 
exchange mechanism, implying the presence 
of IP,-receptors (IP,-R) in plasma mem- 
brane.228 IP,-R’s have been identified as hav- 
ing carbohydrate residues such as sialic acid 
and N-acetylglucosamine that are known to 
be covalently linked to plasma membrane 
proteins.229 IP,-R’s on the surface invaginat- 
ed portions of plasma membrane have been 
detected by a monoclonal antibody to IP, in 
a variety of cells.230 

It should be emphasized that Ca2+ entry 
pathways mediated by second messengers 
such as IP, have been shown to exist in the 
case of strong agonists, such as thrombin 
and thromboxane. In the case of weak plate- 
let agonists, such as ADP, it has been pos- 
sible to show that Ca2+ influx precedes Caz+ 
release from intracellular ~ t o r e s , ~ . ~ ~ , ~ ~ ~  and this 
mechanism appears to compensate for weak 
second messenger mediated Ca2+ entry. Sup- 
port for the receptor-operated channel open- 

ing mechanism in the case of ADP comes 
from patch-clamp investigations camed out 
by Mahaut-Smith et al., who demonstrated 
the existence of a single channel activity in 
platelets stimulated by ADP but not by throm- 
bin.%~~,~The relationship of this influx of Ca2+ 
to ADP-induced aggregation of platelets is 
not clear at present. 

The GPIIb-ma complex, a fibrinogen re- 
ceptor, has a major Ca2+ binding site. GPIIb- 
IIIa complex has been shown to be involved 
in Ca2+ influx across plasma membrane of 
unstimulated platelets233 as well as stimulat- 
ed platelets.2M While strong platelet agonists 
such as thrombin have been shown to en- 
gage GPIIb-IIIa in platelet calcium channel 
activation,235 no data are available to show 
that ADP might recruit GPIIb-IIIa in Ca2+ 
translocation across the plasma membrane. 

X. INFLUX OF Na+ 

When Na+/H+ exchange is inhibited, 
platelet aggregation and secretion induced 
by ADP or low concentration of thrombin 
are considerably This obser- 
vation led to the proposal that exposure of 
platelets to physiological stimuli results in 
transient alkalinization of the cell interior 
leading to platelet a c t i v a t i ~ n . ~ ~ ~ . ~ ~ ~  Fineberg 
et al. made the critical observation that ADP- 
induced platelet aggregation is accompa- 
nied by intracellular increase in 22Na+ but 
not suggesting a selective mechanism 
of intracellular transport of Na+ rather than 
NaC1.242 That movement of extracellular Na+ 
into cytosol in platelets is coupled with extru- 
sion of H+ was first demonstrated by Sweatt et 
al., who showed that inhibitors of Na+/H+ 
blocked ADP-induced mobilization of i n n -  
cellular pool of arachidonic acid.z0z Ethyliso- 
propylamiloride (a perturbant of Na+/H+ ex- 
change that functions by removing extraplatelet 
Na+) has been shown to inhibit ADP-induced, 
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but not thrombin-induced, formation of PLC 
products (DAG and IP,). ADP-induced mo- 
bilization of cyclooxygenase products was 
shown to be inhibited by indomethacin and 
SQ 29548 (an endoperoxide/thromboxane an- 
tagoni~t).,~~ Taken together, the results sug- 
gest that inhibition of Na+/H+ exchange does 
not directly inhibit ADP-induced formation 
of PLC products and that ADP-induced for- 
mation of DAG and IP, is secondary to 
arachidonic acid mobilization and produc- 
tion of cyclooxygenase products.202 The bio- 
chemical locus of ADP-induced Na+/H+ 
antiporter has been identified as phospholi- 
pase A, (PLA,).243 Thus, it has been sug- 
gested that ADP-induced activation of PLC 
is secondary to the activation of PLA,.202.243 
These results appear to corroborate the find- 
ings of other investigators that show that 
ADP does not directly activate PLC.201-203 
These findings also find support from the 
fact that PLA, possesses an alkaline pH (a 
consequence of Na+/H+ antiport) optimum 
for its enzymatic a c t i ~ i t y . ~ ~ . ~ ~ ~  ADP-induced 
mobilization of [Ca2+Ii was inhibited in in- 
domethacin-treated platelets that had been 
preincubated with Na+/H+ exchanger inhib- 
itor ethylisopropylamiloride: alkalinization 
by NH4C1 overcame this inhibition.2J6 The 
results suggest that platelet activation induced 
by ADP and TXA, involve Na+/H+ exchange 
as a common step and enhance Ca2+ mobi- 
lization independently of PLA, activity.246 
Stopped-flow fluorimetry showed that ini- 
tial kinetics of ADP-induced rise in [Na+Ii 
and [Caz+], in human platelets loaded with 
sodium binding benzofuran isophthalate were 
similar.247 Patch-clamp recordings in the ab- 
sence and presence of Ca2+ showed the pres- 
ence of a single channel. SK&F 96365, a 
blocker of receptor-mediated Ca2+ entry in 
several nonexcitable cells, blocked ADP- 
induced rise in Taken together, the 
results suggest that ADP directly activates a 
channel in platelet plasma membrane that is 
permeable to Na+ and divalent cati0ns.2~~ The 

results also lend credence to the suggestion 
made by Siffert et al. that Na+/H+ antiporter 
modulates ADP-induced Ca2+ mobilization 
without activating PLA,.246 

Binding of ADP promotes binding of 
fibrinogen to its receptor GPIIb-IIIa com- 
plex. The indirect relationship between bind- 
ing of ADP to its receptor and subsequent 
conversion of GPIIb-IIIa complex from a 
low-affinity state (T-state) to a conformation- 
ally competent high-affinity state (R-state) 
has been termed as “pseudo-linkage” and is 
mediated by a third ~omponent?~*~ The third 
component has been identified by Cristofaro 
et al. and corresponds to the Na+/H+ exchang- 
er.250 It has been demonstrated that inhibi- 
tion of the Na+/H+ antiporter by decreasing the 
“a+], by treatment with amiloride caused a 
marked decrease in fibrinogen binding ~ i t e s . 2 ~ ~  

XI. SECRETION 

Platelet a-granule secretion is associ- 
ated with heterotypic interactions (platelet- 
leukocytes) and platelet trafficking, while 
dense (6)  granule secretion is associated with 
homotypic interactions (platelet-platelet). The 
mechanisms leading to the membrane fu- 
sion and secretion are thought to be similar. 
Platelet-induced leukocyte secretion is me- 
diated by P-selectin released from a-gran- 
ules. There is considerable interest in the role 
of transforming growth factor-p (TGF-P) and 
platelet-derived growth factor (PDGF), both 
contained in a-granules of platelets, in the 
modulation of vascular injury and repair mech- 
a n i ~ m . * ~ ’ - ~ ~ ~  Failure of cyclooxygenase inhib- 
itors and aspirin to prevent restenosis of ath- 
erosclerotic lesions after a n g i ~ p l a s t y ~ ~ ~ ~  and 
aspirin-independent thromboregulation has 
revived interest in a-granule s e c r e t i ~ n . ~ ~ ~ . ~ ~ ~  
When the second wave of platelet aggrega- 
tion induced by weak agonists such as ADP, 
epinephrine, and platelet activating factor 
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(PAF) is impaired or lacking, it is usually 
accompanied by defective dense granule se- 
cretion. These platelet defects usually result 
in mild to moderate bleeding and prolonged 
bleeding times.2s8*259 

Using P-selectin positive platelets as an 
index of a-granule release and the binding 
of leukocytes to P-selectin-positive plate- 
lets as a marker for P-selectin function, ADP- 
induced secretion of a-granules was shown 
to be regulated by the Na+/H+ antiporter.260 
Whereas the lipooxygenase inhibitor itself 
or in combination with aspirin had no ef- 
fect, acidification of the extracellular medi- 
um or treatment with amiloride (an inhibitor 
of Na+/H+ antiporter) blocked ADP-induced 
secretion from a-granules.260 

More information is available on the ADP- 
induced secretion from dense granules com- 
pared with a-granules. During the course of 
investigations of the inhibitory effect of 8- 
BDB-TADP on ADP-induced platelet re- 
sponses, we demonstrated that the concen- 
tration of 8-BDB-TADP, which minimally 
affected the rate and extent of ADP-induced 
platelet aggregation, completely blocked 
ADP-induced secretion of nucleotides from 
the dense granules.Il2 Whereas the onset 
and peak of thrombin-induced platelet aggre- 
gation and release from dense granules coin- 
cided, ADP-induced platelet secretion from 
dense granules started only after primary 
wave of aggregation had peaked and coin- 
cided with the peak of secondary wave of 
aggregation (Figure 1 5).Il2 The dependence 
on aggregation could be a shear effect nec- 
essary for ADP-induced secretion but not 
for thrombin-induced secretion. These re- 
sults show that (1) mechanisms of throm- 
bin- and ADP-induced secretion from the 
dense granules of platelets are different, and 
(2) mechanisms of ADP-induced platelet ag- 
gregation and secretion from the dense gran- 
ules are also different. These results have 
been confirmed during our investigations of 
the inhibitory effects of NBD-CltX4 and WR- 

KlXs on ADP-induced platelet activation. 
These results are different from those ob- 
tained by Dillingham et al., who showed 
that aggregation-inhibi tory and dense gran- 
ule secretion-inhibitory potency of carbam- 
oyalpiperidinoalkane and N-alkylnipectoyl- 
piperazine derivatives on ADP-stimulated 
human blood platelets were nearly the 
same.261 The differences in results from two 
investigations may be due to the chemical 
nature of inhibitors used to investigate ADP- 
induced platelet responses. Our investigation 
utilized ADP affinity analogs and pseudo- 
affinity compounds,112J84Jx5 while the other 
investigation did not.261 

It has been earlier discussed that Na+/H+ 
exchanger is also involved in the biochemi- 
cal mechanism underlying ADP-induced 
secretion from dense granules in platelets. 
Thrombin-induced formation of IP, and 
DAG is due to primary activation of PLC, 
while ADP-induced formation of PLC prod- 
ucts is also due to PLC activation but is 
secondary to PLA, activation .202-24 1.242+246 

Perturbance of Na+/H+ exchanger blocked 
formation of PLC products and dense gran- 
ule secretion induced by ADP but not by 
thrombin. ADP-induced secretion from 
dense granules of platelets was shown to be 
inhibited by cyclooxygenase inhibitors and 
thromboxane antagonists (that block forma- 
tion of thromboxane from AA produced by 
the action of PLA, on lipids). The results 
show that ADP induces formation of a small 
pool of AA by a pathway involving Na+/H+ 
antiporter, and thromboxane derived from 
this pool in turn activates PLC. Because the 
same treatment that blocks ADP-induced 
formation of IP, and DAG also blocks ADP- 
induced secretion from dense granules, it 
has been suggested that indirect activation 
of PLC via cyclooxygenase products may 
also be responsible for ADP-induced secre- 
tion from dense granules. One of the prod- 
ucts of PLC activation is DAG, which is hy- 
drolyzed sequentially by di- and monoglycerol 
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FIGURE 15. Effect of 8-BDB-TADP on ADP-induced platelet secretion. ATP release 
following exposure of platelets to thrombin and ADP was measured by the commercial 
luciferase-luciferin reagent.l12 Platelets were either challenged with thrombin or ADP and 
the agonist-induced platelet secretion of nucleotides was measured simultaneously with 
aggregation. 

lipases to librate phosphatidic acid (PA) and 
A4 262 or can be phosphorylated to PA, which 
is a substrate for PLA, that liberates ~ L 4 . 2 ~ ~  
The sequence of events leading up to ADP- 
induced secretion from dense granules of plate- 
lets (Figure 16) can be summarized as, (1) 
Activation of Na+/H+ exchanger, (2) activa- 
tion of PLA,, (3) release and conversion of 
AA to m, (4) activation of PLC by a feed- 
back mechanism involving TXA,, (5) PLC- 
mediated formation of lP3 and DAG, (6) DAG- 
mediated activation of protein kinase C (PKC) 
and formation of AA from DAG, and (7) dense 
granule secretion-mediated by products of PLC 
activation (Figure 16). PKC is not associated 
with ADP-induced primary aggregation of 

 platelet^^^*^^^ but is involved in granular 
secretion.26j-268 DAG, one of the products of 
PLC activation, is a physiological stimula- 
tor of PKC.269.270 It is possible that ADP- 
induced activation of Na+/H+ exchanger ini- 
tiates dense granule secretion but PKC helps 
sustain it by regulating the Na+/H+ exchanger 
by some unknown mechanism. ADP-induced 
dense granule secretion is a delayed event 
because activation of PLC (the products of 
which participate in mechanisms leading up 
to secretion) itself is a delayed event and is 
secondary to PLA, activation. It has also 
been demonstrated that activation of PKC 
by oleoylacetylglycerol, a synthetic analog 
of DAG, facilitates labilization and fusion 
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FIGURE 16. Schematic representation of ADP-induced platelet activation. Binding of ADP to its 
receptor on platelet surface activates Na+/H+ exchanger (mechanism?) leading to a cytosolic pH 
gradient (pH,) gradient favorable for the activation of phospholipase A, (PLA,). The activation of PLA, 
is also aided by the ADP-induced influx of Ca2+ by a receptor operated channel (ROC) or by some other 
unknown mechanism. The activated PlA, converts phospholipids (PL) such as phosphatidylcholine, 
to arachidonic acid (AA), which is cyclized to prostaglandin endoperoxides PGGJPGH, by cyclo- 
oxygenase (CO) followed by their conversion to thromboxaneA, (TXA,) catalyzed by thromboxane 
synthetase (TS). In a feedback mechanism receptor (TX-PG-R)-mediated activation of phospholi- 
pase C (PLC) by the prostaglandin endoperoxides PGGdPGH, and TXA, (which diffuse out of the 
membrane) leads to the formation of phospholipase C hydrolysis products inositol-I ,4,5-triphos- 
phate (IP,) and diacylglycerol (DG) from phosphoinositol-4,5-bisphosphate (PIP,). Protein kinase 
C is activated (PKC') by DG, its physiological activator. IP,and DG, and PKC* then mediated 
release of nucleotides (ATP+ADP) from the dense granules (Dn Gr). IP, also releases Ca2+ by 
binding to its receptors through receptor-mediated channel in dense tubular system (DTS). Deplet- 
ed stores in DTS can be replenished with Ca2+ by Na+, H+/Ca2+ATPase pump. Activation of protein 
kinase C (PKC*) by DG may also provide a mechanism to sustain PLA, activation by regulating the 
Na+/H+ exchanger initially activated by ADP. 
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of granule membranes important for secre- 
t i ~ n . ~ ~ ’  Although i t  is established that PKC 

IP, and DAG, is secondary to PLA, activa- 
tion.202*243 Therefore, it  implies that ADP 

is involved in ADP-induced secretion from 
platelet dense granules, the detailed mecha- 
nism(s) of its action remain uncertain. 

XIII. SIGNAL TRANSDUCTION 

G-proteins are hetrotrimeric proteins (a-, 
p-, and y-subunits) that mediate transmem- 
brane signal between the signal-generating 
junction (ligand bound to its receptor) and 
signal-terminating machinery (the effector, an 
enzyme, that activates second messenger). 
The G-proteins have been reviewed in detail 
el~ewhere.”~2~~ The G-proteins primarily be- 
long to two categories: G,, the G-proteins 
that stimulate cAMP formation by activat- 
ing adenylate cyclase and are regulated by 
cholera toxin and Gi, the G-proteins that su- 
press cAMP formation and are regulated by 
the binding of pertussis toxin. There are three 
different kinds of Gai proteins in platelets, 
Gai l ,  Gai,, and Ga,,; they have 85 to 90% 
amino acid sequence homology.274 

2-MeS-ADP, ADP, and GDP have been 
shown to increase ADP-induced binding of 
[32S]-GTP-y-S to platelets and S,-ATP-a-S 
antagonizes such S,-ATP-a-S did 
not antagonize binding of [32S]-GTP-y-S by 
other agonists, indicating that platelet ADP 
receptor can interact with G - p r o t e i n ~ . ~ ~ ~  By 
using techniques of photoaffinity labeling with 
4-akidoanilid0-[a-~~P]-GTP and immunopre- 
cipitation with subtype-specific antibody,276 
the GTP binding protein in the platelets linked 
to ADP-induced activation was identified 
as Gai2.277 In contrast, thrombin transmem- 
brane agonist peptide (TRAP-SF7) has been 
shown to activate PLC through Gq and inhib- 
it adenylyl cyclase through Gi.274 It has been 
shown (discussed in previous sections) that 
ADP-induced formation of PLC products, 

does not activate PLC through the G, path- 
way.277 T i~ lop id ine~~  has been shown to in- 
hibit ADP-induced platelet aggregation and 
stimulated adenylyl cyclase Clo- 
p i d ~ g r e l , ~ ~  a thienopyridine similar to ticlopi- 
dine, was shown to block binding of 2-MeS- 
[,*P]-ADP to ~1ate le t s . l~~  Previously, it has 
been demonstrated that 2-MeS-ADP induces 
platelet aggregation as well as inhibits ade- 
nylyl cyclase activity.99 Together, these re- 
sults have taken to hypothesize that Gai2 
represents the G-protein that mediates ADP- 
induced inhibition of adenylyl cyclase activ- 
ity. Although no direct evidence has been 
obtained to support of this claim,277 but, in 
an analogy to Ga,,-mediated inhibition of 
adenylyl cyclase in platelets stimulated by 
the binding of epinephrine to adrenergic re- 
ceptors, i t  might very well be the case (Ref- 
erence 273; other references cited therein). 
It is also possible that the py-subunit of G,, 
may participate in the activation of PLA,, a 
step necessary in ADP-induced platelet ac- 
tivation (discussed in previous sections).279 
py-subunit of G, has been shown to modu- 
late PLA, activity in other cellular systems 
(Reference 279; other references cited there- 
in). It is also possible that ADP-induced 
platelet activation proceeds through two differ- 
ent signaling mechanisms and G a  and Gpy 
may come from two different G - p r o t e i n ~ . ~ ~ ~  

XIV. CLONING 

Recently, cloning of two human P2Y1 
Receptors has been reported.280.281 The sec- 
ond P2Y, receptor281 differs from the first280 
by only one serine residue. The second P2Y 
receptor, when expressed in Jurkat cells, ex- 
hibited pharmacological properties similar 
to those of a nucleoside diphosphate recep- 
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tor in platelets that modulates adenylyl cy- 
clase activity.281 The presence of the 2PY, 
receptor mRNA was reported in human plate- 
lets and several cell lines of megakaryocytic 
origin.281 Rank order of potency for Ca2+ 
movements in Jurkat cells transfected with 
the P2Y1 receptor was 2-MeS-ADP > ADP 
> ADP-a-S and a$-Me-ATP. UTP and ade- 
nosine were reported to be without any ef- 
fect. ATP, S,-ATP-a-S and P,y-Me-ATP were 
shown to be competitive antagonists. 2-MeS- 
ATP and 2-Cl-ATP, even after HPLC (high- 
pressure liquid chromatography), were found 
to evoke Ca2+ movement in Jurkat cells trans- 
fected with the receptor. Incubation of mock- 
transfected Jurkat cells with 2-MeS-ATP 
for 5 min was shown to generate material 
that acted as agonist for the Ca2+ response. 
It should be noted that agonist-induced Ca2+ 
response in human platelets occurs in less 
than 1 S,-ATP-a-S, one of the most po- 
tent antagonists at P2T receptor,% was shown 
to be a partial agonist at the cloned 2PY1 
receptor.281 No data concerning responses 
other than the Ca2+ movement in Jurkat cells 
transfected with the human P2Y, receptor 
were reported. In this context it is worth 
noting that other investigators have also hy- 
pothesized that the platelet P2T receptor 
may be coupled to a G-protein that modu- 
lates the activity of adenylyl cyclase.282 

also 
reported cloning of human P2Y receptors. 
The human P2Y receptor transcript obtained 
by Janssen et al.283 and Schacter et ap- 
pears to be very similar to that obtained by 
Leon et a1.282 for a 43-kDa protein. The hu- 
man P2Y, receptor expressed in 1321N1 
astrocytoma cells (unresponsive to nucleo- 
tides) showed an agonist potency rank order 
2-MeS-ADP > ADP. 2-MeS-ATP for phos- 
phoinositide hydroly~is.2~~ The time of incu- 
bation (1 to 15 min) used for assaying incu- 
bation mixtures for phophoinoside hydrolysis 
had no effect on the agonist potencies. Fur- 

Janssen et al.283 and Schacter et 

thermore, 2-MeS-ATP neither induced nor 
inhibited cAMP accumulation in 1321N1 
cells expressing the human P2Y, 
In order to confirm that their P2Yl receptor 
was not coupled to adenylyl cyclase, it was 
ascertained that 2-MeS-ATP-induced inhibi- 
tion of cAMP accumulation was essentially 
indistinguishable between the wild-type c6 
cells (that are coupled to adenylyl cyclase) 
and (26 cells expressing the human P2Y I recep- 
tor.284 These results suggest that the human 
P2Y1 receptor cloned by Leon et a1.282 is 
less likely to be a candidate for the platelet 
P2T receptor. 

XV. P U R I N 0 RECEPTORS 
AND DRUGS 

Exposure of conformationally compe- 
tent fibrinogen-binding sites, the GPIIb-IIIa 
complex, by ADP (a weak agonist) and throm- 
bin (a strong agonist), and all the other ago- 
nists with varying degree of potency, consti- 
tutes a central mechanism involved in platelet 
aggregation. Pharmaceutical industries have 
been engaged with development of drugs to 
prevent diseases such as stroke, myocardial 
infarction, unstable angina, and atherosclero- 
sis that culminate, in part, from platelet ag- 
gregation. Therefore, efforts have concentrat- 
ed heavily on the development of chemically 
superior and pharmacologically more potent 
antagonists and antibodies for GPIIb-IIIa. Be- 
cause of the importance of pathophysiolog- 
ical consequences of the biological effects 
resulting from binding of nucleotides to pun- 
noreceptors, which includes ADP-induced 
platelet aggregation, a new sense of aware- 
ness has energized investigators to develop 
specific drugs that are selective at purinore- 
ceptor. Ticlopidine ( 5-(2chlorobenzyl)-4,5,6,7- 
tetrahydrothieno[3,2:c]-pyridine) (Figure 174 
and PCR 4099 (methyl 2-(2-chlorophenyl)- 
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2-(4,5,6,7-tetrahydrothieno[3,2:c]-pfldine-5- 
yl)acetate} (Figure 17b) are structurally re- 
lated compounds that specifically block ADP- 
induced platelet responses. Clopidogrel 
(S-SR25990c) (Figure 17c) is the biologically 
active dextrorotatory stereoisomer separated 

from PCR 4099 racemate. Collectively, these 
compounds are referred to thienopyridines 
in literature and have been reviewed exten- 
sively.38,40-41.285-290 Ticlopidine, PCR 4099, 
and Clopidogrel are specific inhibitors of the 
primary and secondary waves of ADP-induced 

(a) Ticlopidine 

COOCH, 
I 

(b) PCR4099 

COOCH, 
I 

(c) S-SR25990c-clopidogrel 

FIGURE 17. Chemical representations of thienopyridines specific for inhibition of ADP-induced 
platelet activation. Ticlopidine (a), PCR 4099 (b), and clopidogrel (c).38 PCR 4099 is a C-acetyl 
derivative of ticlopidine, which is a racemate because it contains a chiral center (0). Clopidogrel 
(SSR25990c-clopidogrel) is the bioactive dextrorotatory (S) component of racemic PCR 4099.% 
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platelet aggregation as well as ADP-induced 
secretion. These actions of the thienopyridines 
are irreversible and the drugs have to be ad- 
ministered orally for maximum effect that re- 
quires 3 to 5 d. Ticlopidine is more potent than 
FCR 4099, but clopidogrel, when administered 
to rats, was found to be 40 times more potent 
than ti~lopidine.2~~2~' Within the hemostatic 
system, the thienopyridines function mainly 
in vivo due to inhibition of platelet responses 
as they are inactive in conventional coagula- 
tion and fibrinolysis assays. Thienopyridines 
are inactive in vitro, suggesting that they un- 
dergo metabolic conversion to active agents. 
The action of clopidogrel in vivo involves its 
bioactivation in liver by cytochrome P450-1A 
subfamily (CWlAl  and CYPlA2 genes).29* 
The thienopyridines do not contain either the 
ribose or the phosphate moiety present in ADP, 
yet they have been demonstrated to be fairly 
specific for inhibiting ADP-induced platelet 
aggregation. These findings coupled with the 
fact that the thienopyridines are slow-acting 
drugs suggest that the biotransformed drugs 
probably covalently modify the ADP-recep- 
tor. It is likely that they undergo hydroxyla- 
tion by the liver microsomal monooxygena- 
ses and the hydroxylated compounds are 
directed to the ADP receptor by hydophobic 
interactions between the modified thienopy- 
ridines and the ADP-binding domain of the 
receptor. This appears to be a reasonable expla- 
nation of their mode of action at P2T receptor 
in light of the investigations carried out in our 
laboratory concerning chemical modification 
of the ADP-receptor by pseudo-affinity com- 
pounds (Section XI.D). 

Available evidence suggests that the 
thienopyridines act at the P2T receptor to 
selectively inhibit ADP-induced platelet ag- 
gregation. PCR 4099 completely inhibited 
ex vivo aggregation at all tested concentra- 
tions of ADP in Sprague-Dawley rats as 
well as Fawn-Hooded rats (that have congen- 
ital deficiency of dense granules containing 

ADP, ATP, and serotonin). Platelet aggrega- 
tion by low concentration of thrombin isprob- 
ably ADP-dependent because it is shifted to 
higher thrombin concentration in the pres- 
ence of CPICPK. In platelets obtained from 
Sprague-Dawley rats administered PCR 4099, 
platelet aggregation required higher con- 
centrations of thrombin. Data gathered from 
human volunteers show that inhibition of 
ADP-induced aggregation by ticlopidine is 
not dependent on the inhibition of ADP- 
induced rise in [Ca2+Ii or influx of Ca2+. 
These findings further support the proposal 
that P2T receptor is covalently modified by 
the bioactivated thienopyridines. It has been 
shown that there is reduced fibrinogen bind- 
ing following thienopyridine treatment, but 
ticlopidine in no way directly modifies the 
fibrinogen receptor complex. Thienopyridines 
have been shown not to affect AA metabo- 
lism in platelets and vessel wall. A signifi- 
cant finding of the investigation of the action 
of thienopyridines is modulation of adenylyl 
cyclase activity p!ays an important role in 
blocking ADP-induced platelet aggregation. 

Platelets can aggregate in the absence 
of external stimulus. Under controlled con- 
ditions of high shear stress, it is vWF rather 
than GPIIb-IIIa complex that supports plate- 
let aggregation. High shear rate is known to 
cause severe arterial stenosis and has clini- 
cal relevance to rheological conditions ex- 
isting during normal microcirculation. ADP 
scavengers partially inhibit formation of shear- 
induced platelet aggregates, suggesting that 
under conditions of high shear-stress, plate- 
lets release ADP from secretory granules. 
Desmopressin, a synthetic analog of vaso- 
pressin, increases plasma levels of vWF and 
factor VIII, and shortens the bleeding time 
of normal individuals and patients with con- 
genital acquired defects of primary hemosta- 
sis. Ticlopidine was shown to inhibit shear- 
induced platelet aggregation before and after 
desmopressin infusion.292 Bleeding time pro- 
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longed by ticlopidine in healthy volunteers 
was shortened by d e s m ~ p r e s s i n . ~ ~ ~  Potentia- 
tion by desmopressin of shear-induced plate- 
let aggregation may be one of the mecha- 
nisms by which desmopressin shortens the 
prolonged bleeding time. The results suggest 
that ticlopidine is a useful drug in minimiz- 
ing arterial thrombosis due to thrombotic oc- 
clusions resulting from platelet aggregation 
under conditions of high shear-stress that re- 
lease ADP from platelets. At sites of arterial 
stenosis and endothelial injury, recurrent plate- 
let aggregation and dislodgement leads to 
cyclic flow variations (CFV’s), which may 
represent a pathophysiological phenomenon 
akin to the one occurring in some patients 
with coronary artery syndromes. ADP plays 
an important role in vivo in mediating plate- 
let aggregation, and CFVs in stenosed and 
endothelium-injured coronary arteries in an 
experimental canine model and infusion of 
clopidogrel to dogs following establishment 
of CFVs led to complete abolition of C F V S . ~ ~  
These clinical investigations underscore the 
role of ADP-induced platelet aggregation in 
coronary artery disease and emphasize the 
beneficial effects of thienopyridines in 
alleviating such pathophysiological condi- 
tions in clinical settings. Aprotonin has been 
shown to constitute a useful physiological 
antagonist of the hemorrhagic risk associ- 
ated with interventional therapy under treat- 
ment with ticlopidine or ~lopidogrel,2~~ prob- 
ably due to inhibition of fibrinolysis. In 
another clinical investigation employing ticlo- 
pidine, lower dosage of ticlopidine with lower 
frequencies of side effects were demonstrated 
when given in combination with trapidil, a 
PDGF-receptor antagonist and an inhibitor 
of platelet aggregation.294 Rationale of this 
drug combination lies in optimizing thera- 
peutic efficacy of clopidogrel, which irre- 
versibly inhibits platelet functions and remains 
inhibitory during the rest of the life span of 
platelets, with trapidil, which exerts revers- 
ible inhibitory effect on platelet aggrega- 

t i ~ n . ~ ~ ~  In another interesting clinical inves- 
tigation, clopidogrel administered orally was 
found to inhibit platelet-induced expression 
of tissue factor on endothelial cells, suggest- 
ing that platelet aggregation, which plays a 
significant role in arterial thrombosis, might 
also influence venous thrombosis.295 Venous 
thrombosis has been shown to be associated 
with tissue factor expression.29s Long treat- 
ment with ticlopidine seems to retard prop- 
agation of peripheral a the romat~s i s .~~~  Pro- 
gression of atherosclerotic disease is retarded 
by reduction of low-density lip,oproteins 
(LDL).297 Plasma lipoproteins, along with 
blood platelets, play an important role in the 
development of coronary artery disease. 
However, ticlopidine administration can 
develop risk factors because it continuously 
increased LDL levels in middle-aged men 
incapacitated with stable angina pectoris, 
while there was no change in high-density 
lipoprotein fracti0n.2~~ It was therefore sug- 
gested that before starting with long-term treat- 
ment with platelet inhibitors like thienopy- 
ridines, their effects on cardiovascular risk 
factors (such as elevation of LDL levels) should 
be monitored.298 

The development of nucleotide based an- 
tagonists at P2T receptor has been long over- 
due. ATP (Figure 18a), a natural antagonist 
at P2T receptor, cannot be used in clinical 
settings for two reasons: (1) it is active as an 
agonist at other P2-purinergic receptors, and 
(2) it is metabolized by ectonucleotidases. 
S,-ATP-a-S is a very potent antagonist at 
P2T receptor,% but its clinical profiles are 
unknown. It has been known that that 2-MeS- 
and 2-EtS-ATP possess increased affinity for 
P2T receptor.122Advantage was taken of the 
above facts in designing 2-propylthio-P,y- 
dichloromethylene-ATP (FPL 67085) (Fig- 
ure 18b) and 2-propylthio-~,y-difluorometh- 
ylene-ATP (FPL 66096) (Figure 18c), which 
have been found to be extremely potent an- 
tagonists at P2T receptor.299 Introduction of 
a propyl group at C, increases their potency 
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0 0 II - 
II 

0 

OH 6 
0 - P - 0 - P - 0 - P - 0  

I 6 - - 

HO OH 
(a) ATP 

I 0 CI 0 
0 - P - 0 - P - c - P - 0  

OH 0 CI 6 
0 II I II - II 

I t  I 

- - 

HO OH 

(b) FPL 67085 

N 5 N >  

O F  0 0 
0 - P - 0 - P - c - P - 0  

OH 6 ; ;  
I t  I I I  - 

CH3-CH2-CH2-S A N 

II 

I b- - - 

HO OH 

(c) FPL 66096 

FIGURE 18. Chemical representation of nucleotide-based drugs active at P2T Purinergic recep- 
tor. FPL 67085 (b)3m and FPL 66096 ( c ) . ~ ~  ATP (a) is included for comparison. It has been pointed 
out that designation of FPL 67085 and FPL 66096 has been changed to ARL 60785 and ARL 
66096, respectively.281 
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and introduction of P,y-dihalogroup prevents 
hydrolysis of FPL 66096 and FPL 67085. 
FPL 67085,300 and FPL 66096,301 have been 
shown to be 30,000-fold and 9000-fold more 
selective for P2T over P2X- and P2Y-puriner- 
gic receptors. These two compounds have no 
detectable activity at P2U-punnergic recep- 
tors, Al-, A2-, and A2b- receptors for adeno- 
sines; a,-, q- and P,-adrenergic receptors for 
catecholamines; 5-HT2-receptor for seroto- 
nin; ATl-receptor for angiotensin I1 and EP2- 
receptors for  prostaglandin^.^^^ FPL 67085 

y 2  

has a pharmacokinetic profile that is desir- 
able for use as an infusible drug in the high- 
risk coronary care enviror~ment.~~ In phase 
I clinical trials involving male volunteers, 
FPL 67085 was well tolerated and inhibited 
ADP-induced platelet aggregation ex vivo over 
a similar dose range seen in animals with 
maximum effect reaching in 15 min.300 Phar- 
macokinetic studies showed that FPL 67085 
has a half-life time of 2 min in humans.300 

Ap,A (Figure 19a), a component of 
platelet dense granules,IM is a competitive 

N H 2  I 

0 II  J,i”-.-p- 0 

I I 
- P - 0 - P  

I 

0 6 0 0 

H O  O H  H O  O H  

- P - 0 - P  0 #I 9 j“ ( ?  P-0 
I I 

0 - ;> - 0 - 
2 2. 

HO O H  

0 
-P- 
0 
I 

- 

HO O H  

FIGURE 19. Chemical representation of diadenosine polyphosphates. (a) Ap,A (diadenosine 
5’,5-P1,P4-tetraphosphate or diadenosine tetraphosphate) and (b) AppCHClppA (P,P-monochlo- 
romethylenediadenosine 5’,5”’-Pi ,P4-tetraphosphate).47 
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inhibitor of ADP-induced platelet aggrega- 
tion107J08-302 and has been shown to have an- 

vation. 158.282.305-307 ADP-induced platelet ag- 
gregation remains at the heart of ADP-in- 

tithrombotic effects in rabbit carotid artery 
model. However, Ap,A has a short half-life 
time in blood because it is degraded by phos- 
phodiestera~es.~~~ These observations were 
helpful in designing P,P’-monochlorometh- 
ylenediadenosine 5’,5”’-P1-P4-tetraphos- 
phate (AppCHClppA)47 (Figure 19b), which 
is far more potent than A P , A ~ ~  in inhibiting 
platelet aggregation induced by ADP. Prelimi- 
nary investigations showed that AppCHClppA 
may be a useful antithrombotic drug in he- 
modialysis, arteriovenous shunts, and intro- 
duction of artificial heart ~alves .4~ The tox- 
icity and pharmacokinetics AppCHClppA 
have yet to be evaluated. 

Gram-negative septic shock is lethal in 
human beings and its action in vitro can be 
duplicated by the action of lipopolysaccha- 
ride (LPS), endotoxin. Macrophages are in- 
flammatory cells and release tumor necrosis 
factor-a, interleukin-1, and interleukin-6 when 
exposed to LPSs. Macrophages are likely to 
be exposed to extracellular ATP and ADP in 
vivo, as these compounds are released from 
platelets and other cells during injury and 
inflammation. 2-MeS-ATP, an antagonist of 
ADP-induced platelet activation, was found 
to reduce serum cytokines and protect mice 
from lethal endotoxemia.304 Thus, adenine nu- 
cleotides provide a potentially new approach 
in controlling pathophysiology of Gram-neg- 
ative septicimia. 

XVI. CONCLUSIONS 

As the early reports that ADP17-,0 and 2- 
substituted A D P - a n a l o g ~ ~ ~ ~ ~ J ~ ~  are platelet 
agonists and the ADP antagonizes stimulat- 
ed adenylyl cyclase considerable 
progress has been made toward understand- 
ing the biochemical, pharmacological, and 
clinical aspects of ADP-induced platelet acti- 

duced platelet activation. Considerable efforts 
have been directed to identify the ADP-re- 
ceptor protein. We have used five different 
ADP-affinity analogs7l12Jl 1 ~ 2 8 ~ 3 1 , 1 5 5  three pseu- 
do-affinity ~ o m p o u n d s , ~ ~ ~ J ~ J ~ ~  and an immu- 
noaffhity method1% to show that ADP-in- 
duced platelet responses are mediated by the 
binding of ADP to aggregin,lS7Js8 100-kDa 
surface membrane protein, a putative ADP 
receptor. Other investigators have claimed 
that a 43-kDa surface protein126 might rep- 
resent the adenylyl cyclase binding site on 
human blood platelets. 

There are also disagreements concern- 
ing ADP-induced formation of PLC prod- 
ucts IP, and DAG. Considerable amount of 
experimental evidence gathered suggest that 
binding of ADP to its receptor activates 
Na+/H+ antiporter leading to the activation 
of PLA,; the products of PLA,, AA, is then 
converted by cyclooxygenase pathway to 
TXA,, which in a feedback mechanism ac- 
tivates PLC.201-203 There are also disagree- 
ments concerning mechanisms of ADP-in- 
duced rise in [Ca2+], in platelets. Whether 
this occurs by ligand-gated Ca2+ influx or 
by mobilization from intracellular stores, or 
both, remains a contested issue.213~214~233.234 
There is compelling evidence that ADP-in- 
duced influx of Ca2+ precedes mobilization 
of Ca2+ from intracellular stores.w*95.231 Re- 
cently, the presence of P2X1 receptors on 
the platelet surface that mediate rapid phase 
of ADP- and ATP-evoked influx of Ca2+ via 
a non-specific cation channel has been iden- 
tified, but the identity of the receptor pro- 
tein remains unknown.308 

Our knowledge of signal transduction 
mechanisms of ADP-induced platelet acti- 
vation remains less well understood. Ga,, 
protein has been identified as the G-protein 
coupled to the ADP-receptor on the platelet 
surface.278 Ga, protein has been shown to 
couple g-adrenergic receptors that inhibit 
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adenylyl cyclase without causing any change 
in [CaZ+],. However, the increase in  [Ca2+], 
is essential for ADP-induced platelet activa- 
tion regardless of the mechanism. The two- 
receptor hypotheses for the ADP-induced 
platelet activation has been much debated. 
However, the existence of two different 
ADP-receptor proteins has never been 
demonstrated. Thus, i t  is reasonable to pro- 
pose a single-receptor hypothesis that would 
accommodate different ADP-induced plate- 
let responses by postulating that there are 
binding sites on this receptor that differ in 
their affinity for ADP or there are different 
signal transducing mechanisms associated 
with binding of ADP at P2T. 

One of the important aspects of ADP- 
induced platelet activation is its ability to 
block CAMP formation by stimulated adeny- 
lyl ~yclase,9~ but this is not the cause of ADP- 
induced platelet a g g r e g a t i ~ n . ~ ~ ~ ~ ~  Therefore, 
the nagging question remains, What is the 
significance of the ability of ADP to antag- 
onize adenylyl cyclase activity in vivo? 

Among the most important aspects of 
the investigations of the P2T-purinergic re- 
ceptor are the advances made in finding 
new, better, and potent drugs that selective- 
ly block ADP-induced platelet aggregation 
and thus may be used in clinical settings. 
The thienopyridines (ticlopidine, PCR 4099, 
and clopidogrel) have shown the promise of 
blocking ADP-induced platelet aggregation 
fairly s e l e c t i ~ e l y . ~ ~ ~ - ~ ~ ~  Among nucleotide- 
based drugs, FPL 6 7 0 8 F  has been found 
to be very selective at P2T receptor, and its 
success in phase I clinical trials shows the 
promise of its being a useful antithrombotic 
drug for use in human beings. 

However, much remains to be done in 
unequivocally identifying the ADP-recep- 
tor protein in human blood platelets. The 
isolation of the ADP-receptor protein is 
necessary to make monoclonal antibodies 
and clone the receptor. The cloned receptor 
would allow studies of the biochemical ba- 

sis of the specificity for ADP and mapping 
of the nucleotide- binding site. Together such 
efforts could lead to the design of drugs that 
are selective, more potent, and safe, while 
inhibiting pathophysiological states such as 
arterial thrombosis resulting from the acti- 
vation of the ADP-receptor protein andor 
interactions of the receptor with ADP. 
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