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Inhibition of ADP-Induced Platelet Activation by 
7-Chloro-4-nitrobenz-2-oxa-l,3-diazole: Covalent 
Modification of Aggregin, a Putative ADP Receptor 
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Philadelphia, Pennsylvania 191 40 

Abstract ADP-induced platelet responses play an important role in the maintenance of hemostasis. There has 
been disagreement concerning the identity of an ADP receptor on the platelet surface. The chemical structure of 
7-chloro-4-nitrobenz-2-oxa-l,3-diazole (NBD-CI) shows considerable resemblance to that of the adenine moiety of 
adenine-based nucleotides. The reagent has been previously used by other investigators as an affinity label for adenine 
nucleotide-requiring enzymes, such as mitochondria1 ATPase and the catalytic subunit of CAMP-dependent protein 
kinase. Since ADP-induced platelet responses depend on the binding of ADP to its receptor, we investigated the effect 
on ADP-induced platelet responses and the nature of ADP-binding protein modified by NBD-CI. NBD-CI inhibited 
ADP-induced shape change and aggregation of platelets in platelet-rich plasma in a concentration- and time-dependent 
manner. NBD-CI also inhibited ADP-induced shape change, aggregation, exposure of fibrinogen binding sites, 
secretion, and calcium mobilization in washed platelets. NBD-CI did not act as an agonist for platelet shape change and 
aggregation. Covalent modification of platelets by NBD-CI blocked the ability of ADP to antagonize the increase in 
intracellular levels of cAMP mediated by iloprost (a stable analogue of prostaglandin 12) .  NBD-CI was quite specific in 
inhibiting platelet aggregation by those agonists, e.g., ADP, collagen, and U44619 (a thromboxane mimetic), that 
completely or partially depend on the binding of ADP to its receptor. Autoradiogram of the gel obtained by SDS-PAGE 
of solubilized platelets modified by ['4C]-NBD-CI showed the presence of a predominant radiolabeled protein band at 
100 kDa corresponding to aggregin, a putative ADP receptor. The intensity of this band was considerably decreased 
when platelets were either preincubated with ADP and ATP or covalently modified by a sulfhydryl group modifying 
reagent before modification by [l4C]-NBD-C1. These results ( 1 )  indicate that covalent modification of aggregin by 
NBD-CI contributed to loss of the ADP-induced platelet responses, and ( 2 )  suggest that there is a sulfhydryl group in the 
ADP-binding domain of aggregin. 
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ADP is one of the first known and most impor- 
tant of the established agonists of platelet aggre- 
gation [Garrder et al., 1961; Born, 19621. ADP- 
induced platelet responses are mediated by a 
unique PZT receptor [Burnstock, 1990; Hourani 

Abbreviations used: NBD-CI, 7-chloro-4-nitro-2-oxa-1,3- 
diazole; 8-BDB-TADP, 8-(4-bromo-2,3dioxobutylthio) aden- 
osine-5 '-diphosphate; FSBA, 5'-p-flurosulfonylbenzoyladeno- 
sine; OPTH, o-phthalaldehyde; A23187, a calcium ionophore; 
U46619, 9 , l  l-dideoxy-9a,lla-methanoepoxy prostaglandin 
Fp,; PMA, phorbol-12-myristate-13-acetate; p-APMS, p- 
aminophenylmethylsulfonylfluoride; GPIIb, glycoprotein 1%; 
GPIIIa, glycoprotein IIIa; PRP, platelet-rich plasma; SDS- 
PAGE sodium dodecyl sulfate-polyacrylamide gel electropho- 
resis. 
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and Cusack, 19911. Previous investigations from 
our laboratory demonstrated that binding of 
ADP to aggregin (100 kDa), a putative ADP 
receptor, is required for platelet aggregation by 
those agonists that use ADP-dependent mecha- 
nisms [Bennett et al., 1978; Figures et d., 1981; 
Morinelli et al., 1983; Colman et al., 1986; Puri 
et al., 19951. In recent years, the presence of a 
platelet-like PZT receptor has been demonstrated 
in cells of megakaryocytic lineage [Murgo et al., 
19941 and human erythroleukemia (HEL) cells 
[Shi et al., 19951. 

Recent investigations using photoaffinity label- 
ing to identify the ADP receptor on the platelet 
surface have produced conflicting results [Greco 
et al., 1991; Mills et al., 19931 that do not agree 
with our previous findings [Bennett et al., 1978; 
Figures et al., 1981; Morenelli et al., 1983; Col- 
man et al., 1986; Puri et d., 19951. Photoaffinity 
labeling has been used to probe the structure- 
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function relationship of purified enzymes as well 
as functional proteins in intact cellular systems. 
However, photolabeling suffers from the follow- 
ing disadvantages: (1) indeterminate nature of 
the ligands actually participating in the photo- 
lytic reaction and the products formed [cf. Greco 
et al., 1991; Cristalli and Mills, 19931, and (2) 
activation of signal transduction pathways that 
activate and/or regulate cellular functions [De- 
vary et al., 1992; Schvien and Ledbetter, 1993; 
Schvien et al., 19931. 7-Chloro-4-nitrobenz-2- 
oxa-1,3-diazole (NBD-CI) (Fig. 1B) is an electro- 
philic reagent that forms well-defined covalent 
fluorogenic adducts with S-amino acids (e.g., 
cysteine), 0-amino acids (e.g., tyrosine), and 
N-amino acids (e.g., glycine) (Fig. 1C) [Ghosh 
and Whitehouse, 1968; Shipton et al., 1976; 
Baines et al., 19771. Moreover, the chemical 
structure of NBD-CI resembles that of the ad- 
enine moiety of adenine nucleotides, such as 
ADP (Fig. 1A). Therefore, NBD-CI has been 
used to probe the structure-function relation- 
ship of purified mitochondrial ATPase [Fergu- 
son et al., 19751 and the catalytic subunit of 
CAMP-dependent protein kinase [Hartle and Ros- 
koski, 19821. Our previous investigations have 
concluded that aggregin is a putative ADP recep- 
tor [Colman, 1990, 1992; Puri et al., 19951. In 
order to gain further insight into the chemical 
characteristics of aggregin, we investigated the 
effect on ADP-induced platelet responses and 
the nature of the ADP-binding protein modified 
by NBD-CI. Preliminary reports of this work 
have previously appeared [Puri and Colman, 
1994; Colman and Puri, 19951. 

MATERIALS A N D  METHODS 

NBD-CI (a pale yellow crystalline solid) was 
obtained from Sigma Chemical Co. (St. Louis, 
MO) and used without further purification. 
[U-l4C1-NBD-CI (spec radioact 108 kCi/ml; 0.83 
kmol/ml in ethanol) was obtained from Re- 
search Products International Corp. (Mount 
Prospect, IL). Solutions of NBD-CI for investiga- 
tion of its effect on responses induced by ADP 
and other agonists of platelets in platelet-rich 
plasma and washed platelets were prepared in 
ethanol and DMSO, respectively. Freshly pre- 
pared solutions were stored in the dark at 25°C. 

U466 19 (9,1l-dideoxy-ga, 1 la-methanoepoxy 
prostaglandin FZu) was from Cayman Chemicals 
(Ann Arbor, MI). A23187 (a calcium ionophore), 
collagen, and p-APMSF (p-aminophenyl-methyl- 
sulfonylfluoride) were from Calbiochem (San 

Diego, CA). Prestained molecular weight stan- 
dards used as markers to estimate molecular 
weight of proteins by gel electrophoresis were 
from Bio-Rad (Hercules, CAI. Fura-2/AM was 
obtained from Molecular Probes (Eugene, OR). 
CAMP binding protein assay kit was purchased 
from Diagnostic Corp. (Los Angeles, CAI. Hu- 
man a-thrombin (3,203 NIH U/mg protein) was 
a gift from Dr. John W. Fenton I1 (Division of 
Laboratories and Research, New York State De- 
partment of Health, Albany, NY). Fibrinogen 
used in labeling of platelets by lZ5I-fibrinogen 
was obtained from Sigma. In all other experi- 
ments, fibrinogen used was purchased from 
KabiVitrum (Franklin, OH). ADP, ATP, 
p-chloromercuribenzenesulfonate, benzamidine 
hydrochloride, FSBA (5'-p-fluorosulfonylbenzo- 
yladenosine), leupeptin, PMA (phorbol-12-my- 
ristate-13-acetate1, apyrase (from potato), aden- 
osine deaminase (from calf intestinal mucosa, 
type VII), bovine serum albumin (BSA), and 
luciferase-luciferin reagent (in glycine buffer) 
were obtained from Sigma. 8-(4-Bromo-2,3- 
dioxobuty1thio)adenosine-5 ' -diphosphate 
[8-BDB-TADP] was a kind gift from Dr. Roberta 
F. Colman (Department of Chemistry and Bio- 
chemistry, University of Delaware, Newark, DE). 

Platelet Isolation and Washing 

Fresh human blood was obtained from healthy 
volunteers with written informed consent. PRP 
was prepared by centrifugation (120g, 30 min, 
23°C) of fresh whole human blood drawn into 
acidlcitrateldextrose (citric acid, 0.079 M; so- 
dium citrate, 0.085 M; and dextrose 0.180 M) in 
a ratio of 1 ml of anticoagulant solution per 9 ml 
blood. For investigations of the effect of NBD-CI 
on responses in PRP of platelets exposed to 
various agonists, the pH was adjusted to 7.4 
with 0.1 N NaOH solution. Washed platelets 
were prepared by differential centrifugation of 
PRP as described previously [Puri et al., 19891. 
Washed platelets were suspended in Tyrode's 
buffer (Hepes, 18.4 mM; NaHZPO4, 0.42 mM; 
NaC1, 136 mM; KCl, 2.7 mM; D-glucose, 11.9 
mM; NaHC03, 12 mM, and BSA, 3.5 mg/ml, pH 
7.35). 

Shape Change and Aggregation of Platelets 

Shape change and aggregation of platelets in 
PRP and washed platelets were performed in a 
Lumi-Aggregometer (Chronolog, Havertown, 
PA) under constant stirring conditions at 37°C. 
PRP and PPP (platelet-poor plasma) were used 
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Fig. 1. Representations of NBD-CI (A) and ADP (B) and sche- 
matic representation of the chemical modification of proteins 
by NBD-CI (C) were created by the CHEMDRAW computer 
program (Cambridge Scientific Computing, Cambridge, MA). 
The adenine moiety in the representation of ADP (B) is  high- 
lighted by a dashed rectangle to emphasize its structural resem- 
blence to NBD-CI. Covalent adduct formation between NBD-CI 
and proteins (C) involves nucleophilic attack by the lone pair of 

electrons in hetero atoms of the side chains of critical residues 
(e.g., tyrosine, lysine, and cysteine), present in the functional 
domains of a variety of proteins, on the carbon atom bearing 
chlorine in the aromatic ring of NBD-CI. The cumulative nega- 
tive inductive effect of nitro group and oxadiazole ring system 
facilitates the nucleophilic attack on the carbon atom bearing 
chlorine in NBD-CI. 
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in the reference cuvette for platelet aggregation 
and shape change, respectively. Shape change 
and aggregation of washed platelets were per- 
formed at a concentration of 1 x 10s/ml and 5 x 
108/ml, respectively. Washed platelets (1 x los/ 
ml) and suspension buffer were used in refer- 
ence cuvettes in shape change and aggregation 
experiments, respectively. ADP-induced platelet 
shape change in PRP was performed in the 
presence of 3-6 mM EGTA, while platelet aggre- 
gation was performed in the presence of 1 mM 
Ca2+, but in the absence of externally added 
fibrinogen. ADP-induced platelet shape change 
of washed platelets was performed in the pres- 
ence of 2 mM EGTA while platelet aggregation 
was performed by preincubating washed plate- 
lets with 1 mM Ca2+ and 1 mg/ml fibrinogen 
at 37°C. The data are expressed as percent of 
rate of maximum shape change (LAU/min; 
LAU = light absorption units, arbitrary scale) 
and maximum aggregation (LTU/min; LTU = 
light transmission units, arbitrary scale) com- 
pared with an identical control (100%). 

Fibrinogen Binding 

Human 1251-fibrinogen (specific radioactivity 
2.12 mCi/mg protein) was prepared by the iodo- 
gen method as described previously [Puri et al., 
19911, except that the equilibration and elution 
buffer contained 184 mM Hepes, 136 mM NaC1, 
2.7 mM KC1, and 0.35 mg/ml BSA, pH 7.35. The 
preparation of radioiodinated fibrinogen was 
found to be 93 +- 5% (n = 4) clottable. The 
radioiodinated fibrinogen was diluted with unla- 
beled fibrinogen (20 mg/ml) in a 1:l ratio before 
using it in binding experiments. Binding of 1251- 
fibrinogen to washed platelets was measured as 
reported previously by Puri et al. [19911. For 
total binding of 1251-fibrinogen, platelets 
(1 x 1Os/2O0 ~ 1 )  were placed in an Eppendorf 
tube at  25°C and incubated with increasing 
amount of 1251-fibrinogen in the presence of 1 
mM Ca2+ for 1 min. The reaction mixture was 
then incubated with 30 pM ADP for another 5 
min. The reaction was terminated by removing 
a 50-pl aliquot from each sample and layering 
over 200 ~1 of silicone oil mixture in a microtube 
(Sarsdet, Princeton, NJ) [Puri et al., 19911 and 
centrifuging in a Beckman model E microfuge 
for 3 min. The pellet at the bottom of the micro- 
tube was excised, and radioactivity in the pellet 
was measured by counting in an automatic 
y-counter (model 1470 WIZARD, Wallac Oy, 
Turku, Finland) equipped with RIaCalc WIZ 2.2 

software. Nonspecific binding of 1251-fibrinogen 
to platelets was determined identically in the 
presence of 2 mM EDTA and 10-fold molar 
excess of unlabeled fibrinogen. Binding in the 
presence of NBD-CI was determined similarly 
by preincubating the platelets in the dark with 
NBD-CI at 25°C for 5 min. 

Platelet Secretion 

Secretion by platelets in PRP following expo- 
sure to ADP in the absence and presence of 
NBD-CI was estimated, simultaneously with ag- 
gregation, by measuring the intensity of chemi- 
luminescence of commercial luciferase-luciferin 
reagent (80 pl/ml of PRP, freshly constituted as 
described in the protocol provided by the suppli- 
ers) in a dual-channel Lumi Aggregometer 
(Havertown, PA). The ATP release in the incu- 
bation mixtures was computed from a standard 
curve prepared by estimating chemilumines- 
cence from solutions of known concentration of 
ATP in the absence and presence of NBD-CI as 
described above. NBD-CI, as high as 0.4 mM, 
had no effect on the assay. 

Measurement of lntracellular Calcium levels 

Platelets were loaded with Fura-2/AM by in- 
cubating PRP with the fluorescent indicator (5 
pM) at 37°C for 20 min. Stock solutions of the 
indicator were prepared in DMSO. Maximum 
fluorescence (Fmz), reflecting total content of 
Ca2+ in storage granules, was estimated by treat- 
ing the Fura-2 (Aex and A,,, 340 and 510 nm, 
respectively) loaded platelets (2 x 10s/ml) with 
2 pM ionomycin (in DMSO), and autofluores- 
cence was determined by quenching the above 
incubation mixture with 10 mM MnC12. Plate- 
lets loaded with the fluorophore were then incu- 
bated with 1 mM CaC1, at 37°C for 1 min and 
then stirred with an increasing concentration of 
ADP to monitor the fluorescence emission inten- 
sity. The intracellular level of Ca2+ was calcu- 
lated by using the methods described in [Cob- 
bold and Rink, 1987, and references cited 
therein]. The loaded platelets were then incu- 
bated with NBD-CI at 25°C in the dark and 
ADP-induced release of Ca2+ determined as de- 
scribed above. 

Measurement of lntracellular CAMP levels 

Intracellular levels of CAMP in washed and 
NBD-CI-modified platelets (1 x 10s/ml) were de- 
termined by the commercial CAMP-binding as- 
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say as outlined by the manufacturer and de- 
scribed previously [Puri et al., 19911. 

labeling of Platelets by [14Cl-NBD-CI 

Washed platelets (1-2 x 108/0.25 ml) were 
incubated in the dark with a solution of NBD-CI 
(5 pM, final) and [l4C1-NBD-CI (10 p1 or 1.1 pCi 
of the commercial sample) in the absence or 
presence of various reagents for 5 min at 25°C 
followed by addition of an ice-cold solution (1 
ml) containing Tris-buffered saline (TBS; 15 
mM Tris-HC1 and 139 mM NaC1, pH 7.4) and 
EDTA (10 mM). The reaction mixture was cen- 
trifuged for 30 sec in Beckman model E mi- 
crofuge. The pellet was suspended in a solution 
(35 pl) containing TBS and 1 mM EDTA and 
solubilized by the addition of an equal volume of 
a solution containing SDS (4%, w/v), P-mercap- 
toethanol (12%, v/v), leupeptin (20 pM), 
p-APMSF (60 pM) and benzamidine (2 mM). 
Sodium dodecyl sulfate-polyacrylamide gel elec- 
trophoresis (SDS-PAGE) was performed on 10% 
gels according to the method of Laemmli (1970) 
with the modification that the gels were pre- 
pared from a solution of acrylamide-bisacryl- 
amide mixture containing leupeptin (10 pM), 
p-APMSF (30 pM) and benzamidine (1 mM). 
Gels were calibrated with prestained molecular- 
weight standards. The dried gels were exposed 
to CRONEX X-ray film (NEN-DuPont, Boston, 
MA) at - 70°C for 7 days before developing. 

RESULTS 
Shape Change of Platelets in PRP 

NBD-CI inhibited ADP-induced shape change 
of platelets in PRP in a concentration-depen- 
dent manner with an  IC50 of 120 pM (Fig. 2A). 
Complete inhibition of ADP-induced shape 
change required 300 pM of NBD-C1. The time 
course of inhibition of ADP-induced platelet 
shape change by 150 pM NBD-CI showed al- 
most complete inhibition of shape change in 10 
min (Fig. 2B). However, loss of 50% of the rate 
of shape change occurred in 5 min. NBD-CI, up 
to 400 pM, did not induce platelet shape change. 
The results show that NBD-CI was a potent 
inhibitor of ADP-induced shape change in PRP. 

Aggregation of Platelets in PRP 

NBD-CI inhibited ADP-induced aggregation 
of platelets in PRP in a concentration-depen- 
dent manner with an IC50 of about 20 pM (Fig. 
3A). Inhibition of ADP-induced aggregation was 

0 2 4 6 8 1 0  1 2  
Time (min) 

Fig. 2. Effect of NBD-CI on ADP-induced shape change of 
platelets in PRP. A: Concentration dependence: PRP was incu- 
bated in the dark with various concentrations of NBD-CI for 15 
min at 25°C. Incubation mixtures were challenged by 4 FM 
ADP, monitored for shape change ( O ) ,  and data plotted as 
described in MATERIALS AND METHODS. B: Time course: PRP 
was incubated with 100 FM NBD-CI as described above. 
Aliquots were withdrawn at various times and challenged by 4 
KM ADP to  monitor residual shape change (0). The results are 
representative of the data obtained with PRP from the blood of 
three different donors. 

also time dependent, and NBD-CI (50 pM) de- 
creased the rate of ADP-induced aggregation by 
50% in about 5 min and 100% in 25 min. (Fig. 
3B). NBD-CI, as high as 400 pM, did not act as 
an  agonist of platelet aggregation. The results 
demonstrate that NBD-CI was an effective in- 
hibitor of ADP-induced platelet aggregation in 
PRP. 

Shape Change and Aggregation 
of Washed Platelets 

NBD-CI inhibited ADP-induced shape change 
of washed platelets in a concentration-depen- 
dent manner with an ICs0 of 5 pM (Fig. 4A). 
Complete inhibition of ADP-induced shape 
change required 40 pM of NBD-CI. NBD-CI also 
inhibited ADP-induced aggregation of washed 
platelets in a concentration-dependent manner 
with an  of 1.5 pM (Fig. 4B). Complete 
inhibition of ADP-induced aggregation required 
4 pM of NBD-CI. Previous work from our labo- 
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Fig. 3. Effect of NBD-CI on ADP-induced aggregation of plate- 
lets in PRP. A: Concentration dependence: PRP was incubated 
in the dark with various concentrations of NBD-CI for 15 min at 
25T, challenged by 4 pM ADP, and monitored for aggregation 
(0, and data plotted as described in Materials and Methods. B: 
Time course: PRP was incubated with 50 pM NBD-CI. Aliquots 
were withdrawn and challenged by 30 pM ADP and monitored 
for shape change (B). The data are typical of those obtained 
with PRP from the blood of three donors. 

ratory demonstrated that concentrations of ADP 
required to elicit shape change and aggregation 
of washed platelets are higher than those needed 
to elicit the same responses in platelets in PRP 
[Puri et al., 19931. Results show that NBD-CI 
inhibited ADP-induced shape change and aggre- 
gation of washed platelets in a concentration- 
dependent manner. 

Fibrinogen Binding 

When washed platelets were exposed to 30 pM 
ADP, total binding of lZ5I-fibrinogen was concen- 
tration dependent (Fig. 5, top curve). Nonspe- 
cific binding of lZ5I-fibrinogen to platelets (Fig. 
5, middle curve) remained at about 26 * 3% 
level (mean * SEM) over the 16-fold concentra- 
tion range of the radiolabeled fibrinogen. When 
NBD-CI-modified platelets were incubated with 
increasing concentration of the radiolabeled fi- 
brinogen followed by exposure to 30 pM ADP, 
the binding of fibrinogen was diminished to a 
value of 20 * 3% (Fig. 5, bottom curve) com- 
pared with that of unmodified platelets, similar 
to nonspecific binding values. The results show 

a 
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[NBD-CI], pM 

0 1 2 3 4 5  
[NBD-CI], pM 

Fig. 4. Effect of NBD-CI on ADP-induced shape change and 
aggregation of washed platelets. A Concentration dependence 
of inhibition of shape change: Platelets were incubated in the 
dark with various concentrations of NBD-CI for 5 min at 25"C, 
challenged by 10 pM ADP, and monitored for shape change 
(A), and data plotted as described in MATERIALS AND METH- 
ODS. B: Concentration dependence of inhibition of aggrega- 
tion: Platelets were incubated in the dark with NBD-CI for 5 min 
at 25°C. Aliquots were withdrawn and challenged by 30 pM 
ADP and monitored for aggregation (A). The data are typical of 
those obtained with platelets from the blood of three donors. 

that NBD-CI completely blocked exposure by 
ADP of fibrinogen binding sites (the GPIIb-IIIa 
complex) on the platelet surface. 

Aggregation Induced by Various Agonists 

When washed platelets were partially modi- 
fied by 5 pM NBD-CI for 1 min at 25"C, washed 
and resuspended in Tyrode's buffer, pH 7.35, 
the rate of the ADP-induced aggregation was 
40% of that of a corresponding control. The 
rates of collagen- and U46619-induced aggrega- 
tion of platelets modified by NBD-CI were lower 
compared with the corresponding controls (Table 
I). By contrast, the rate of aggregation of plate- 
lets induced by thrombin, PMA, and A23187 + 
PMA were minimally affected, because aggrega- 
tion induced by these agonists proceed by ADP- 
independent mechanisms [Nishizuka, 1984; Kai- 
buchi et al., 1986; Puri et al., 19891. The results 
show that the rates of aggregation of platelets by 
ADP, U46619, and collagen-agonists that com- 
pletely or partially use ADP-dependent mecha- 
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Fig. 5. Effect of NBD-CI on ADP-induced exposure of fibrino- 
gen binding sites in washed platelets. For total binding (O), 
washed platelets (1 x 108/200 PI) in the presence of 1 mM 
Ca2+ were incubated with increasing concentrations of 1251-  
fibrinogen (0.2 mCi/mg protein) for 1 min followed by 30 WM 
ADP for 3 min at 25°C. Three aliquots (50 kI) were withdrawn 
from each incubation mixture and layered over a mixture of 
silicon oils as described in Materials and Methods and centri- 
fuged in a microfuge for 3 min. The pellet at the bottom of the 
centrifuge tube was excised and assayed for radioactivity. Non- 
specific binding (0)  of lz5I-fibrinogen to washed platelets was 
determined as described above except that the incubation 
mixtures contained 2 mM EDTA and 10-fold molar excess of 
unlabeled fibrinogen. Binding of '251-fibrinogen to platelets in 
the presence of NBD-CI (A) was performed as described in the 
case of total binding except that the washed platelets were 
preincubated in the dark with 5 WM NBD-CI at 25°C for 5 min. 
The data are expressed as mean ? SEM. (n = 3) of the radioac- 
tivity boundil O8 platelets versus concentration of '251-fibrinogen. 

nisms [Figures et al., 1981; Morinelli et al., 
1983; Colman et al., 19901-were affected as a 
result of covalent modification of the ADP- 
binding site on the platelet surface. 

Secretion 

ADP caused secretion of 2 pM ATP from the 
storage granules of platelets in PRP. Only 8 p M  
NBD-CI was enough to block completely secre- 
tion of nucleotides by platelets in PRP (data not 
shown). Similar results have been obtained by 
us during our investigations of the inhibition of 
ADP-induced platelet responses by 8-BDB-TADP 
[Puri et al., 19951. 

lntracellular Calcium Mobilization 

Intracellular levels of calcium in washed plate- 
lets exposed to ADP (30 pM) rose from a basal 
value of 100 nM to 553 nM, as measured by 
using Fura-2/AM (Fig. 6). Preincubation of 
platelets with 5 pM NBD-GI for 5 min at 25"C, 

completely blocked ADP-induced elevation of 
levels of intracellular Ca2+. NBD-GI, itself, did 
not cause any change in the basal levels of Ca2+ 
in platelets. 

lntracellular Levels of cAMP 

There is little or no intracellular CAMP pre- 
sent in resting platelets (Table 11, 1) [Puri et al., 
19911. Iloprost (a stable carbocyclic derivative of 
prostaglandin 12) and papaverine (a CAMP phos- 
phodiesterase inhibitor) in combination raise 
and sustain intracellular levels of CAMP by 
stimulating membranous adenylate cyclase, 
which converts ATP to CAMP (Table 11, 2). 
Thrombin [Brass and Shattil, 1986; Puri and 
Colman, 19911 to a larger extent and ADP [Mills 
and Smith, 1972; Puri and Colman, 19911 to a 
lesser extent antagonize increase in intracellu- 
lar levels of CAMP in platelets induced by prosta- 
glandins. ADP, at concentrations of 1 and 10 
mM, blocked by 38% and 82%, respectively, the 
increase in intracellular levels of CAMP induced 
by iloprost (Table 11, 3 and 4). NBD-CI, as high 
as 100 pM, neither raised (Table I I ,5  and 61, nor 
did it affect the ability of iloprost to raise intra- 
cellular levels of cAMP (Table 11, 7 and 8). 
Covalent modification of washed platelets by 
NBD-GI completely blocked the ability of ADP 
to antagonize increase in CAMP levels in plate- 
lets exposed to iloprost (Table 11, 9). These re- 
sults show that covalent modification of the 
ADP-binding site on the platelet surface results 
in the loss of the ability of ADP to modulate 
stimulated adenylate cyclase activity. The inabil- 
ity of NBD-GI to raise intracellular levels of 
CAMP at a concentration (100 pM) (Table 11,6) 
far more than that needed (4 pM) to inhibit 
ADP-induced aggregation of washed platelets (5 
pM; Fig. 4A) strongly suggests that NBD-GI is 
not internalized. 

Identification of NBD-CI Labeled Protein 
on Platelet Surface 

We have previously demonstrated that a single 
peak of radioactivity a t  100 kDa in the radioac- 
tivity distribution profile of slices of gels obtained 
by SDS-PAGE of solubilized [3H]FSBA-labeled 
membranes obtained from r3HlFSBA-1abeled 
platelets, corresponds to a putative ADP-recep- 
tor, aggregin, on the platelet surface [Colman, 
1992, and references cited therein]. We recently 
demonstrated that an autoradiogram of the gel 
obtained by SDS-PAGE of solubilized r3H]FSBA- 
labeled platelets also showed the presence of a 
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TABLE I. Effect of Chemical Modification of Washed Platelets by NBD-Cl on Platelet Aggregation 
Induced by Various Agonists* 

Rate of aggregation 

Agonist 
Control of NBD-Cl modified % of 

Concn (LTUimin) (LTU /min) control 

ADP 20 pM 20 
Collagen 6 p g h l  54 
U46619 1 PM 28 
Thrombin 2 nM 60 
PIVIA 16 nM 60 
A23187 + PMA 8 n M + 0 . 3 p M  43 

8 
38 
22 
60 
53 
48 

40 
70 
79 
100 
88 
112 

*Platelets were chemically modified by incubating them with 5 yM NBD-Cl 25°C for 1 min in the dark. The rate of residual 
ADP-induced aggregation was 40% of a control identically carried through the same protocol in the absence of the inhibitor and 
this value was normalized to 100%. The platelets were then centrifuged and resuspended in Ca2+ free Tyrode’s buffer, pH 7.35. 
The control platelets and NBD-C1-modified platelets were challenged by various agonists. Initial slope of the aggregation tracing 
was computed as LTU (light transmission units, arbitrary scale)/min. The data are expressed as percent of the rate of 
aggregation of NBD-C1-modified platelets by an agonist compared with unmodified platelets as the control (set at 100%). 
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Fig. 6. Effect of NBD-CI on ADP-induced increase in intracellu- 
lar calcium levels in washed platelets. Platelets were loaded 
with Fura 2/AM fluorophore as described in Materials and 
Methods. The platelets loaded with the fluorophore were then 
stirred with various concentrations of ADP in the presence of 1 

single protein band corresponding to radiola- 
beled aggregin (100 kDa) [Puri et al., 19951. 
[l4C1-NBD-CI labeled predominantly a protein 
at 100 kDa on the platelet surface (Fig. 7, lane 
a). Other minor bands at  200 kDa and 30 kDa in 
the autoradiogram in Figure 7 are also visible. 
When FSBA-modified platelets (Fig. 7, lanes b 

I M E  

mM external Ca2+. Ca2+ release from the platelets was moni- 
tored as described in Materials and Methods. To evaluate the 
effect of NBD-CI, washed platelets were preincubated in the 
dark with 5 pM NBD-CI for 5 min at 25T, followed by 
treatment with 1 rnM Ca2+ and 30 yM ADP. 

and c) or platelets exposed to 30 mM ATP (lane 
d) or 30 mM ADP (lane e) were incubated with 
[l4C1-NBD-CI either no label or very little of it 
was incorporated into the protein corresponding 
to aggregin (Fig. 7). We previously demon- 
strated that aggregin appears to contain lysine 
and cysteine residues at the ADP-binding do- 
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TABLE 11. Effect of Chemical Modification of 
Platelets by NBD-Cl on Intracellular 

CAMP Levels 

Intracellular 
levels of CAMP 

(pmoli los % of 
Addition platelet) control 

1. None 
2. Papaverine (2 mM) + 

iloprost (2.5 pM) 
3. ADP (1 mM) + papav- 

erine (2 mM) + ilo- 
prost (2.5 pM) 

4. ADP (10 mM) + papav- 
erine (2 mM) + ilo- 
prost (2.5 pM) 

6. NBD-Cl(100 pM) 
5. NBD-Cl(10 PM) 

7. NBD-Cl(10 PM) + 
papaverine (2 mM) + 
iloprost (2.5 pM) 

papaverine (2 mM) + 
iloprost (2.5 pM) 

ADP (1 mM) + papav- 
erine (2 mM) + ilo- 
prost (2.5 pM) 

8. NBD-Cl(100 pM) + 

9. NBD-Cl(10 PM) + 

< 3  

634 ? 25 l O O ?  4 

394 ? 28 62 t 7 

114 ? 10 
< 2  

18 ? 2 

9 ? 1  1 

584 f 70 9 2 ?  12 

634 f 59 l O O ?  9 

734 ? 112 116 t 15 

Intracellular levels of CAMP in washed platelets in the 
absence and presence of NBD-Cl were estimated by using 
commercial protein binding assay as described by Puri et al. 
[1991]. CAMP level in unmodified platelets following expo- 
sure to iloprost was set at 100% (control). Experiments were 
performed in triplicate and data are expressed as the mean & 

SEM (n = 3). In 5, 6, 7, 8, and 9, washed platelets were 
preincubated in the dark with 5 +M NBD-C1 for 5 min at 
25°C before subsequent treatments. 

main in aggregin and covalent and simultaneous 
modification of such residues by o-phthaladehyde 
led to loss of ADP-induced platelet responses 
[Puri and Colman, 19911. Results showing that 
platelets exposed to p-chloromercuribenzenesul- 
fonate (a sulfhydryl group modifying reagent) 
and 8-BDB-TADP were not labeled by [l4C1- 
NBD-CI (data not shown) are consistent. The 
results show that NBD-CI covalently modifies 
aggregin, a putative ADP-receptor, and such 
chemical modification is blocked by preincuba- 
tion of platelets either by ADP/ATP or covalent 
modification by FSBA and 8-BDB-TADP. 

DISCUSSION 

NBD-CI inhibited ADP-induced shape change 
and aggregation of platelets in PRP in a concen- 
tration- and time-dependent manner. NBD-CI 

also inhibited ADP-induced shape change and 
aggregation of washed platelets in a concentra- 
tion dependent manner. These results suggest 
that NBD-CI covalently modifies an ADP-bind- 
ing site on the platelet surface. NBD-CI com- 
pletely blocked ADP-induced binding of 1251- 

fibrinogen to washed platelets. These results are 
consistent with those of the experiments that 
show that NBD-CI inhibited ADP-induced plate- 
let aggregation. The rate of ADP-induced plate- 
let aggregation was diminished by 40% under 
conditions of partial modification. Under the 
same experimental conditions, rates of collagen- 
and U466 19-induced platelet aggregation were 
also reduced in NBD-CI-modified platelets. These 
results are in accord with the previous findings 
that covalent and selective modification of 
aggregin by FSBA and 8-BDB-TADP partially 
inhibited U46619- (a thromboxane mimetic) 
[Morinelli et al., 1983; Puri et al., 19951 and 
collagen- [Colman et al., 1986; Puri et al., 19951 
induced platelet aggregation. Furthermore, we 
found that NBD-CI completely blocked ADP- 
induced platelet secretion of nucleotides by plate- 
lets in PRP. 

Binding of ADP to its receptor releases from 
the dense tubular system Ca2+, which serves to 
signal pathways that mediate platelet responses 
elicited by this agonist [Rink and Hellem, 19841. 
Our results show that chemical modification of 
washed platelets by NBD-CI completely blocked 
mobilization of intracellular Ca2+ when the modi- 
fied platelets were exposed to ADP. NBD-CI 
itself did not raise levels of intracellular calcium 
in washed platelets. ADP has been shown to 
antagonize elevation of intracellular levels of 
CAMP induced by prostaglandins [Mills and 
Smith, 19721. Covalent modification of washed 
platelets by NBD-CI completely blocked the abil- 
ity of ADP to inhibit stimulated adenylate cy- 
clase activity. 

[14C]-NBD-CI predominantly labeled one pro- 
tein (100 kDa). The presence of this protein 
band was noticeably absent when FSBA- and 
8-BDB-TADP-modified platelets were labeled by 
[14C]-NBD-CI. Since selective and covalent modi- 
fication of aggregin by FSBA [Bennett et al., 
1978; Figures et al., 19811 and the ADP ana- 
logue 8-BDB-TADP [Puri et al., 19951 leads to 
inhibition of all ADP-induced platelet functions, 
it seems highly probable that the major [l4C1- 
NBD-CI-labeled protein band corresponds to ag- 
gregin, a putative ADP receptor. These results 
are further strengthened by the fact that 30 mM 
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Fig. 7. SDS-PACE of platelets labeled with ['4C]-NBD-CI: 
Platelets were labeled with various reagents, solubilized and 
subjected to SDS-PACE on 10% gels according to the proce- 
dure of Laemmli [I9701 as described in Materials and Methods. 
Platelets (2 x 108/0.2 ml) were incubated in the dark with 
[14C]-NBD-CI (5 pM) for 5 min at 25°C (lane a), platelets were 
modified by 100 pM FSBA in the presence of adenosine deami- 
nase [Puri et al., 19891 and FSBA-modified platelets incubated 
with [14C]-NBD-CI as described above (lanes b,c), platelets 
preincubated with 30 mM ATP for 2 min at 25°C followed by 
exposure to [14C]-NBD-CI (lane d), and platelets preincubated 
with 30 m M  ADPfor 2 min at 25°C before labeling by [14C]-NBD- 

ADP or ATP almost completely blocked incorpo- 
ration of [l4C1-NBD-CI into aggregin. We previ- 
ously showed that concentrations of ADP and 
ATP, as high as 10 mh4, were required to pre- 
vent labeling of aggregin completely by 8-BDB- 
TADP [Puri et al., 19951. Covalent modification 
of the ADP-binding site by NBD-CI is a kineti- 
cally controlled. Such chemical reactivity stems 
from the high degree of electrophillic character 
of NBD-CI (Fig. 1C) [Shipton et al., 1976; Baines 
et al., 19771, which is manifested in rapid reac- 
tions with nucleophiles, such as thiol functions 
in proteins [Blockhurst et al., 19811. On the 
other hand, reversible and equilibrium binding 
of ADP to its receptor, aggregin, is a thermody- 
namically controlled reaction. It is therefore rea- 
sonable to expect that although a small concen- 
tration of ADP is adequate to cause platelet 
activation, it is not enough to prevent incorpora- 
tion of NBD-CI into aggregin. These results are 
consistent with the recent findings that demon- 
strated that a concentration of ATP, as high as 
30 mM, was needed to block ADP-induced mobi- 

CI (lane e). The gel was calibrated with prestained molecular- 
weight standards (BioRad), each of which was covalently at- 
tached to a dye of different color and consisted of the following: 
Myosin, 21 7 kDa; P-galactosidase, 135 kDa; bovine serum 
albumin, 72 kDa; carbonic anhydrase, 42 kDa, and soybean 
trypsin inhibitor, 31 kDa. The values of the apparent molecular 
weight are those supplied by BioRad and correspond to those of 
the proteins derivatized by the dyes and are different from those 
of the underivatized proteins. The dense band of radioactivity at 
the bottom of the gel is due to  unbound radioactivity and long 
time of exposure of the gel to X-ray film. 

lization of intracellular Ca2+ in HEL cells [Shi et 
al., 19951. Similar results have been obtained 
during investigations of the protection of yeast 
hexokinase from inactivation due to covalent 
modification by OPTH [Puri et al., 19881 and 
Cibacron blue 3G-A [Puri and Roskoski, 19941. 

The results of this investigation, demonstrat- 
ing that NBD-CI blocked all of the ADP-induced 
platelet responses by covalently modifying aggre- 
gin, a putative ADP receptor, are consistent 
with previous investigations identifying aggre- 
gin as an ADP receptor on the platelet surface 
[Bennett et al., 1978; Figures et al., 1981; 
Morinelli et al., 1983; Colman et al., 1986; Puri 
et al., 19951. Our results make it unlikely that 
GPIIba [Greco et al., 19911 or a 43-kDa protein 
[Cristalli and Mills, 19931 are candidates for an 
ADP receptor. However, these findings do not 
rule out the possibility that aggregin contains 
two ADP-binding sites on aggregin, differing in 
their affinity for ADP, that mediate shape change 
and antagonize the stimulated adenylate cyclase 
activity [Mills et al., 1985, 19921. Indeed, the 
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data show that lower concentrations of ADP are 
adequate to cause shape change of platelets but 
much higher concentrations of ADP inhibit 
stimulated adenylate cyclase activity. Another 
possibility is that the same receptor uses differ- 
ent signal-transducing mechanisms mediated by 
different G-proteins for ADP-induced shape 
change and inhibition of stimulated adenylate 
cyclase activity [cf. Burnstock, 1990; Dubyak, 
1991; El-Maotassin et al., 19921. 

In summary, we have demonstrated that 
NBD-GI inhibits all the ADP-induced platelet 
responses by covalently modifying aggregin, a 
putative ADP-receptor, on the platelet surface. 
The chemical modificatio of aggregin by NBD-GI 
probably involves covalent modification of a sulf- 
hydryl group in the ADP-binding domain of 
aggregin. 
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