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Abstract-R-24571 (calmidazolium), a derivative of the antimycotic agent miconazole, inhibited 
phospholipid-sensitive Ca *+-dependent protein kinase (PL-Ca-PK), with an ICY (the concentration 
causing 50% inhibition) of 5.3 m. It also inhibited the calmodulin/Ca*+-stimulated enzymes, with 1~50 
values of 1.6 and 0.1@4 for myosin light chain kinase (MLCK) and phosphodiesterase respectively. 
Analysis of inhibition by R-24571 of PL-Ca-PK and MLCK revealed complex kinetics, suggesting that 
the agent interacted with the cofactors, the enzyme, and/or the cofactor-enzyme complexes. At 
saturating concentrations of the cofactors, R-24571 inhibited PL-Ca-PK and MLCK noncompetitively 
with their respective cofactors. Inhibition of MLCK by R-24571 was completely overcome by phos- 
phatidylserine, indicating a strong hydrophobic interaction between R-24571 and the phospholipid in 
the presence of calmodulin. R-24571 also inhibited phosphorylation of various endogenous proteins in 
brain stimulated specifically by phosphatidylserine/Ca*+ or calmodulin/Ca*+. The present findings 
inducated that R-24571 has little specificity in inhibiting two types of Ca *+-dependent protein kinases 
sensitive to phospholipid or calmohulin. . 

Trifluoperazine [l] and N-(6-aminohexyl)-Schloro- 
l-naphthalene-sulfonamide (W-7) [2,3] have been 
reported to inhibit a variety of enzyme reactions and 
biological processes that are stimulated by calmo- 
dulin in the presence of Ca’+. Several lines of recent 
evidence indicate that trifluoperazine [4-6] and 
w-7 [6-8] also inhibit phospholipid-sensitive 
Caz’-dependent protein kinase (PL-Ca-PK), for 
which a phospholipid (notably phosphatidylserine), 
instead of calmodulin. serves as a cofactor to 
confer upon the enzyme a CaZ+ sensitivity. An 
antimycotic miconazole derivative, l-[bis(p- 
chlorophenyl)methyl]-3-[i,4-dichloro-~(2,4-dichlo- 
robenzyloxy)phenethyl] imidazoliniumchloride (R- 
24571), has been reported recently to be a potent 
inhibitor of a number of calmodulin/Ca2+-stimulated 
enzymes [9-l 11. The ICSO values (concentrations caus- 
ing 50% inhibition) for R-24571 were 0.5 PM [9], 
0.15 to 0.35 ,uM [lo], or 3 PM [ll] for erythrocyte 
Ca2+-ATPase, 2 ,uM for erythrocyte Ca2+ transport 
[9], 0.005 to 0.01 ,uM for brain phosphodiesterase 
(PDE) [lo], and 5 ,uM for phosphorylase b kinase 
[lo]. In this paper, we examined the effect of R- 
24571 on PL-Ca-PK as well as on myosin light chain 
kinase (MLCK), a calmodulin-sensitive Ca2+-depen- 
dent protein kinase, and its mode of action on these 
enzymes. We found that R-24571, like other cal- 
modulin antagonists (i.e. trifluoperazine and W-7) 
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previously reported, inhibited both PL-Ca-PK and 
MLCK. 

MATERIALS AND METHODS 

Materials. R-24571 was purchased from Janssen 
Pharmaceutics, Beerse, Belgium; histone Hl 
(lysine-rich histone, type III-S), mixed histone (type 
II), phosphatidylserine, phenylmethylsulfonylfluor- 
ide (PMSF), cyclic AMP, and cyclic GMP were from 
the Sigma Chemical Co., St. Louis, MO; calmodulin 
was from the Sciogen Corp., Detroit, MI; and Hes- 
pan (hydroxyethyl starch) was from American Crit- 
ical Care, McGaw Park, IL. 

Methods. PL-Ca-PK was purified (80-95% homo- 
geneous) from bovine heart extracts through the step 
of phosphatidylserine-Affi-Gel 102 [12] or purified 
to homogeneity from pig spleen extracts through the 
step of phosphatidylserine-Affi-Gel 10 [13] as 
reported recently. The enzyme was also purified 
(about 80% homogeneous) from pig brain extracts 
according to the procedures described for the cardiac 
enzyme (R. S. Turner and J. F. Qo, unpublished 
data). Acute monocytic leukemia (AML) cells were 
obtained from human leukemic patients undergoing 
therapeutic leukapheresis. The cells were further 
enriched by being allowed to sediment for 1 hr at 
room temperature _in the presence of 10% Hespan. 
The cells were then suspended and sonicated in 5 vol. 
(2.5 ml) of ice-cold 50 mM Tris/HCl (pH 7.5) con- 
taining 50 mM 2-mercaptoethanol, 1 mM PMSF, 
2mM ethyleneglycolbis(amino-ethylether)tetra- 
acetate (EGTA) and 0.1% Triton X-100. The son- 
icate was gently stirred for 1 hr at 4” and finally 
centrifuged at 100,OOOg for 1 hr. The resultant 
supernatant fluid (total, solubilized fraction) of AML 

125 



126 G. _I. MAZZEI et al 

cells was used directly as the source of PL-Ca-PK. 
The activity level of PL-Ca-PK in AML cells was 
found to be very high, comparable to the levels seen 
in rat brain and spleen [14] and human normal neu- 
trophils [ 151. MLCK [ 161 and unfractionated myosin 
light chains [17] were purified from bovine heart by 
the methods previously reported. Calmodulin/ 
Ca’+-stimulated phosphodiesterase [18], cyclic 
AMP-dependent protein kinase (A-PK) [ 191, cyclic 
GMP-dependent protein kinase (G-PK) [19] and its 
stimulatory modulator [20], all from bovine heart, 
also were prepared as described previously. [y- 
P3’]ATP was prepared by the method of Post and 
Sen [21], and protein was determined according to 
Bradford [22]. 

PL-Ca-PK using histone Hl as substrate [12, 141 
MLCK using myosin light chains as substrate [15], 
A-PK and G-PK both using mixed histone as sub- 
strate [19,20] and PDE using cyclic AMP as substrate 
[18,23] were assayed as described in the references 
cited. The enzyme activities were linear with respect 
to the amount of the enzyme and the time of incu- 
bation under the assay conditions. Phosphorylation 
of endogenous proteins in the particulate fraction of 
rat brain and subsequent sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) 
and autoradiography of the phosphorylated proteins 
were performed as described [24]. R-24571 was dis- 
solved in dimethyl sulfoxide (DMSO); the agent was 
stable for about 4 days at 4”. The final concentration 

of DMSO in the incubation mixtures (including the 
controls) was 0.5% (v/v), which was without effect 
on the enzyme activities. All assays were carried out 
in plastic tubes, because R-24571 sticks to the glass 
surface in aqueous solutions due to its lipophilicity 

191. 
RESULTS 

The antimycotic miconazole derivative R-24571, 
at 7 fl, was found to inhibit 68-81% of the Ca2+- 
dependent activity of PL-Ca-PK (a phospholipid/ 
Caz+-stimulated protein kinase) from various tissues 
and to inhibit 97% of that of the cardiac MLCK (a 
calmodulin/Ca*+-stimulated protein kinase) (Table 
1). At the same concentration, it also markedly 
inhibited (93%) a cardiac calmodulin/Ca*‘-stimu- 
lated PDE, an effect similar to that reported pre- 
viously by others [lo]. The compound, in compari- 
son, was essentially without effect on the cyclic 
nucleotide-dependent class of protein kinases, i.e. 
A-PK and G-PK (Table 1). 

The Ca*+-dependent enzymes were inhibited by 
R-24571 in a concentration-related manner (Fig. 1). 
The 1~50 values for the effect of R-24571 on the 
enzymes, under the present assay conditions, were: 
PL-Ca-PK, 5.3pM; MLCK, 1.6pM; and PDE, 
0.1 I_LM. R-24571 appeared to inhibit specifically the 
Ca”-dependent activities (in the presence of either 
phosphatidylserine or calmodulin) of the enzymes 
without appreciably affecting their basal activities. 

Table 1. Comparative effects of R-24571 on various Ca 2+-dependent and cyclic nucleotide-dependent 
enzymes* 

Enzyme activity (pmoles P transferred or cyclic AMP 
hydrolyzed/min) 

Enzyme Activator Control R-24571 

PL-Ca-PK 
Bovine heart None 0.37 0.41 

CaClr 5.20 1.32 (81) 
Pig brain None 0.43 0.30 

CaClr 13.30 3.40 (76) 
Pig spleen None 0.08 0.13 

CaClr 2.50 0.90 (68) 
Human AML cells None 14.60 14.50 

CaClr 41.22 21.01 (76) 
MLCK None 2.50 2.57 

CaClr 43.37 3.80 (97) 
PDE None 0.34 0.30 

CaClz 2.34 0.44 (93) 
A-PK None 2.70 3.50 

Cyclic AMP 32.34 31.55 (5) 
G-PK None 0.81 0.90 

Cyclic GMP 5.51 5.21 (8) 

* PL-Ca-PK from bovine heart (0.1 pg), pig brain (0.9 pg), pig spleen (0.1 pg) or human AML 
cells (8.5 pg) was assayed (in 0.2ml) in the presence of phosphatidylserine (2 pg) and EGTA 
(0.2 mM), with or without CaClr (0.5 mM); MLCK from bovine heart (2.5 pg) was assayed (in 
0.2 ml) in the presence of calmodulin (0.5 pg) and EGTA (0.05 mM), with or without CaCIZ 
(0.1 mM); A-PK from bovine heart (5 pg) or G-PK from bovine lung (3 pg) was assayed (in 0.2 ml) 
with or without cyclic AMP (0.5 PM) or cyclic GMP (0.5 PM); PDE from bovine heart (3 ng) was 
assayed (in 0.1 ml) in the presence of calmodulin (1 pg) and EGTA (0.05 mM). with or without 
CaClr (0.1 mM). When R-24571 was present, the concentration was 7 PM. The percent inhibitions 
by R-24571 (indicated in parentheses) were defined as follows: (the net activities stimulated by the 
activators seen in the presence of R-24571/the net activities stimulated by the activators seen in the 
absence of R-24571) X 100. The values presented are the average of duplicate incubations. with 
assay errors being less than 3%. 



R-24571 inhibition of Ca2’-dependent enzymes 

A. PL-Ca-PK B. MLCK 
12 - 

c 

C. PDE 

127 

R-2457 1 (phII 

Fig. 1. Inhibitionof various Ca *+-dependent enzymes by R-24571. (A) PL-Ca-PK (0.05 ,~g) was incubated 
(0.2 ml) in the presence of CaCh (0.5 mM) and EGTA (0.2 mM), with or without phosphatidylserine 
(10 pg/ml); (B) MLCK (2.5 .ug) was incubated in the presence of CaCh (0.1 mM) and EGTA (0.05 mM), 
with or without calmodulin (2.5 ~/mI~; (C) PDE (2.5 ,ug) was incubated in the presence of CaClz 
(0.1 mM) and EGTA (0.05 mM), withor without calmodulin (10 .&ml). The enzymes were purified 
from bovine heart extracts and assayed by the methods mentioned. The enzyme activities were expressed 

as pmoles (phosphate transferred or cyclic AMP hydrolyzed)/min. 

Inhibition of PL-Ca-PK by R-24571 was progres- 
sively reversed by increasing concentrations of phos- 
phatidylserine, with an apparently complete recov- 
ery seen at the highest concentration (50 pg/ml) of 
the phospholipid cofactor tested (Fig. 2A). Similarly, 
inhibition of MLCK (Fig. 2B) and PDE (Fig. 2C) 
by R-24571 was also overcome by increasing con- 
centrations of calmodulin, the protein cofactor for 
the enzymes. These results clearly suggested that the 
lipophilic agent R-24571 interacted with phosphati- 
dylserine or a hydrophibic region on calmodulin of 
the calmodulin-Ca*+ complex, leading to a dimin- 
ished ability of the cofactors to activate the enzymes 
in the presence of Ca’+. Furthermore, the findings 
of a complete inhibition by 4 PM R-24571 of PL- 
Ca-PK, stimulated by a low concentration (1.5 pg/ 
ml) of phosphatidylserine (Fig. 2A), and of MLCK, 
stimulated by low concentrations (up to 1.5 pg/ml) 
of caimodulin (Fig. 2B), indicated the existence of 
certain stoichiometric interactions between the agent 
and the cofactors. 

Detailed kinetic analysis of the R-24571 inhibition 

A. PL-Ca-PK 
1 ,or 

0 0 -1 1 l 4 
R-24571 

A ,n (I.IM) 

of PL-Ca-PK and MLCK was performed using satu- 
rating concentrations of the cofactors and concen- 
trations of the agent lower than those used in Fig. 
2. Dixon plots of the inhibition of PL-Ca-PK (Fig. 
3A) and MLCK (Fig. 3B) by R-24571 revealed a 
noncompetitive type of inhibition, with Ki values of 
14.5 + O.Z@vl (mean 2 SE., N = 3) and 2.1 + 
0.2,~M (N = 3) respectively. The data from Figs. 2 
and 3 supported possible complex interactions of 
R-24571 with the enzymes, cofactors, and/or the 
enzyme-cofactor complexes for the two Ca2+-depen- 
dent protein kinases. 

The above possibility was further supported by 
the observation that phosphatidylse~ne was able to 
overcome completely the R-24571 inhibition of 
MLCK stimulated by calmodulin and Ca2+ (Fig. 4). 
Because phosphatidylserine, at all concentrations 
tested, was without effect on the MLCK activity 
(Fig. 4), it was concluded that the phospholipid 
interacted with R-24571 even in the presence of 
calmodulin, thus preventing the agent from inhibit- 
ing MLCK activation. 

PHOSPHATIDYLSERINE himi) CALMODULIN (pgtml) CALMODULIN f&ml) 

Fig. 2. Restoration of R-24571 inhibition of Ca *+-dependent enzymes by phosphatidylserine or cal- 
modulin. (A) PL-Ca-PK, (B) MCLK, and (C) PDE were incubated with CaCh (in the presence of 
EGTA) as mentioned in Fig. 1, and in the presence or absence of various concentrations of R-24571 

and one of the cofactors (phosphatidyiserine or ~lmoduiin)~ as indicated. 
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Fig. 3. Dixon plots shawing inhibition of cardiac PL-Ca-PK (A) and cardiac MLCK (B) by R-23571 
as a function of phosphatidylserine and calmodulin respectively. The protein kinases were asrayed at 
saturating concentrations of cofactors. ATP and substrates. The enzyme activities were corrected for 
the basal v&es seen in the absence of the cofactors. Data represented are the means of three 

independent experiments. 

We reported previousIy that the particulate frac- 
tion of rat brain contains two substrate proteins (moL 
wt 18,000 and 14,000) for PL-Ca-PK and two other 
substrates (mol. wt 66,000 and 58,000) for a 
calmodulin/Ca2”-stimulated protein kinase [S, 241. 
The 18,ooO and 14,000 mol. wt proteins were iden- 
tified subsequently to be large and small my&n basic 
proteins, respectively [25], and myelin basic protein 
has been shown to be an exceptionally effective 
substrate for PL-Ca-PK 161. In the present studies, 
we found that R-24S7f Inhibited pho~pho~~a~on of 
ail these brain proteins (Fig. 5). It apgeared that 

0 50 200 250 

PHOSPHATIDYLSERINE @g/ml) 

Fig. 4. Restoration of R-24.571 inhibition of MLCK by 
phosphatidylserine. The enzyme (1.2 pgg) was incubated 
+r 0.2 ml) in the presence of c~lmo~nl~n (0.5 & CaC& 
(0. I mM) and EGTA (0.5 mM), with variaus concentra- 
tions of R-24571 and phosphatidylserine, as indicated. The 
stimulation of the enzyme by ealmodulin and Ca” was 
35-fold in the absence of R-24ST1, which had no effects on 

the has& activity of the enzyme. 

pho~phory~atian of the 66,000 and 58,OOOmol. wt 
proteins, compared to that of the 18,@X? and 
14,000 mol. wt proteins, was more sensitive to inhi- 
bition by R-24571 (Fig. 5). These results with 
endogenous substrate phosphorylation were in line 
with the data shown earher in Figs I-3, in which 
the agent inhibited the calmodufin-sensitive phos- 
phorylation of myosin light chain by the purified 
MLCK slightly more effectively than it inhibited the 
phospho~ipid-sensitive phosphorylation of an 
exogenous protein (h&one HI) by the purified 
PL-Ca-PK. 

DISCUSSION 

The present studies indicate that R-24571 inhibited 
MLCK, as it has been shown previously to inhibit 
other species of the calmodulin/Ca2’-stimulated 
enzymes [9-Ill. The present studies also showed 
that PL-Ca-PK, an 
phosphatidylserine/Ca’~ f 

enzyme stimulated by 
was also inhibited by the 

agent with a comparable potency. It is of some 
interest that the Ca”-dependent protein kinases 
appeared to be more resistant than PDE to R-24571 
inhibition. The rcs values for PL-Ca-PK and MUX 
were 5.3 and 1.6 J.&I respectively (Fig. 1); for phos- 
phorylase b kinase it was reported as 5 PM [lo], 
compared to much lower values of 0.1 ,uM (Fig. 1) 
and 0,005 to 0.01@4 IlO] shown for PDE. 

R-24571 appeared Co inhibit PL-Ca-PR, MUX 
and PDE competitively with respect to phosphati- 
dylserine and calmodulin because the cofactors 
seemed TV be able to overcome the inhibition (Fig. 
2)_ The analysis of the data shown in Fig. 2 (A andB) 
revealed that the inhibition was comptex and did not 
obey classical Michaelis-Menten kinetics. This was 
particularly true at lower concentrations of the 
cofactors where the PL-Ca-PK and MLCK were 
totally or nearly totally inhibited by R-24571, prob- 
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Pig. 5. Inhibition by R-24571 of Caz+-dependent phosphorylation of endogenous proteins in the 
particulate fraction of rat brain. The pho$pho~lation (in 0.2ml) was carried out in the presence of 
EGTA (0.05 mM), with or without additions, as indicated. Abbreviations: PS, phosphatidylserine: and 

CaM, calmodulin. 

ably due to certain stoichiometric interactions of 
R-24571 with the cofactors. Detailed kinetic studies 
in separate experiments, using saturating concentra- 
tions of the cofactors, however, indicated that R- 
24571 inhibited both PL-Ca-PK and MLCK non- 
competitively with respect to their respective cofac- 
tors (Fig. 3). These results suggested that, under 
these reaction conditions, R-24571 does not interact 
with the enzyme in the same manner as, or at the 
same sites where, the cofactors would interact; R- 
24571, therefore, appeared to interact with the 
cofactors and/or the cofactor-enzyme complexes. It 
was reported that R-24571 directly interacts with 
the proteolysis-activated CaZi-ATPase (another 
calmoduIin/Ca2’-dependent enzyme) in the absence 
of calmodulin [ll]. It is conceivable, therefore, that 
the inhibitory effect of R-24571 on PL-Ca-PK and 
MLCK may result from complex interactions of the 
agent with the enzymes, the cofactors, and the 
enzyme--cofactor complexes, 

It is obvious that there was little difference in the 
inhibitory potency of R-24571 toward various 
Ca*+-stimulated protein kinases utilizing either 
phospholipid (PL-Ca-PK) or calmodulin (MLCK 

BP 33:1-I 

and phosphorylase b kinase) as cofactor. R-24571, 
however, was far more effective in inhibiting 
calmodulin/Ca’+-stimulated PDE. The inhibition by 
other calmodulin antagonists or anticalmodulins, 
notably t~~uo~ra~ne [4-6,25] and W-7 [6-8,251, 
of the PL-Ca-PK system has been reported pre- 
viously. In addition, we have reported that many 
other agents, including palmitoylcarnitine 1261, 
alkyllysophospholipid [27], adriamycin [26], polyam- 
ines 1281, and a number of amphipathic polypeptides 
such as melittin [15], polymyxin B [29] and a number 
of cobra and marine worm toxins [30], in most cases 
inhibit PL-Ca-PK and MLCK with comparable 
potencies. From the foregoing, it is obvious that the 
mechanisms underlying the pharmacological effect 
of these agents, including those commonly known 
as calmodulin antogonists, need to be interpreted 
with care. 
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