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SUMMARY

Ca?*-dependent protein phosphorylations activated by calmodulin or phospholipid were
studied using selective inhibitors. Both protein phosphorylations were inhibited by N-(6-
aminohexyl)-5-chloro-1-naphthalenesulfonamide (W-7) and its derivatives. Kinetic anal-
ysis indicated that the primary effect of these agents was mediated through a competitive
inhibition of enzyme activation by interaction with calmodulin or phospholipid, and K;
values of W-7 for calmodulin-dependent phosphorylation and phospholipid-dependent
protein kinase were 12 uM and 110 uM, respectively. The addition of Ca®* inhibited the
binding of [PH]W-7 to phosphatidylserine but not the binding to calmodulin. The
potencies of naphthalenesulfonamide derivatives as inhibitors of Ca®*, calmodulin-de-
pendent protein kinase were dependent on the length of the alkyl chain (C>-C,o) but not
on Ca®*-activated, phospholipid-dependent protein kinase. These results suggest that
naphthalenesulfonamide derivatives may be more selective inhibitors of Ca®**, calmodulin-
dependent protein phosphorylation than is Ca®*-activated, phospholipid-dependent pro-
tein kinase and that the mechanism of interaction between W-7 and phosphatidylserine
differs from the interaction between W-7 and calmodulin. These agents are useful tools

for elucidating the physiological role of Ca?*-dependent protein phosphorylation.

INTRODUCTION

Protein phosphorylation is an established major gen-
eral mechanism by which intracellular events in mam-
malian tissues are controlled by external physiological
stimuli (1). Calcium ion is an important intracellular
messenger and is involved in the regulation of a variety
of cell functions (2). There are at least two types of Ca**-
dependent phosphorylations of protein in tissues. Some
protein kinases are activated by the Ca’*-calmodulin
complex (3, 4), and another species of Ca®*-dependent
protein kinase, which requires phospholipid and diglyc-
eride as cofactors, was described by Takai and co-workers
(5). However, the precise relationship between these two
types of Ca’*-dependent protein phosphorylations has
not been determined. Levin and Weiss (6) reported that
neuroleptics bound to the Ca**-calmodulin complex and
inhibited selectively Ca®*-dependent cyclic nucleotide
phosphodiesterase. Recently, Mori et al. (7) and Schatz-
man et al. (8) demonstrated that certain antipsychotic
drugs could also suppress Ca’*-activated, phospholipid-
dependent protein kinase. However, distinct differences
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in inhibition of these Ca’**-dependent protein kinases by
neuroleptics have not been reported (8).

We have now compared the effect of the naphthalene-
sulfonamide derivatives on these two kinds of Ca®*-de-
pendent protein phosphorylations, including myosin
light-chain kinase from smooth muscle and Ca®*-acti-
vated, phospholipid-dependent protein kinase in an at-
tempt to elucidate the differences.

EXPERIMENTAL PROCEDURES

Materials. Phosphatidylserine and diolein were pur-
chased from Serdary Research Laboratories Inc. and
Nakarai Chemicals, respectively. Lysine-rich histone
(Type II1-S) was obtained from Sigma Chemical Com-
pany. Adenosine 5'-[y-*P]triphosphate and “CaCl, were
obtained from Amersham International Limited. W-7,’
[PH]W-7, and its derivatives were synthesized by the
method of Hidaka et al. (9). No. 233 and prenylamine
were donated by Mitsubishi Chemical Industries Limited
and Hoechst Japan Limited, respectively. Calmodulin
was isolated from bovine brain and purified by the pro-

'The abbreviations used are: W-7, N-(6-aminohexyl)-5-chloro-1-
naphthalenesulfonamide; No. 233, NZ-dansyl-L-arginine-4-¢-butylpi-
peridine amide; EGTA, ethylene glycol bis(B8-aminoethyl ether)-
N,N,N’,N’-tetraacetic acid.
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cedure reported by Yazawa et al. (10). The preparation
was assessed to be homogeneous by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. Myosin light-
chain kinase was purified from chicken gizzard by the
method of Adelstein and Klee (11). Myosin light-chain
of chicken gizzard, used as substrate for the kinase assay,
was prepared by the method of Perrie and Perry (12).
The light chain was separated from calmodulin by
DEAE-cellulose chromatography (13). Ca®*-activated
phospholipid-dependent protein kinase was prepared
from rabbit brain as described by Inoue et al. (14). This
preparation was determined to be free of other interfering
enzymes, endogenous phosphate acceptor proteins, and
calmodulin, and its specific activity was 31 nmoles of *’P
per minute per milligram in the presence of calcium,
phosphatidylserine, and diolein.

Methods. Myosin light-chain kinase activity was as-
sayed as previously described (15). Unless otherwise
noted, 0.1 uM calmodulin was used. Ca**-activated, phos-
pholipid-dependent protein kinase was assayed as re-
ported by Schatzman et al. (8). The assay system (0.2
ml) contained the following: Tris-HCl (pH 7.5), 5 umoles;
MgCl,, 2 pmoles; lysine-rich histone, 50 ug; phosphati-
dylserine, 3 ug; diolein, 0.16 ug; [y-**P]ATP, 2 nmoles (5.0
X 10° cpm); EGTA, 0.05 umole; 0.5 ug of Ca®*-activated,
phospholipid-dependent protein kinase in the presence
or absence of CaCl,, 0.1 umole. The reaction was carried
out for 5 min at 30°.

The binding of [PH]W-7 to calmodulin and phosphati-
dylserine was investigated by the equilibrium binding
technique of Hummel and Dreyer (16) on a Sephadex G-
50 gel filtration column, as described previously (17).
Interaction between [PH]W-7 or **CaCl; and phospholip-
ids was studied by the method of Feinstein (18). Phos-
pholipid phosphorus was determined by the method of
Bartlett (19) and protein according to the method of
Lowry et al. (20), with purified calmodulin or bovine
serum albumin as a standard.

RESULTS

Inhibition of Ca’*-dependent phosphorylation. We
have reported that W-7, No. 233, and prenylamine in-
hibited myosin light-chain kinase activity of smooth mus-
cle through an interaction with the Ca®*-calmodulin com-
plex (17). Thus, we investigated the effect of these cal-
modulin antagonists on Ca**-activated, phospholipid-de-
pendent protein kinase activity. This enzyme activity
was inhibited by these agents in a dose-dependent man-
ner (Fig. 1). The ICs values for W-7, No. 233, prenyla-
mine, and a chlorine-deficient analogue of W-7 inhibiting
Ca®*-activated, phospholipid-dependent protein kinase
were 131 um, 58 um, 255 um, and 710 pM, respectively.
These concentrations were higher than their respective
ICso values for the inhibition of the calcium, calmodulin-
dependent myosin light-chain phosphorylation reported
previously (17). This enzyme pre?aration did not contain
calmodulin, as estimated by Ca**-dependent cyclic nu-
cleotide phosphodiesterase activation, and was not acti-
vated by the addition of calmodulin up to 10 uM. More-
over, this protein kinase was activated, calcium-depend-
ently, by phosphatidylserine and diolein, such being con-
sistent with the results reported by other workers (5, 8).

CALCIUM-DEPENDENT PROTEIN KINASES 409

8

PROTEIN KINASE ACTIVITY (%)
s

(=)

0.1 02 03 04
COMPOUNDS (mM)

F16. 1. Inhibition of Ca**-activated, phospholipid-dependent pro-
tein kinase by various calmodulin antagonists

Protein kinase activity was assayed as described under Experimental
Procedures, with various concentrations of compounds added as indi-
cated: @—@, with No. 233; O——-O, with W-7; A——A, with prenyl-
amine.
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FiG. 2. Effect of W-7 on Ca**-activated, phospholipid-dependent
protein kinase as a function of phosphatidylserine concentration
The protein kinase, from rabbit brain, was assayed as described
under Experimental Procedures, except for the varying concentrations
of phosphatidylserine and in the absence (O) or presence of W-7, 100
uM (@) or 200 um (A).

(-}

These findings confirm the proposal that exogenously
added calmodulin is not involved in Ca®*-activated, phos-
pholipid-dependent protein phosphorylation. They also
suggest that calmodulin antagonists inhibit two types of
Ca**-dependent protein kinases through different mech-
anisms (8) and may be less potent against Ca**-activated,
phospholipid-dependent protein kinase than Ca**-cal-
modulin dependent protein kinase. As shown in Fig. 2,

this inhibitory effect of W-7 on Ca®*-activated, phospho-

lipid-dependent protein kinase could be overcome by
adding more phosphatidylserine. This was accompanied
by an increased K, for phosphatidylserine. The addition
of W-7 not only increased the K, of the protein kinase
for Ca’* but also decreased the extent of maximal enzyme
activity (data not shown). The data shown in Fig. 2 are
in accord with the data of Mori et al. (7) and Schatzman
et al. (8) for neuroleptics. Kinetic analysis of W-7-induced
inhibition of activation of Ca’*-activated phospholipid-
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dependent protein kinase revealed that this calmodulin
antagonist inhibits this activity in a competitive fashion
with phosphatidylserine. Its K; value was 110 um (Fig.
3A).

Differences in the mechanism of interaction W-7 with
phosphatidylserine and calmodulin. We have already
reported that W-7 inhibits Ca®*, calmodulin-dependent
myosin light-chain phosphorylation (17). To investigate
further the mechanism of this inhibition and to compare
the findings with those for Ca®*-activated, phospholipid-
dependent protein kinase, the activity of myosin light-
chain kinase was determined under conditions of various
concentrations of calmodulin and W-7. The data (Fig.
3B) were plotted as 1/v versus W-7 concentration, ac-
cording to Dixon (21). As can be seen in Fig. 3B, W-7
inhibited myosin light-chain kinase in a competitive fash-
ion with calmodulin. Its K; value was 12 uM, which was
significantly lower than that for inhibition of Ca**-acti-
vated, phospholipid-dependent protein kinase. These re-
sults are in agreement with data obtained in the phos-
phodiesterase inhibition (22) and [PH]JW-7 binding exper-
iments (17). We then investigated [P’H]W-7 binding to
purified calmodulin or to phosphatidylserine to deter-
mine whether W-7 inhibits these Ca’*-dependent phos-
phorylations through interaction with calmodulin or
phosphatidylserine. Here W-7 was found to bind to both
phosphatidylserine and calmodulin. However, the effect
of calcium ion on [*’H]W-7 binding to phosphatidylserine
differed from that on binding to calmodulin (Fig. 4). In
the absence of calcium ion (1 mmM EGTA), the binding of
W-7 to phosphatidylserine was maximal, and calcium ion
inhibited this W-7 binding in a concentration-dependent
manner, as shown in Fig. 4A. As shown in Table 1, similar
results were also obtained and by using **CaCl; according
to the method of Feinstein (18). On the other hand, W-7
binding to calmodulin, which did not occur in the absence
of calcium, was observed in the presence of 0.1 mm CaCl.
(22). There was no significant inhibitory effect of calcium
ion on this binding to 2 mm CaCl.. These results suggest
that W-7 interacts with these activators of Ca?*-depend-
ent protein kinases in a different fashion with calcium
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F16. 3. Kinetic analysis of W-7-induced inhibition of activation of
Ca**-activated, phospholipid-dependent protein kinase (A) and myo-
sin light-chain kinase (B) was carried out by using Dixon plots (21)

Ca’*-activated, phospholipid-dependent protein kinase activity (A)
was measured as described under Experimental Procedures with phos-
phatidylserine, 10 ug/ml (O), 30 ug/ml (@), or 150 ug/ml (A). Myosin
light-chain kinase (B) was assayed as described previously (15), with
calmodulin, 30 ng/ml (O), 4 ug/ml (@), or 40 ug/ml (A).

%15 A iB 15.%
7‘: 10} Jio;;:
3 3
8= S ) oo 52
gi:- 1 14%
~2 k3 {2

& o[m-'——«‘. ot s avas? teasssaradiiincrnrant ;og

Fraction Number Fraction Number

Fi16. 4. Elution profile for the measurement of W-7 binding to
phosphatidylserine (A) or calmodulin (B)

Sephadex G-50 (0.9 X 28.0 cm) was pre-equilibrated with buffer
containing 20 mm Tris-HCI (pH 7.5), 20 mM imidazole, 3 mM magnesium
acetate, and 0.2 uM [PH]W-7, plus 1 mmM EGTA (O), 0.1 mm CaCl; (@),
or 2 mM CaCl; (A) at 25°. Purified phosphatidylserine (P.S.) (180 ug)
(A) or calmodulin (CaM) (180 ug) (B) was used for each experiment.
Chloroform was removed from phosphatidylserine by a stream of
nitrogen; the lipid was sonicated in 20 mm Tris-HCI (pH 7.5) and then
used for the experiment. The gel filtration was carried out at 25° at a
flow rate of 8.6 ml/hr, and 0.86-ml fractions were collected. Samples
(0.5 ml) of each fraction were analyzed for radioactivity. Phospholipid
phosphorus and protein were assayed as described under Experimental
Procedures.

TABLE 1
Effect of W-7 on the binding of calcium by phosphatidylserine

Our methods were essentially those used by Feinstein for measure-
ment of calcium binding by phospholipids (18). One milliliter of a
solution containing 116 umoles of NaCl, 2.5 umoles of KCl, 10 nmoles
of “CaClg, 2.0 umoles of Tris buffer (pH 7.4), and various concentrations
of W-7 was combined with 2.0 ml of a mixture of two volumes of
chloroform to one of methanol; the chloroform-methanol mixture con-
tained 0.1 mg of phosphatidylserine per milliliter.

Ww-7 Bound calcium Inhibition
mM nmoles %
None 8.75 0
0.3 823 6
0.5 7.09 19
1.0 1.23 86

ion and with different affinities for calmodulin or phos-
phatidylserine.

Hydrocarbon chain length of naphthalenesulfona-
mides and inhibition. In recent work, we found that the
actions of naphthalenesulfonamide derivatives, as selec-
tive inhibitors of Ca®*-dependent cyclic nucleotide phos-
phodiesterase, depended on the length of the hydrocar-
bon chain (C5-Cyo) (22). In the present work, we synthe-
sized naphthalenesulfonamides with a shorter alkyl chain
(Cs, Cs, and C,) and investigated the effect of these
naphthalenesulfonamides with various hydrocarbon
chain lengths (C2-Cio) on these two kinds of Ca’**-de-
pendent protein phosphorylations. As shown in Fig. 5,
the inhibition of myosin light-chain phosphorylation
clearly depended on the length of the alkyl chain (C-
Ci), but the Ca®*-activated, phospholipid-dependent
protein kinase did not. ICs, values of these compounds of
the series under study for Ca®*-activated, phospholipid-
dependent protein kinase were not related to the hydro-
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F16. 5. Effect of naphthalenesulfonamides of various hydrocarbon
chain lengths on Ca®*-activated, phospholipid-dependent protein ki-
nase and Ca**, calmodulin-dependent myosin light-chain kinase

Ca?*-activated, phospholipid-dependent protein kinase (®) and myo-
sin light-chain kinase (O) were assayed as described under Experimen-
tal Procedures with various concentrations of naphthalenesulfonam-
ides, as indicated. The IC;, values were calculated as the concentration
necessary to produce 50% inhibition of Ca**-activated, phospholipid-
dependent protein kinase and myosin light-chain kinase. Data points
represent the means and standard error of the ICs values determined
in four experiments.

carbon chain length of naphthalenesulfonamides. There
was a significant difference in ICs; values for N-(10-
aminodecyl)-5-chloro-1-naphthalenesulfonamide (Cio) or
N-(2-aminoethyl) - 5-chloro-1-naphthalenesulfonamide
(C;) between Ca®*, calmodulin-dependent protein phos-
phorylation and Ca®*-activated, phospholipid-dependent
protein kinase. The small difference for the ICs values
of the two protein kinases for W-7 as compared with the
difference in the K; values (Fig. 3) may be due to the use
of different amounts of each activator in the study.

DISCUSSION

Many diverse biological processes are regulated by the
concentration of intracellular calcium (2). The mecha-
nisms of the effects of calcium ion on cell function remain
obscure; however, there is evidence suggesting that Ca*-
dependent protein phosphorylation may serve as a final
pathway for this second messenger (1). Ca’*-dependent
phosphorylation of endogenous substrate proteins are
apparently regulated by the Ca®*-calmodulin complex (3,
4). The small, acidic protein, calmodulin, appears to be
ubiquitous throughout much of the plant and animal
kingdoms. Recently, we demonstrated that W-7 and its
derivatives bind to calmodulin in a Ca**-dependent man-
ner and with high affinity (17), and that calmodulin may
play an important role in platelet function (23), cell
proliferation (24), vascular contraction (17), and insulin
secretion (25) as determined by using the calmodulin
antagonists, the naphthalenesulfonamides.

Another type of Ca?*-dependent protein kinase, re-
quiring phosphatidylserine and diglyceride as cofactors,
was reported by Nishizuka and co-workers (26). The
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widespread occurrence of this protein kinase was dem-
onstrated in various tissues and phyla of the animal
kingdom (27, 28). The enzyme activity levels, as com-
pared with those of cyclic AMP-dependent and cyclic
GMP-dependent protein kinase, were exceedingly high
in certain tissues (27, 28). This widespread and profound
Ca®*-activated, phospholipid-dependent protein kinase
activity suggests potential roles for the calcium-mediated
cellular processes. However, it is difficult to evaluate
which Ca®*-dependent protein phosphorylation system is
predominantly involved in Ca**-dependent regulation of
cell function in each tissue and species, although both of
the protein kinases appear to differ with regard to phys-
ical and kinetic properties (11, 26). It was reported that
neuroleptics such as trifluoperazine (8) and chlorproma-
zine (7) had an inhibitory effect on both Ca’*-activated,
phospholipid-dependent phosphorylation and Ca®*, cal-
modulin-dependent protein phosphorylation. We found
in our present work that structurally unrelated calmod-
ulin antagonists such as W-7, No. 233, and prenylamine
inhibited Ca®*-activated, phospholipid-dependent pro-
tein kinase. These findings can be explained on the basis
of the hydrophobic interaction between the hydrophobic
regions of the Ca’*-calmodulin complex and lipophilic
calmodulin antagonists (29, 30) which may bind to phos-
phatidylserine.

The present studies clearly demonstrated definite dif-
ferences between the two Ca®*-dependent protein kinases
in inhibitory potency, inhibitory interaction with calcium
ion, and the activity-structure relationship of naphtha-
lenesulfonamides. The ICs values related to inhibition
of the Ca®*, calmodulin-dependent protein phosphoryla-
tion decreased with increase in the length of the alkyl
chain. We have also noted that the potencies in human
platelet aggregation inhibition and human platelet myo-
sin light-chain kinase inhibition and affinity for Ca*-
calmodulin were directly related to the hydrocarbon
chain length of naphthalenesulfonamide derivatives
(data not shown). Therefore, these naphthalenesulfon-
amide derivatives with various chain lengths can proba-
bly be used as potent and useful tools with which to
differentiate the physiological role of these two Ca®*-
dependent protein phosphorylations in various cells and
tissues.

As there are definite differences in the K; values against
each protein kinase, experimental data obtained with the
use of these naphthalenesulfonamides should comple-
ment data obtained in biochemical studies on the rela-
tionship between the two protein kinases. It is of interest
that, with a decrease in the affinity of Ca’*-activated,
phospholipid-dependent protein kinase for calcium ion in
the presence of W-7, W-7 inhibited Ca’?* binding to
phosphatidylserine and vice versa.

There are no ideal specific inhibitors of each Ca®*-
dependent protein kinase applicable for clarification of
the functional significance of, and the interrelationship
between, the two putative Ca**-dependent protein phos-
phorylation systems. Even if new compounds are synthe-
sized, application may not be feasible because calmodulin
antagonists are considered to bind to calmodulin hydro-
phobic regions (29, 30) and may to some extent interact
with lipids.
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