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Role of Calmodulin in Platelet Aggregation

STRUCTURE-ACTIVITY RELATIONSHIP

OF CALMODULINANTAGONISTS

MASAKATSUNISHIKAWA and HIROYOSHI HIDAKA, Department of Pharmacology,
Mie University School of Medicine, Edobashi, Tsu 514, Japan

A B S T R A C T Two series of derivatives of N-(6-ami-
nohexyl)-5-chloro-1-naphthalenesulfonamide (W-7),
including a dechlorinated analog of W-7 (W-5) and
various aminoalkyl chain analogs of W-7 (A-3, A-4, A-
5, I-240, A-6) were synthesized and their structure-
activity relationships with calmodulin antagonistic ac-
tions and their potencies in inhibiting human platelet
aggregation in vitro were investigated. Their binding
affinities to calmodulin in the presence of 100 ,uM Ca21
were dependent both on the chlorination of the naph-
thalene ring and on the length of aminoalkyl chain.
The ability of these derivatives to inhibit Ca2+-depen-
dent phosphorylation of 20,000-dalton myosin light
chain from platelets correlated well with the magni-
tude of their binding affinity to calmodulin. W-7(10-
100 AM) inhibited in a dose-dependent manner pla-
telet aggregation induced by collagen (2 ,ug/ml), ADP
(5 MM), epinephrine (1 ,g/ml), sodium arachidonate
(0.83 mM), thrombin (0.125 U/ml), and A-23187 (10
,uM). The IC50 value (concentration producing 50%
inhibition of aggregation) of W-7 was lower in arach-
idonate- and collagen-induced aggregation than in
ADP- or epinephrine-induced aggregation. A good
correlation between the potency in inhibition of col-
lagen-induced aggregation by W-7 and its derivatives
and their affinities to calmodulin was obtained (r
= 0.94). Thus, the inhibitory mechanism of these com-
pounds may be due to their effect on Ca2+-calmodulin-
dependent processes, such as 20,000-dalton myosin
light chain phosphorylation. These data also support
the hypothesis that the calmodulin-mediated system
has an important role in platelet function.

INTRODUCTION

It is generally considered that Ca21 plays a decisive
role in regulating physiologic and biochemical pro-
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cesses in platelets (1). It was reported (2, 3) that pla-
telets contain relatively large quantities of calmodulin.
In platelets, calmodulin probably mediates Ca2" con-
trol of actin-myosin interaction through the phos-
phorylation of 20,000-dalton myosin light chain
(MLC).' We have recently suggested (4) that a cal-
modulin-mediated system, such as Ca2"-dependent
MLCphosphorylation plays an important role in the
phenomenon of platelet activation, using calmodulin
antagonist N-(6-aminohexyl)-5-chloro-1-naphthalene-
sulfonamide (W-7). In the presence of calcium ions,
calmodulin antagonists bind to calmodulin and inhibit
selectively Ca2+-calmodulin-dependent activation of
enzymes (5, 6).

In the present work, using two series of derivatives
of W-7, including a chlorine-deficient analog of W-7
(W-5) and aminoalkyl chain derivatives of W-7 (A-3,
A-4, A-5, 1-240, A-6), we attempted to clarify the rela-
tionship between their capacity to bind to calmodulin
and their potency in inhibiting human platelet aggre-
gation in vitro. We found that the affinity of these
naphthalenesulfonamide derivatives for calmodulin
was usually in parallel with the extent of inhibition of
platelet aggregation.

METHODS
Preparation of calmodulin. Calmodulin from bovine

brain was purified to apparent homogeneity, according to
the method described previously (7). The homogeneity was
confirmed by sodium dodecyl sulfate (SDS) polyacrylamide
gel electrophoresis, according to Weber and Osborn (8),
using 0.1% SDS, 10% polyacrylamide, and 0.1 M sodium
phosphate buffer (pH 7.2). Calmodulin levels were assessed

' Abbreviations used in this paper: DTT, dithiothreitol;
GFP, gel filtered platelets; I50, concentration of unlabeled
compound producing 50% displacement of labeled W-7;
IC50, concentration producing 50% inhibition of aggregation;
MLC, myosin light chain; PMSF, phenylmethylsulfonyl
fluoride; PPP, platelet-poor plasma; PRP, platelet-rich plasma;
TNS, 2-p-toluidinylnaphthalene-6-sulfonate; W-7, N-(6-
amino-hexyl)-5-chloro-1-naphthalenesulfonamide.
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according to its ability to increase the activity of calmodulin-
deficient, Ca2+-dependent cyclic nucleotide phosphodiester-
ase prepared from bovine brain (7). 1 U of calmodulin was
defined as the amount necessary to produce 50% maximum
activation of the calmodulin-deficient phosphodiesterase,
under standard conditions, and was equivalent to 10 ng pro-
tein.

Binding studies. The binding affinity to calmodulin was
determined from the ability of the unlabeled compound to
displace radiolabeled W-7 from calmodulin by the equilib-
rium-binding procedure. The equilibrium-binding proce-
dure on a Sephadex G-50 gel filtration was essentially as
described previously (6, 9). A column (0.9 X 26.5 cm) of
Sephadex G-50 was equilibrated at 25°C with buffer con-
taining 0.5 gM [3H]W-7, 20 mMTris' HCI (pH 7.5), 20 mM
imidazole, 3 mMmagnesium acetate, and 100 MMCaCl2.
Purified calmodulin (180 Mg) was used for each experiment.
In studying the binding of nonradioactive compounds, we
measured their ability to displace [3H]W-7 from calmodulin.
The concentration of the unlabeled compounds that dis-
placed 50% of labeled W-7 (IC50) is given for each com-
pound.

Preparation of platelet actomyosin. All isolation pro-
cedures were performed at 4°C. Platelet actomyosin was
extracted by the method of Hathaway and Adelstein (10),
with minor modification. Human platelets were collected by
sedimentation of platelet-rich plasma, at 2,000 g for 20 min.
The platelet pellet (5-10 g) was resuspended in 2 vol of 150
mMNaCl, 3 mMsodium citrate (pH 6.8), 2.5 mMdithio-
threitol (DTT), and resedimented. The final platelet pellet
was suspended in 2-3 vol of 20 mMTris' HCI, (pH 7.5), 0.5
M KCI, 2.5 mMDTT, 5 mMNa2EDTA, 1 mMEGTA, 0.4
mMphenylmethylsulfonyl fluoride (PMSF) and 0.1 mg/ml
soybean trypsin inhibitor. The platelets were disrupted by
the nitrogen decompression method with a Parr cell disrup-
tion bomb (Parr Instrument Co., Moline, IL). The homog-
enate was then centrifuged at 28,000 g for 30 min to remove
cellular debris. The resulting extract supernatant was dia-
lyzed overnight against 20 vol of 20 mMTris- HCI (pH 7.5),
2.5 mMDTT, 5 mMEDTA, 0.4 mMPMSF. The actomyosin
precipitate was then sedimented by centrifugation at 10,000
g for 20 min. The supernatant was discarded and the ac-
tomyosin precipitate dissolved in 20 mMTris* HCI (pH 7.5),
0.5 M KCI, 2.5 mMDTT was the source of platelet acto-
myosin. The amount of protein migrating with the 20,000-
dalton MLC was determined from absorbance scans of
Coomassie Brilliant Blue-stained gels by comparing the peak
areas of known quantities of the MLCof chicken gizzard
with the peaks of 20,000-dalton MLCof the platelet acto-
myosin. Densitometry of the gels was carried out in a Beck-
man model 34 spectrophotometer (Beckman Instruments,
Inc., Fullerton, CA) at a wavelength of 560 nm.

Phosphorylation analyses of platelet actomyosin. The
phosphorylation of platelet actomyosin was determined ac-
cording to the method previously described (4), and the assay
mixture contained 20 mMTris* HCI (pH 7.5), 125 mMKCI,
10 mMMgCl2, 0.5 mM[y-32P]ATP (1 MCi/tube), platelet
actomyosin (1.5 mg/ml), various concentrations of the com-
pounds, and 100 MMCaC12 or 5 mMEGTAin a total volume
of 0.2 ml. The reaction was performed at 25°C for 10 min
by the addition of ATP and terminated by the addition of
20 Ml of 5% SDS containing 0.1 M 2-mercaptoethanol and
20% sucrose. The solution containing 60 ug protein was ap-
plied to 0.1% SDS-10% polyacrylamide gel and electropho-
resis was carried out. The gels were then stained with Coo-
massie Brilliant Blue, photographed, and sliced into 2-mm
portions from which the radioactivity was eluted. 32P radio-

activity was analyzed by liquid scintillation spectrometry
(Beckman Instruments, Inc.). The urea-glycerol (slab) gel
electrophoresis was carried out by the method of Perrie et
al. (11, 12), using 10% polyacrylamide, 40% (vol/vol) glyc-
erol, and 25 mMTris-150 mMglycine buffer, pH 8.6. Sam-
ples in 8 M urea containing 60 Mg of protein were applied
to the gel.

Platelet aggregation studies. Humanblood was collected
by venipuncture from healthy volunteers into acid citrate
dextrose (volume preparation 1:6). Platelet-rich plasma
(PRP) was prepared by centrifugation at 120 g for 15 min.
Platelet-poor plasma (PPP) was obtained by further cen-
trifugation of blood at 1,500 g for 10 min. Gel filtered pla-
telets (GFP) were prepared by a modification of the method
of Tangen et al. (14), using Sepharose 2-B, and were then
suspended in Hepes buffer that contained a final concentra-
tion of 140 mMNaCl, 2.7 mMKCI, 1 mMMgCl2, 0.1%
dextrose, 0.35% bovine serum albumin, 3.75 mMNaH2PO4,
5 mMHepes (pH 7.35). Platelet aggregation was studied by
the turbidimetric method of Born (13), with a Rikadenki 4
Channel Aggregometer (RAM 41, Rikadenki Kogyo Co.,
Ltd., Japan) modified to provide continuous stirring and
maintenance of constant temperature (37°C). The standard
platelet reaction mixtures consisted of 0.27 ml of PRP or
GFPsuspension, 30 Ml of a drug solution (in saline), and the
aggregating agent. In experiments involving platelet acti-
vation by thrombin, GFP suspension was used in place of
PRP. All concentrations given refer to final concentrations.
PRP was kept tightly capped at all times, and experiments
were completed within 2-3 h of blood collection. Each ex-
periment in which inhibition was obtained was followed by
a control experiment which clearly demonstrated that the
platelets in our conditions were still responsive to the stim-
ulus in the absence of the inhibitor.

Serotonin release. Serotonin release was measured by the
following procedure. Platelet aggregation was monitored in
a Rikadenki 4 Channel Aggregometer (RAM 41). 100 parts
of PRP were first incubated for 30 min at 37°C with one
part of ['4C]serotonin creatinine sulfate (30-50 mCi/mmol)
diluted in 70% ethanol (10 MCi/ml). Under these conditions,
>85% of the radioactivity was taken up into the platelets.
1 MMimipramine was added to PRPto prevent the reuptake
of secreted ['4C]serotonin. PRP (0.72 ml) thus treated was
mixed with 80 Ml of saline (control) or the compound (various
concentrations) and was preincubated at 370C with stirring
for 3 min in the aggregometer cuvette; then 80 Ml of collagen
was added. Aggregation was monitored for an additional 5
min, and 0.2 ml of 0.5% glutaraldehyde was subsequently
added and mixed to stop the reaction. Samples were cen-
trifuged at 2,500 g for 20 min. The radioactivity of the su-
pernatant (0.8 ml) was determined by liquid scintillation
counting. [14C]Serotonin released from platelets was ex-
pressed as a percentage of total uptake.

Aggregation responses were quantified both as the rate
(slope) and maximum extent of aggregation. The rate (slope)
of aggregation was determined graphically in chart centi-
meter, by drawing a line through the steepest portion of the
curve following the addition of the aggregating agents. The
maximum extent of aggregation was calculated by the max-
imum change in light transmission expressed as a percentage,
taking the difference between light transmission for PRPand
PPP as a value of 100%. Percent inhibition of aggregation
by a test compound was calculated by dividing the percent
aggregation by that observed in the control run, then mul-
tiplying by 100.

Materials. W-7, [3H]W-7 (59.7 Ci/ml), and its analogs
(W-5, A-3, A-4, A-5, 1-240, A-6) were synthesized by the
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TABLE I
Structures of Naphthalenesulfonamide Derivatives and

Displacement of Labeled [3H1W-7 from Calmodulin
by These Compounds

R1-NHS02-¢()

)-R2

Compound R, R, Iw

JM

A-3 NH2(CH2)2- C1 230
A-4 NH2(CH2)3- C1 140
A-5 NH2(CH2)4- C1 100
I-240 NH2(CH2)5- C1 68
W-7 NH2(CH2)6- C1 31
A-6 NH2(CH2)8- C1 3.5
W-5 NH2(CH2)6,- H 210

Equilibrium binding procedure in the presence of calcium was
performed as described in Methods. The I50 is given for each com-
pound. All binding experiments were run in triplicate.

method of Hidaka et al. (15). Chemical structures of these
compounds are shown in Table I. Synthesis of some deri-
vatives was made under the assistance of Banyu Pharma-
ceutical Company, Ltd. and Nippon Chemiphar Company,
Ltd. Adenosine 5'-[y-32P]triphosphate (8,000 Ci/mmol) and
['4C]serotonin creatinine sulfate (30-50 mCi/mmol) were
obtained from the Radiochemical Center, Amersham Corp.,
Buckinghamshire. The following reagents were used in this
investigation: l-epinephrine (Sankyo Pharmacological, To-
kyo), ADP, arachidonic acid (99% pure) (Sigma Chemical
Co., St. Louis, MO), collagen (collagen reagent Horm, Hor-
mon-Chemie, Miinchen). Collagen was diluted further with
SKF Horm buffer to the desired concentration immediately
before use. Sodium arachidonate was prepared from ara-
chidonic acid by the method of Kinlough-Rathbone et al.
(16). Thrombin (bovine, Parke-Davis Division of Warner-
Lambert Inc., Detroit, MI) was stored as a 500 U/ml solution
in 50% glycerol at -20°C until use and was diluted in saline
to a desired concentration immediately before use. Iono-
phore A-23187 (Calbiochem-Boehring Corp., American
Hoechst Corp., San Diego, CA) was dissolved in dimethyl-
sulf oxide.

RESULTS

Interaction of naphthalenesulfonamide derivatives
with calmodulin. Various naphthalenesulfonamide
derivatives were tested for their capacity to bind to
calmodulin in the presence of 100 ,M Ca2". Wehave
recently identified the calcium-dependent binding of
W-7 to purified calmodulin from bovine brain (6).
Table I shows the concentration of these compounds
required to displace 50% of 0.5 AM[3H]W-7 from cal-
modulin (150). From this 150 value, one can evaluate the
binding affinity of each of these compounds for cal-

modulin. As can be seen, short-aminoalkyl chain an-
alogs of W-7, such as A-3, A-4, A-5, and I-240 all were
less potent than W-7 in displacing [3H]W-7, but the
long-aminoalkyl chain analog, A-6, was more potent.

W-5, a dechlorinated derivative of W-7 was seven
times less potent than W-7 in displacing [3H]W-7.
These results show that the ability of naphthalenesul-
fonamide derivatives to displace labeled W-7 from
calmodulin correlated with the length of aminoalkyl
chain of naphthalenesulfonamide and the chlorination
of the naphthalene ring.

The effect of naphthalenesulfonamide derivatives
on Ca2+-dependent phosphorylation of platelet ac-
tomyosin. Platelet actomyosin was analyzed by SDS-
polyacrylamide gel electrophoresis after incubation of
the actomyosin with [y-32P]ATP in the presence of 100
AM Ca21. The major peak of 32P radioactivity corre-
sponds to the 20,000-dalton protein, as shown in Fig.
1A, and this phosphoprotein was identified as 20,000-
dalton MLC, using urea-glycerol polyacrylamide gel
electrophoresis, as shown in Fig. lB. In this gel system
(11, 12), the light chains of myosin have a greater
electrophoretic mobility than most other proteins and
the phosphorylated 20,000-dalton MLC(position b) of
Fig. 1B migrates slightly faster than the unphosphor-
ylated one (from position a of Fig. 1B). In the presence
of 100 MMCa2+, >90% of 20,000-dalton MLCmigrated
in the faster position (position b of Fig. 1B). The quan-
titative determinations of the amount of 32p incorpo-
rated into the 20,000-dalton MLCrevealed that 0.80-
0.95 mol of 32P/mol of MLCwas incorporated in the
presence of Ca2 . In the absence of Ca2+ (5 mM
EGTA), a small amount of 32p incorporation into
20,000-dalton MLC (Ca2+-independent phosphoryla-
tion) was observed (Fig. 1A and 1B). This actomyosin
fraction contained -50 U of calmodulin/mg protein.
This Ca2+-dependent phosphorylation of MLCwas not
enhanced by addition of exogenous calmodulin from
bovine brain to a concentration of 1 AM, suggesting
that the amount of calmodulin contained in this frac-
tion is sufficient to produce maximal stimulation of
platelet myosin light chain kinase. The treatment of
platelet actomyosin with 100 MMW-7 caused a shift
of a band to a position of the slower mobility (from
position b to a of Fig. 1B). The shift in the mobility
of the band was seen to be accompanied by decreased
radioactivity in this region. W-7 produced a dose-de-
pendent inhibition of Ca2+-dependent phosphoryla-
tion of 20,000-dalton MLCwith an IC50 value of 70
MAMbut this compound did not inhibit Ca2+-indepen-
dent phosphorylation, as shown in Fig. 2. W-7-induced
inhibition of Ca2+-dependent phosphorylation was re-
duced by addition of calmodulin (1 MM), so that the
IC50 value of W-7 increased to 120 MAMfrom 70 AM.
A-4 and W-5 inhibited less selectively Ca2+-dependent
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FIGURE 1 Eff ect of W-7 on distribution of 32P incorporated into platelet actomyosin. A. Dis-

tribution of 32P incorporated into platelet actomyosin after phosphorylation in the presence of

100,MM Ca21 (0), 5 mMEGTA (0), or 100,uM W-7 in addition to 100 M1M Ca"~ (A). LCI and

LC2 indicate the 20,000- and 15,000-dalton MLCof platelet myosin, respectively. Crude ac-

tomyosin was incubated under phosphorylation conditions as described in Methods, and phos-
phate incorporations were analyzed by 0.1% SDS 10% polyacrylamide gel electrophoresis. B.

Urea-glycerol gel electrophoresis of the same samples as in Fig. 1 A. 1, Ca21 JAM; 2, Ca21

100 $&M + W-7 100,MM; 3, 5 mMEGTA. a, the position of the unphosphorylated 20,000-dalton

light chain; b, the position of the phosphorylated 20,000-dalton light chain; c, the 15,000-dalton

light chain.

phosphorylation of platelet actomyosin in a dose-de-

pendent manner, as shown by Fig. 2, and their 1C50

values (in micromolar concentration) were 220 and

350, respectively. Comparing their IC,50 values, W-5,

a chlorine-deficient analog of W-7, was five times less

potent than W-7.

Table II shows that the potency in inhibition of Ca21_

dependent phosphorylation of 20,000-dalton MLCin-

creased with the length of the aminoalkyl chain of

naphthalenesulfonamide. On the other hand, these

compounds were not eff ective on Ca21-independent

phosphorylation. The degree to which these com-

pounds inhibited Ca21-dependent phosphorylation was

directly related to their ability to bind to calmodulin.

Inhibition of naphthalenesulfonamide derivatives

on human platelet aggregation in vitro. The effect

of W-7 on human platelet aggregation induced by col-

lagen (2 Mg/in1), ADP (5 MM), epinephrine (1 Mg/in1),
sodium arachidonate (0.83 mM), thrombin (0.125 U!

ml), or A-23187 (10 MzM), is shown in Fig. 3. W-7 (10-

100 MiM) inhibited in a dose-dependent manner pla-
telet aggregation induced by various aggregation

agents. When the preincubation time of platelets with

W-7 was increased, more pronounced inhibition of

aggregation was observed. The eff ect of increasing the

amount of the aggregating agent could be blocked by
a proportional increase in the amount of W-7. W-7

had no eff ect in a concentrat'ion up to 200 AM on

platelet agglutination induced by ristocetin (1.2 mg/

ml). Collagen-induced release of serotonin associated

with platelet aggregation was also inhibited by naph-
thalenesulfonamide derivatives, and the extent of the

inhibition of the release was proportional to that of the

inhibition of aggregation (Fig. 4).

Aggregation response were quantified both as the

rate (slope) and maximum extent of aggregation, so

that the alternations of the slope were similar to that

of the maximum extent of aggregation. The concen-

tration of these derivatives producing 50% inhibition

of serotonin release agreed well with their concentra-
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FIGURE2 Inhibition of 20,000-dalton platelet MLC phos-
phorylation by W-7 and its analogs. Inhibitory effect of W-
7 (O-)) and its analogs (W-5; 0*-, A-4; A/ A) on
phosphorylation of 20,000-dalton MLC(LCI) from platelets
in the presence of 100 ,M Ca21 (filled symbols), and in the
presence of 5 mMEGTA(open symbols). The amount of 32p
bound to 20,000-dalton MLCwas determined (Methods).

tions producing 50% inhibition of the aggregation.
WhenW-7 was added to PRP, no aggregation or slight
serotonin release was observed above concentrations
of 200 AM. At higher concentrations of W-7 (300 ,M),
there was spontaneous release of serotonin.

TABLE II
Effects of Naphthalenesulfonamide Derivatives on the
Phosphorylation of 20,000-dalton MLCfrom Human

Platelets in the Presence of 100 MMCa2' and
in the Presence of 5 mMEGTA

Phosphorylation of 20,000-dalton MLC

Addition 5 mMECTA 100 imM Ca'

JM mol of "P/mo! of MLC

None 0.14±0.01 0.89±0.04
A-S (100) 0.13±0.01 0.84±0.02
A-4 (100) 0.13±0.02 0.77±0.03
A-5 (100) 0.14±0.01 0.64±0.02
I-240 (100) 0.15±0.01 0.40±0.04
W-7 (100) 0.14±0.01 0.28±0.01
A-6 (100) 0.13±0.04 0.15±0.03
W-5 (100) 0.14±0.009 0.81±0.03

Phosphorylation assays were performed as described in Methods.
The reaction were performed at 25°C for 10 min. The amount of
32P bound to 20,000-dalton MLCwas determined as described un-
der Methods. Each value represents the mean±SEMfor four de-
terminations from two separate experiments.

We then compared the IC50 values of naphtha-
lenesulfonamide derivatives on platelet aggregation in
order to investigate the relationships between chemical
structures and inhibitory action to platelet function.
As shown in Fig. 5 and Table III, the order of the
inhibitory effect based on the mean IC50 values of these
derivatives, was W-7 > A-5 > A-4 > A-3. However,
no significant differences in IC50 values of platelet ag-
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FIGURE3 Inhibition by W-7 of human platelet aggregation.
Effect of W-7 was examined in human platelet aggregation
induced by collagen (2 ug/ml), ADP (5 MM), epinephrine
(1 ,ug/ml), sodium arachidonate (0.83 mM), thrombin (0.125
U/ml), and A-23187 (10 WM). The platelets were preincu-
bated without (control) or with W-7 (at final concentrations
shown in figure) at 37°C with stirring for 3 min in the ag-
gregometer cuvette before stimulation.
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gregation among 1-240, W-7, and A-6 were seen
though the capacity to compete for the specific bin(
of [3H]W-7 to calmodulin increased with the lengt
the aminoalkyl chain. W-5 is about four times weE
as an inhibitor of platelet aggregation than is W-7.
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FIGURE5 Correlation between the affinities of W-7 and its
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telet aggregation. The data from Tables II and III are plotted
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of the labeled W-7 (I50) on the ordinate, and the mean IC50
(micromolar) of the compound for inhibition of platelet ag-
gregation induced by collagen (2 ug/ml) on the abscissa. The
line of best fit was determined by regression analysis. The
correlation coefficient was 0.94.

degree to which these naphthalenesulfonamide deri-
vatives inhibit human platelet aggregation was di-
rectly related to their affinity to bind to calmodulin.
This is shown graphically in Fig. 5, which demon-
strates a significant positive correlation (r = 0.94).

0"I 10MM 0.1 mM

Drug Concentration

FIGURE4 Effect of W-7 and its analogs on slope and max-

imum extent of platelet aggregation and serotonin release
from platelet. Effects of W-7 (O 0) and its analogs (W-
5; 03 *, A-4; A -) on platelet aggregation (filled
symbols) and [14C]serotonin release (open symbols) induced
by collagen (2 Ag/ml). (Methods). Aggregation response
were quantified both as the slope of aggregation curve and
the maximum extent of aggregation. The values of the slope
represents the decrease in slope, expressed as a percentage
of control. The values of the maximum extent were expressed
as a percentage of the control. The control values of the
aggregation are expressed as 100%. The release of serotonin
was expressed as a percentage of the total amount of radio-
activity originally contained in platelets. Each point is the
mean of at least three experiments. The control values (0)
of aggregation and release were obtained without addition
of the compound.

TABLE III
Inhibition of Naphthalenesulfonamide Derivatives of Human

Platelet Aggregation In Vitro

Compound No. of subiects IC,-

IM

A-3 4 137.7±16.4
A-4 5 99.4±7.0
A-5 4 54.5±12.7
1-240 5 35.2±10.7
W-7 1 1 32.0±4.2
A-6 6 40.0±7.0
W-5 6 137.8±6.2

Data are expressed as mean±SEM.
e IC5o value was obtained visually from a plot of percent aggre-
gation (maximum extent) vs. log concentration of each drug.
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DISCUSSION

Although it has been reported that calmodulin acti-
vates calcium-modulated enzymes, and regulates the
assembly and disassembly of microtubules (17, 18), the
physiologic significance of calmodulin has not been
elucidated. One approach to understanding the bio-
logic and physiologic function of calmodulin is a phar-
macologic method using calmodulin antagonists that
bind to calmodulin dependent on calcium and inhibit
selectively Ca2+-calmodulin-induced activation of en-
zymes. Previous studies showed that W-7 and its an-
alogs selectively inhibit Ca2"-dependent cyclic nu-
cleotide phosphodiesterase (6, 7, 19), Ca2"-dependent
myosin light chain kinase from chicken gizzard and
bovine aorta (6, 20, 21), and Ca2", Mg2" ATPase of
erythrocyte ghost (22). We have recently demon-
strated that W-7 inhibits the Ca2"-activation of phos-
phodiesterase by direct binding to calmodulin (6). W-
7 not only relaxed vascular strips (15, 19), but also
inhibited platelet aggregation and secretion induced
by various aggregating agents. However, the IC50 value
of W-7 was indistinguishable for different aggregating
agents, therefore this compound probably interacts
through a common process in platelet aggregation.

It is generally assumed that the biological basis for
contractile events in nonmuscle cells such as platelets
is similar to the situation in smooth muscle. The reg-
ulation of actin-myosin interaction in platelets has
been shown to involve phosphorylation-dephosphor-
ylation of the 20,000-dalton MLC(23, 24). This phos-
phorylation increases the activity of actin-activated
myosin ATPase (25), and the requirement of phos-
phorylation for actin-activated ATPase activity of
myosin suggests that phosphorylation regulates pla-
telet contractility (26). Platelet myosin light chain ki-
nase has been identified as a Ca2+-dependent enzyme
that requires calmodulin for its activity (10, 27). More-
over, we have recently suggested that a calmodulin-
mediated system, such as Ca2+-dependent phosphor-
ylation plays an important role in the phenomenon of
platelet secretion (4). The present studies suggest that
the binding affinity of our derivatives for calmodulin
and the potency in inhibiting platelet aggregation de-
pend on the chlorination at five position of the naph-
thalene ring, and also on the length of aminoalkyl
chain. As a good correlation between the potency in
inhibiting platelet aggregation and affinity to calmod-
ulin was obtained, the inhibitory action of these com-
pounds in platelet aggregation may be due to their
effect on Ca2+-calmodulin-dependent processes.

One additional discrepancy found in the platelet
aggregation study vis a vis the binding studies is that
A-6 and I-240 are equipotent with W-7 in blocking
platelet aggregation, although their binding affinity to

calmodulin increased steadily with the length of the
aminoalkyl chain. One possible explanation would be
the difference in penetration of the compound through
the platelet membrane, and this aspect is now being
investigated. Nonetheless, collectively, our data sug-
gest that the degree to which these naphthalenesul-
fonamides inhibit the human platelet aggregation in
vitro parallels their binding affinity to calmodulin and
their potency in inhibition of Ca2"-dependent phos-
phorylation of 20,000-dalton MLC. Moreover, electron
microscopic autoradiography of platelets incubated
with radiolabeled W-7 has shown that this agent pen-
etrates platelet membranes and is mainly localized in
the platelet hyalomere (unpublished observation). We
have recently reported that a hydrophobic probe, 2-
p-toluidinylnaphthalene-6-sulfonate (TNS) interacts
with calmodulin in the presence of Ca2' and W-7 can
suppress the TNS fluorescence (28). Although the pos-
sibility that W-7 binds to other hydrophobic proteins
or lipids cannot be excluded, and that synthetic com-
pounds generally have multiple functions, our data are
in accord with the hypothesis that the W-7-induced
inhibition of platelet aggregation associated with se-
cretion may involve, at least in part, the prevention
of calmodulin-mediated processes such as Ca2+-depen-
dent phosphorylation of 20,000-dalton MLC.
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