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EFFECTS OF
5 -O-(-

Rp AND Sp DIASTEREOISOMERS OF ADENOSINE
1-THIODIPHOSPHATE) ON HUMAN PLATELETS

N.J. CUSACK & S.M.O. HOURANI
Department of Pharmacology, University of London King's College, Strand, London WC2R 2LS

I Rp and Sp diastereoisomers of adenosine 5'-O-(1-thiodiphosphate) ((R)-ADP-a-S and (S)-ADP-
a-S), an adenosine 5'-diphosphate (ADP) analogue, were tested on intact human platelets.
2 Each diastereoisomer induced aggregation, (S)-ADP-a-S being 5 times more potent than (R)-
ADP-a-S but they achieved only 75% of the maximal effect of ADP.
3 Aggregation induced by each diastereoisomer was competitively inhibited by ATP (50 Mm).
4 Simultaneous addition of each diastereoisomer inhibited aggregation induced by ADP but not by
1 la, 9a-epoxymethano prostaglandin H2, a stable endoperoxide analogue. Both diastereoisomers
are therefore partial agonists at the ADP receptor mediating aggregation.
5 Unlike ADP, neither diastereoisomer inhibited prostaglandin El (PGE )-stimulated adenylate
cyclase, but each competitively inhibited the effect of ADP, with (S)-ADP-a-S again being 5 times
more potent than (R)-ADP-a-S.
6 These are the first reported examples of ADP analogues to induce platelet aggregation without
inhibiting PGE l-stimulated adenylate cyclase.

Introduction Methods

Adenosine 5'-diphosphate (ADP) is a physiologically
important inducer of human platelet aggregation
(Gaarder, Jonsen. Laland, Hellem & Owren, 1961)
and also causes non-competitive inhibition of prosta-
glandin El (PGEl)-stimulated adenylate cyclase
(Haslam, 1973). Some C2-substituted analogues of
ADP have been shown to retain both these actions on
human platelets (Macfarlane & Mills, 1977; Macfar-
lane, Srivastava & Mills, 1979). These actions ofADP
are stereospecific in that its L-enantiomer, in which
the D-ribofuranosyl moiety is replaced by L-ribo-
furanosyl. is completely inactive (Cusack, Hickman
& Born, 1979).

Adenosine 5'-O-(1-thiodiphosphate) (ADP-a-S),
an ADP analogue in which a non-terminal (a) phos-
phate oxygen (non-bridging) is replaced by sulphur,
has an additional chiral centre at the a phosphate,
unlike ADP. ADP-a-S therefore exists as two
diastereoisomers. (Rp)-adenosine 5 '-O-( 1 -thiodi-
phosphate) ((R)-ADP-a-S) and (Sp)-adenosine 5'-O-
(1-thiodiphosphate) ((S)-ADP-a-S), which are not
mirror images (enantiomers) because they both con-
tain the D-ribofuranosyl moiety (Eckstein & Goody,
1976). To examine further the stereoselectivity for
aggregation and for inhibition of PGE,-stimulated
adenylate cyclase, we investigated the effects of Rp
and Sp diastereoisomers of ADP-a-S on human plate-
lets.
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Human platelet-rich plasma (PRP) was obtained by
centrifuging citrated venous blood at 260 g for 20 min
and collecting the supernatant. Aggregation was
quantified photometrically (Michal & Born, 1971) as
the maximal rate of change in light transmission
(arbitrary units/min) through a 0.5 ml sample of
stirred PRP at 37°C on addition of test solutions.
To measure changes in levels of adenosine 3',5'-

cyclic monophosphate (cyclic AMP), PRP was pre-
incubated with purified ['4C]-adenine to label platelet
adenine nucleotides. After incubation with test solu-
tions (containing papaverine to inhibit phospho-
diesterase) for 20 s at 37°C, ['4C]-cyclic AMP was
extracted, purified and estimated by liquid scintilla-
tion counting (Haslam & Rosson, 1975). Measure-
ments of the stimulation of ['4C]-cyclic AMP forma-
tion by PGEI (1 /M) were carried out in the presence
and absence of the nucleotides, and % inhibition was
calculated from the difference between these values
after correction for the baseline effect of papaverine
(2 mM) alone (Cusack & Hourani, 1981).
ATP, ADP, papaverine hydrochloride, pyruvate

kinase (E.C. 2.7.1.40) and creatine kinase (E.C.
2.7.3.2) were obtained from Sigma London. PGEI
and I la, 9a-epoxymethano prostaglandin H2 (11,9-
epoxymethano PGH2) were generous gifts from Dr
J. Pike of the Upjohn Company in Kalamazoo,
Michigan. [U-'4C]-adenine was obtained from the
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Radiochemical Centre, Amersham. Adenosine 5'-
monophosphorothioate (AMPS) was obtained from
Boehringer Mannheim. ADP-a-S was synthesized by
phosphorylation of AMPS (Eckstein & Goody, 1976),
and the two diastereoisomers obtained were separated
by high performance liquid chromatography (h.p.l.c.)
initially on an ion exchange column (Partisil 10-SAX,
Whatman Ltd.) (after Stahl, Schlimme & Bojanow-
ski, 1973). Subsequently, and much more easily, they
were separated by isocratic (0.05 M NH4H2PO4,
2 ml/min) h.p.l.c. on a reverse phase column
(,u Bondapak C18, Waters Associates), and the Sp
configuration of the first eluted diastereoisomer (re-
tention time 6 min) and the Rp configuration of the
second eluted diastereoisomer (retention time 9 min)
were established by their selective phosphorylation
by pyruvate kinase and creatine kinase respectively
(Eckstein & Goody, 1976; Burgers & Eckstein, 1978).

Results

(R)-ADP-a-S and (S)-ADP-a-S induced platelet
aggregation, but were less potent than ADP and
achieved only about 75% of the maximal effect of
ADP even at 400 gM. (S)-ADP-a-S was about S times
more potent than (R)-ADP-a-S, and their approxi-
mate EC50 values taken from the log dose-response
curves were 4 tM and 20 /.M respectively (Figure la).
Aggregation induced by (R)-ADP-a-S or (S)-ADP-
a-S was competitively inhibited by Cimultaneous
addition of ATP (50 .tM) with an inhibitor constant
(K*) of about 33 gm in both cases (Figure lb). The K,
of ATP for the inhibition of ADP-induced aggrega-
tion was about 25 Am.

Aggregation induced by ADP was inhibited by
simultaneous addition of (R)-ADP-a-S (200 Wmv) or
(S)-ADP-a-S (200 5m). For example, aggregation
induced by S ,UM ADP alone was 20.6 + 1.1 units/min,
whereas it was reduced in the presence of (R)-ADP-
a-S to 17.0 + (0.5 units/min and in the presence of
(S)-ADP-a-S to 17.1 + )0.9 units/min (Figure lc).
Aggregation induced by 11 ,9-epoxymethano PGH2
was not inhibited by the simultaneous addition of
(R)-ADP-a-S (200 .m) or (S)-ADP-a-S (200 /AM)
(Figure Id).

Neither (R)-ADP-a-S nor (S)-ADP-a-S caused in-
hibition of PGE -stimulated adenylate cyclase, even
at 200 /um (Figure le). The inhibition by ADP of
PGE -stimulated adenylate cyclase was competi-
tively inhibited by the simultaneous addition of (R)-
ADP-a-S (100 5m) or (S)-ADP-a-S (1(X) .M) (Figure
le). Lineweaver-Burke analysis of these data gave an
apparent dissociation constant (Ka) for ADP of 2.7
AM, and K, values for (R)-ADP-a-S and (S)-ADP-a-
S of 32 AM and 7.4 gm respectively. (S)-ADP-a-S was
therefore about 4.5 times more potent than (R)-
ADP-a-S (Figure If).

Discussion

These results show that the Rp and Sp diastereoi-
somers of ADP-a-S induce human platelet aggrega-
tion but do not inhibit PGEI-stimulated increases in
levels of platelet cyclic AMP. The aggregation in-
duced by each diastereoisomer was competitively in-
hibited by ATP, a known (Macfarlane & Mills, 1975)
ADP antagonist (Figure lb). The K, of 33 pm obtained
in each case compares well with our K, for the inhibi-
tion by ATP of ADP (25 ,f.M) and with the published
(Macfarlane & Mills, 1975) value of 20/1m, indicating
that the diastereoisomers cause aggregation by acting
at the ADP receptor. The maximal rate of aggregation
induced by each diastereoisomer was considerably
less than that of ADP (Figure la), suggesting that
they might have had a simultaneous inhibitory action.
Evidence for this was provided by log dose-response
curves for aggregation induced by ADP in the
presence of each diastereoisomer. At low concentra-
tions of ADP the agonist effect of each diastereoi-
somer dominated but at concentrations of ADP high
enough to mask this agonist action, ADP had less
aggregating effect in the presence of either diastereoi-
somer than in their absence (Figure Ic).

This inhibitory action of each diastereoisomer
could have been due either to the appearance at high
concentrations of a separate inhibitory effect not
specific for ADP, or to a low efficacy at the ADP
receptor. No inhibitory action was found when plate-
lets were aggregated in the presence of either dia-
stereoisomer by 11,9-epoxymethano PGH2 (Figure
Id), which acts at a prostaglandin receptor (Mac-
Intyre, Salzman & Gordon, 1978), and our evidence
therefore suggests that (R)-ADP-a-S and (S)-ADP-
a-S are partial agonists, each with an intrinsic activity
of 0.75, at the ADP receptor mediating aggregation
of human platelets. This behaviour is similar to that of
adenosine 5'-O-(2-thiodiphosphate) (ADP-,8-S), an
ADP analogue in which a terminal (,3) phosphate
oxygen is replaced by sulphur, which is also a partial
agonist with an intrinsic activity of 0.75 as an aggrega-
ting agent (Cusack & Hourani, 1981).

Unlike ADP, neither diastereoisomer of ADP-a-S
inhibited PGEI-stimulated adenylate cyclase, but
each was a competitive inhibitor of the action ofADP
(Figure le and f). This is in contrast to the action
on PGEI-stimulated adenylate cyclase of ADP-,f-S,
which is a partial agonist with an intrinsic activity here
of 0.5 (Cusack & Hourani, 1981).

In as much as (S)-ADP-a-S was about 5 times more
potent than (R)-ADP-a-S both as an aggregating
agent and as an inhibitor of the action of ADP on
PGE I -stimulated adenylate cyclase, the platelet does
show some stereoselectivity towards the 1-thiodi-
phosphate moiety of ADP-a-S. (R)-ADP-a-S and
(S)-ADP-a-S are the first ADP analogues found to
induce aggregation of human platelets but to have no
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Figure 1 Effects of Rp and Sp diastereoisomers of ADP-a-S on human platelets. (a) Comparison of aggregation
induced by (R)-ADP-a-S (0), (S)-ADP-a-S (U) and ADP (A). (b) Aggregation induced by (R)-ADP-at-S in the
absence (@) and presence (0) of ATP (50 Mm), and by (S)-ADP-a-S in the absence (U) and presence (0) of ATP
(50 /LM). (c) Aggregation induced by ADP alone (A), or in the presence of (R)-ADP-a-S (200 gM) (S) or

(S)-ADP-a-S (200 /LM) (*). (d) Aggregation induced by 11 ,9-epoxymethano PGH2 alone (A), or in the presence of
(R)-ADP-a-S (200 gM) (@) or (S)-ADP-a-S (200 MM) (U). (e) Inhibition of PGE (I tM )-stimulated formation of
['4C]-cyclic AMP by ADP alone (A), or in the presence of (R)-ADP-a-S (100 gM) (0) or (S)-ADP-a-S (100 gM)
(R); (0) (R)-ADP-a-S alone, (0) (S)-ADP-a-S alone. All samples contained papaverine (2 mM). (f) Double
reciprocal plot of data taken from (e). Lines were fitted by computer using least squares linear regression analysis.
(A) ADP alone; (6*) ADP and (R)-ADP-a-S; (U) ADP and (S)-ADP-a-S. All results are the mean of at least three
determinations. Vertical bars show standard deviations.
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inhibitory action on PGE,-stimulated adenylate
cyclase.
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