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SUMMARY

Asano, ToMiko, OcHiAl YAasuo & HipakA, HirovosHI (1977) Selective inhibition of
separated forms of human platelet cyclic nucleotide phosphodiesterase by platelet
aggregation inhibitors. Mol. Pharmacol., 13, 400-406.

Human platelets contain three distinct cyclic nucleotide phosphodiesterases which
catalyze the hydrolysis of both cyclic 3',5'-AMP and cyclic 3’,5'-GMP. These are a
relatively specific cyclic GMP phosphodiesterase (F I), a cyclic nucleotide phosphodies-
terase (F II), and a relatively specific cyclic AMP phosphodiesterase (F III). This study
was conducted to evaluate the possibility of selective inhibition of these three forms of
the phosphodiesterase by various platelet aggregation inhibitors: papaverine, theophyl-
line, caffeine, EG 626, adenosine, 2-chloroadenosine, and dipyridamole. Selective inhibi-
tion was found when the inhibitory potencies of the compounds were compared by means
of Dixon plots. All agents tested except dipyridamole showed relatively selective inhibi-
tion for F III, and the order of potency of these drugs as inhibitor of the F III enzyme was
papaverine, EG 626, dipyridamole, theophylline, 2-chloroadenosine, caffeine, and aden-
osine. EG 626 was 30 times more potent as an inhibitor of F III than of F I. On the other
hand, dipyridamole was 20 times more potent as an inhibitor of F I than of F III. The K;
values of these agents for F I and F III were identical whether cyclic AMP or cyclic GMP
was used as substrate. However, these compounds revealed approximately 2 times more
affinity for F II using cyclic GMP than with cyclic AMP as substrate. The K; values of
these compounds for inhibition of cyclic AMP hydrolysis by F II decreased by half in the
presence of 2 uM cyclic GMP and were found to correspond to the K; values obtained
using cyclic GMP as substrate. Hydrolysis of cyclic AMP by F II was stimulated by 0.1-
10 um cyclic GMP. The decreased K; values in the presence of a low concentration of
cyclic GMP may be due to the effect of cyclic GMP on the active site of F II.

INTRODUCTION and platelet function has been investi-
The primary role of platelets in throm- gated in a number of laboratories. Increas-
bus formation is now firmly established, ingl?"ig’egfi ;:Ilig)g?ﬂs ii zﬂlawry mlt? for
. . . cyclic 3',5'- in platelet aggregation.
At:::;:{::;?;ﬁ:::a:;?m from ‘the Japanese Since stimulation of glatelet adgeiryﬁm cy-
' To whom requests for reprints should be ad- clase by prostaglandin E, (1, 2) and inhibi-
dressed. tion of phosphodiesterase by papaverine,
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theophylline, dipyridamole (3-6), and
other compounds causes inhibition of
platelet aggregation, it appears clear that
elevated levels of cyclic AMP are associ-
ated with inhibition of aggregation (7). Re-
cent studies (8) have also indicated a role
for cyclic 3',5'-GMP in platelet function
and suggested that the effects of these two
cyclic nucleotides appear to be opposite in
nature, as pointed out by Goldberg et al.
(9). Phosphodiesterase inhibitors that are
selective for either cyclic AMP or cyclic
GMP hydrolysis could be useful tools in
defining the roles of these nucleotides and
in understanding the relationship between
their roles in platelets and in other tissues.
We have separated and partially charac-
terized cyclic nucleotide phosphodiesterase
activities from human blood platelets (10).
Human platelets contain three distinct
forms of cyclic nucleotide phosphodiester-
ase (F I, F II, and F III) which can be
clearly separated by DEAE-cellulose chro-
matography. F I is a cyclic nucleotide
phosphodiesterase with a high K, for
cyclic AMP and a negatively cooperative,
low K,, for cyclic GMP (relatively specific
cyclic GMP phosphodiesterase). F II hy-
drolyzes cyclic AMP and cyclic GMP about
equally, with a high K, for both substrates
(cyclic nucleotide phosphodiesterase). F III
is a low-K,, phosphodiesterase which hy-
drolyzes cyclic AMP faster than cyclic
GMP (relatively specific cyclic AMP phos-
phodiesterase). This study was conducted
to evaluate the possibility of selective inhi-
bition of these three forms of human plate-
let phosphodiesterases by various platelet
aggregation inhibitors. The compounds
tested —papaverine, theophylline, caf-
feine, EG 626, adenosine, 2-chloroadeno-
sine, and dipyridamole —were reported to
inhibit platelet aggregation (3-5, 11, 12).

METHODS

Materials. These were previously de-
scribed (10). 2-Chloroadenosine was pur-
chased from Sigma. Papaverine, theophyl-
line, caffeine, and adenosine were ob-
tained Katayama Chemical Company. 7-
Ethoxycarbonyl -6,8-dimethyl-4-hydroxy-
methyl-1(2H )-phthalazinone (EG 626)
(Fig. 1) was a gift from Dr. T. Shimamoto,
Department of Internal Medicine, Tokyo
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F1G. 1. Structure of EG 626

Ikashika University, as was one of the
phthalazone derivatives, which are potent
inhibitors of the cyclic nucleotide phospho-
diesterase (12, 13). Dipyridamole was a
gift from Nippon C. H. Boehringer Soehne
Company.

Phosphodiesterase assay. The assay of
cyclic nucleotide phosphodiesterase activ-
ity was in principle that described by
Butcher and Sutherland (14) with the triti-
ated substrate modification of Hidaka and
Shibuya (15). The reaction mixture (0.5
ml) contained 50 mm Tris-HCl (pH 8.0), 5
mM MgCl,, 50 ug of bovine serum albu-
min, cyclic FHJAMP or cyclic [(HIGMP,
various concentrations of inhibitors, and
an appropriate amount of enzyme, and
was incubated at 30° for 10-30 min. The
reaction was terminated by boiling for 5
min; 50 ug of snake venom were added,
and the mixture was incubated for another
10 min. Then 1 ml of water was added, and
denatured protein was removed by centrif-
ugation. The clear supernatant fluid was
applied to a small cation-exchange resin
column (AG 50W-X4, 200-400 mesh, 0.7 x
1.5 cm). The product, [*H]adenosine or
[*Hlguanosine, was eluted with 1.5 ml of 3
N ammonium hydroxide after the column
had been washed with 15 ml of water. The
amount of product was determined in a
liquid scintillation counter (Beckman LS-
233). More than 95% of adenosine or gua-
nosine could be recovered by this method.
About 10% of added cyclic nucleotide was
generally hydrolyzed during the incuba-
tion. K; values were estimated by the
method of Dixon (16).

Phosphodiesterase preparation. The
three forms of human platelet phosphodi-
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esterase were prepared as previously de-
scribed (10). Human blood samples were
collected from normal volunteer donors,
and citrated, platelet-rich plasma was pre-
pared by low-speed centrifugation. Careful
microscopic checks showed that platelets
were virtually free from erythrocyte and
leukocyte contamination. Platelets were
isolated from the platelet-rich plasma by
centrifugation. Platelet homogenates were
prepared in 50 mMm Tris-HCI buffer (pH
7.4) containing 1 mm MgCl,, using homog-
enizer tubes with Teflon pestles. The ho-
mogenized solutions were sonicated (30
sec/ml), and the soluble phosphodiesterase
preparation was obtained from the soni-
cated homogenates by centrifugation at
105,000 x g for 60 min. This preparation,
referred to as the sonic extract, was ap-
plied to a DEAE-cellulose column. DEAE-
cellulose chromatography was performed
as described previously (10) on columns
(1.5 x 20 cm) with bed volumes of 35 ml.
The buffer was 50 mm Tris-acetate (pH 6.0)
containing 3.75 mMm 2-mercaptoethanol.
The enzyme preparation was applied to
the column, followed by elution with sev-
eral column volumes of buffer. The initial
wash contained no detectable phosphodies-
terase activity. A linear gradient from 0 to
1 M sodium acetate was then applied with
a flow rate of 0.5 ml/min and a total gra-
dient volume of 300 ml. Sonic extracts of
human blood platelets, when chromato-
graphed on DEAE-cellulose, yielded three
active cyclic nucleotide phosphodiesterase
fractions, designated F I, F II, and F I1I, as
reported previously (10). F I was eluted
from DEAE-cellulose at about 0.08 M so-
dium acetate and contained about 80%
cyclic GMP phosphodiesterase in column
eluates assayed at a low substrate level
(0.4 um), and about 55% cyclic GMP hydro-
lytic activity and about 40% cyclic AMP
hydrolytic activity in column eluates as-
sayed at a higher substrate level (100 um).
F II was eluted from DEAE-cellulose at
about 0.2 M sodium acetate and contained
about 40% each of cyclic AMP and cyclic
GMP phosphodiesterase activity when as-
sayed at a high substrate level. F III was
eluted at about 0.35 M sodium acetate and
contained about 80% cyclic AMP phospho-
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diesterase activity and 10% cyclic GMP
phosphodiesterase activity when assayed
at a low substrate level. Since the enzyme
activity was more labile in solutions con-
taining a low concentration of protein, the
preparation was usually stored at 4° in the
presence of 0.1 mg/ml of bovine serum al-
bumin.

RESULTS

Inhibition of chromatographically sepa-
rated phosphodiesterase activity by var-
ious compounds. The effects of papaver-
ine, theophylline, caffeine, EG 626, adeno-
sine, 2-chloroadenosine, and dipyridamole
on each form of the DEAE-cellulose-re-
solved phosphodiesterase were investi-
gated. The inhibitory potencies of the
seven drugs were compared by means of
Dixon plots (16). The resulting K; values
are shown in Table 1, along with the order
of potency of these drugs as inhibitors of
the F III enzyme. It was found that these
compounds inhibited the three forms of the
phosphodiesterase by different degrees.
EG 626 was 30 times more potent as an
inhibitor of F III than of F I, while dipyri-
damole was 20 times more potent as an
inhibitor of F I than of F III activity and
also revealed high affinity for F I. 2-Chlo-
roadenosine, caffeine, and adenosine were
5-20 times more potent as inhibitors of F II
and F III than of F 1. Papaverine and
theophylline inhibited F III more effec-
tively. If the relative selectivity of the
drugs for F III (a relatively specific cyclic
AMP phosphodiesterase) and F I (a rela-
tively specific cyclic GMP phosphodiester-
ase) is considered, a clearer picture devel-
ops. This relative selectivity may perhaps
best be determined by calculating the F I:F
III ratios, i.e., K; for cyclic GMP phospho-
diesterase (F I) (M)/K; for cyclic AMP phos-
phodiesterase (F III) (M), used by Amer
(17). A high F I:F III ratio would indicate a
relatively high selectivity for F III (cyclic
AMP phosphodiesterase) and hence a
tendency for the drug to promote the accu-
mulation of relatively more cyclic AMP
than cyclic GMP, whereas a low F L:F III
ratio would indicate the opposite effect.
The results of this type of calculation for
the drugs under study are given in Table
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2, the drugs being listed in order of de-
creasing selectivity for cyclic AMP phos-
phodiesterase. All the agents tested except
dipyridamole showed relatively selective
inhibition for cyclic AMP phosphodiester-
ase (F III).

The degree of inhibition of F I and F III
by each drug was virtually independent of
the substrate used; the K; values of these
agents for F I and F III enzymes were
identical whether cyclic AMP or cyclic
GMP was used as substrate (Table 1).
However, in the case of F II there were
significant differences between the K, val-
ues obtained using cyclic AMP and cyclic
GMP as substrate. All seven compounds
revealed about 2 times more affinity for F
II using cyclic GMP than with cyclic AMP
as substrate. This difference in K; values
for inhibition of F II may be explained by
the presence of two different catalytic
sites, which hydrolyze cyclic AMP and
cyclic GMP, respectively, or by the pres-
ence of a common catalytic site for both
cyclic nucleotides with some “specific
mechanism.” The latter was supported by
our previous findings, which suggested
that the hydrolysis of both cyclic AMP and
cyclic GMP is catalyzed by a single cata-
lytic site on the enzyme (10). In order to
study this “specific mechanism,” the prop-
erties of the F II enzyme were examined
further.

Effect of cyclic GMP on cyclic AMP hy-
drolysis by F II. At a low substrate concen-
tration, cyclic GMP stimulated rather

ASANO

TABLE 2
Relative selectivity of various drugs for F III (a
relatively specific cyclic AMP phosphodiesterase) and
F I (a relatively specific cyclic GMP

phosphodiesterase)
Inhibitor F LF III ratio®
EG 626 31.4
2-Chloroadenosine 11.9
Adenosine 8.5
Theophylline 7.2
Caffeine 6.8
Papaverine 4.4
Dipyridamole 0.052

@ K, for cyclic GMP phosphodiesterase (F I) (M)/K;
for cyclic AMP phosphodiesterase (F III) (M).

ET AL.

than inhibited cyclic AMP hydrolysis by F
II (Fig. 2). The maximum stimulation
(130%) occurred between 0.5 and 5 um
cyclic GMP. Because activation was due
primarily to an increase in the affinity of
the enzyme for cyclic AMP, only a slight
effect of cyclic GMP was observed at a
substrate concentration above 50 uMm.
These results suggested that cyclic GMP
would probably affect the active site of F IT
through conformational changes. F II en-
zyme which had been dialyzed after incu-
bation with 2 uMm cyclic GMP did not ex-
hibit any greater activity than enzyme
previously incubated in the absence of
cyclic GMP; both the treated and the con-
trol preparation were stimulated to the
same extent by cyclic GMP. These results
indicate that the activation of F II enzyme
by cyclic GMP is reversible and that the
binding of cyclic GMP to F II is dissociable
by dialysis.

cyclic AMP hydrolysis (nmol/min/mg protein)

104
(T TS B TS S R LR [
cyclic GMP (M)

F1G. 2. Effect of cyclic GMP on cyclic AMP hy-
drolysis by F II

The substrate concentration (cyclic AMP) was 5
uM. The concentrations of cyclic GMP shown on the
abscissa indicate the average amounts of cyclic GMP
present throughout the incubation [(cyclic GMP
added + cyclic GMP at end of incubation)/2]. Cyeclic
GMP at the end of the incubation was determined as
follows. Various concentrations of cyclic [SHIGMP
were incubated with enzyme in the presence of 5 uM
cyclic AMP under the same conditions; cyclic
[*H)JGMP hydrolysis was measured, and the cyclic
GMP remaining at the end of the incubation was
calculated. Approximately 50% of the cyclic GMP
added was hydrolyzed by the end of incubation when
less than 0.5 uM cyclic GMP was added, but less
than 10% of the cyclic GMP added was found to be
hydrolyzed when more than 1 uM cyclic GMP was
used as an effector.
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TABLE 3

Effects of various drugs on cyclic AMP hydrolysis by
F II in the presence and absence of 2 uM cyclic GMP

K, values were estimated using the method of
Dixon (16). Values are means * standard errors of
four determinations with four different prepara-
tions. Each experiment consisted of duplicate deter-
minations. Five inhibitor concentrations were used
at each substrate concentration, and three substrate
concentrations were used for determination of each
K, value. All the measured K, values were observed
inside the range of inhibitor concentrations used.
The K, values obtained in the presence and absence
of 2 uM cyclic GMP were compared by Student’s ¢-
test. Statistical significance was assumed when p <
0.05.

Inhibitor K, value
—Cyclic GMP | +Cyclic GMP
M M
Papaverine 4.45 =+ 0.09] 2.45 = 0.10°
EG 626 205 = 22 9.4 = 14°
Dipyridamole 23 = 0.2 11 = 0.2°
Theophylline 286 =+ 17 130 =+ 3¢
2-Chloroadeno-
sine 81 + 3 42 + 1
Caffeine 215 =+ 14 109 =+ 7°
Adenosine 915 =+ 95 533 + 31°

2 Significantly different from K, value in the ab-
sence of cyclic GMP (p < 0.001).

b Significantly different from K, value in the ab-
sence of cyclic GMP (p < 0.05).

¢ Significantly different from K, value in the ab-
sence of cyclic GMP (p < 0.01).

Effects of inhibitors on cyclic AMP hy-
drolysis by F II in the presence of cyclic
GMP. The inhibitory potencies of the
seven drugs toward cyclic AMP hydrolysis
by F II in the presence of a low concentra-
tion (2 um) of cyclic GMP were compared
by means of Dixon plots (16). The resulting
K, values, as well as the K; values obtained
in the absence of cyclic GMP, are shown in
Table 3. The K; values of all seven com-
pounds for inhibition of cyclic AMP hy-
drolysis by F II decreased by half in the
presence of a low concentration of cyclic
GMP and closely corresponded to the K;
values obtained using cyclic GMP as sub-
strate (Tables 1 and 3).

DISCUSSION

Most of the compounds studied showed
relatively selective inhibition toward F III.
These results suggest that the compounds

-
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might increase platelet cyclic AMP levels
through inhibition of cyclic AMP phospho-
diesterase (F III) and seem to support the
hypothesis of Salzman and Levine (7) that
platelet aggregation is accompanied by a
reduction in the platelet cyclic AMP level,
and inhibition of aggregation, by an in-
crease in platelet cyclic AMP. McElroy
and Philp (18) also observed relatively se-
lective inhibition of the hydrolysis of cyclic
GMP and cyclic AMP in crude human
platelet preparations by dipyridamole and
related agents and reported a close corre-
spondence between their tendency to pro-
mote a relative accumulation of cyclic
AMP and their inhibitory effects on plate-
let adhesion and aggregation. EG 626,
which is an effective inhibitor of platelet
aggregation (12), was 30 times more potent
as an inhibitor of cyclic AMP phosphodies-
terase (F III) than of cyclic GMP phospho-
diesterase (F I), while dipyridamole was 20
times more potent as an inhibitor of cyclic
GMP phosphodiesterase than of cyclic
AMP phosphodiesterase. Their highly se-
lective inhibition of cyclic AMP and cyclic
GMP phosphodiesterases could be useful
in defining the roles of these nucleotides
and in understanding the relationship be-
tween their roles in platelets and in other
tissues.

The allosteric activation of cyclic AMP
hydrolysis by micromolar amounts of
cyclic GMP has been reported by other
workers (19-21). Although it was shown in
our previous report (10) that cyclic GMP
does not stimulate cyclic AMP hydrolysis
by F II at higher substrate concentrations
(100 um), the cyclic AMP hydrolytic activ-
ity of F II was also found to be activated by
micromolar amounts of cyclic GMP when a
lower substrate concentration was used
(Fig. 2). Because this activation was due
primarily to an increase in the affinity of
the enzyme for cyclic AMP, only a slight
effect of cyclic GMP was observed at sub-
strate concentrations above 50 um. Var-
ious drugs used in this study revealed ap-
proximately 2 times greater affinity for F
IT using cyclic GMP than with cyclic AMP
as substrate, whereas the K; values of
these drugs for F I and F III were identical
whether cyclic AMP or cyclic GMP was
used as substrate. The K; values for inhibi-
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tion of cyclic AMP hydrolysis by F II de-
creased by half in the presence of cyclic
GMP and were found to correspond closely
to the values obtained using cyclic GMP as
substrate. The detailed mechanism of this
phenomenon in the F II enzyme is not
clear, but it is suggested that the decrease
in K; values for cyclic AMP hydrolysis by
the addition of cyclic GMP may be related
to the stimulation of cyclic AMP hydroly-
sis by cyclic GMP.

In our previous report (10) it was shown
that cyclic AMP hydrolysis by F I was also
stimulated by low concentrations of cyclic
GMP. However, the K; values of various
inhibitors for F I were identical whether
cyclic AMP or cyclic GMP was used as
substrate; furthermore, the addition of low
concentrations of cyclic GMP failed to af-
fect the K; values of these compounds for
cyclic AMP hydrolysis by F I. These re-
sults suggest that cyclic GMP affects cyclic
AMP hydrolysis by F I and F II by differ-
ent mechanisms.
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