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Abstract--Palmittt?icarrtitine. ~ldr~am~cjn, and trifluoperazine competivels inhibited. with respect to 
phosphatidylserine (a phosphoiipid cofactor). purified cardiac phospholip~d-sensitive Ca:--dependent 
protein kinase, with apparent K, values of3.49 and 14 I&l respectively. These compounds also inhihitcd 
the enzyme competitively with respect to Ca’l (a mctaf activator), with corresponding apparent K, 
values of 0.8, 140 and 9 $vl. A svnereistic ir~hibition wrs observed when p~lrnit~~lc~~rnitine :I& 
trifluopcrazine wcrc present in combina%on. A simple addition inhibttion. on the other hand, \V;IS 
observed for the combination of either palmitoylcarnitine and adriamycin. or tritlnopcrazinc and 
adriamycin. 1.3Diolcin decreased the inhibitory effect of trifiuoperazine by increasing the affinitv of 
the enzye for phosph~tid~iserin~. The results indicate that the recently identified phospholipid-sensitize 
species ofCa’--dependent protein kinase was inhibited by a varierv ofagents. probably via their abilities 
to interfere with a hydrophobic interaction hetween phosphohpid and the enzyme. an interaction 
presunl~~bl~ required to confer upon the enzyme a Ca’- sensitivity. Because other long-chain fatt! 
acylcarnitines (stearoyl- and linoleoylcarnitine). short-chain fatty acylcarnitincs (such as octanoylcx- 
mttne) and palmitoyl CoA. compared to palmitoylcarnitine. were less active as inhibitors. it is further 
suggested that lipophilicity as well as other structural determinants are crucial for the ability ol 
compounds to regulate the enzyme activity. 

~e~ulati~~n of cyclic nucleotide-dependent protein 
kinase has been reported. Protein inhibitor (inhibi- 
tory modulator) depresses cyclic AMP-dependent 
kinase activity by interacting with its catalytic subunit 
[I. 21, whereas stim~llatory modulator [3-s] and 
oligonucleotides [6] enhance phosphorylation 
activity of cyclic GMP-dependent protein kinase by 
interacting with certain substrate proteins (i.e. 
histone subfractions). There are no other agents that 
have been shown to specifically regulate their cata- 
lytic activity. Unlike cyclic nucleotide-dependent 
enzymes. which are directly stimulated by cvclic 
AMP and cyclic GMP, phosphohpid-sen&ive 
Ca” -dependent protein kinase requires not only 
Ca” (analogous to crchc nucleotides) as an activator 
but also phospholipid as a cofactor. In view of the 
apparent hydrophobic nature of the interactions 
between phospholipid and the enzyme protein rhat 
confers upon the enzyme a Ca”” sensitivity, it seems 
that the activation process of the enzyme would be 
potentially regulated by various endogenous and 
exogenous substances. In fact. p~I~nothiazine anti- 

psychotic agents, such as chlorpromazine [7] and 
trifluoperazinr [S], have been shown to inhibit phos- 
phorylation of histone bv phospllolipid-sensiti~;e 
Calm*-dependent protein kinasr partially purified 
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from the brain j7. S]. heart (81 and spleen [Xl, and 
of endogenous substrate proteins from the cerebral 
cortex [9]. Moreover. we reported that other hpo- 
philicsubstances, notably palmitoylcarnitine [IO] and 
adriamycin [ 111, also inhibit phosphoryiatioI1 of 
endogenous substrate proteins in the heart. We 
report here the modes of inhibition by palmitoyl- 
carnitine. trifluoperazine and adriamycin of the near 
homogenous (about 95%) cardiac enzyme. 

MZIATERIALS AND METHODS 

Mareriuls. Carnitine, various fatty acylcarnitine 
and CoA esters, phosphatidylserine (bovine brain), 
adriamycin and lysine-rich histone (Type III-S, 
histone HI) were purchased from either the Sigma 
Chemical Co., St. Louis, MO, or P-L Biochemicals. 
Inc., Milwaukee, WI. Trifhtoperazine .2HCI was 
provided by Dr. P. T. Ridley of Smith. Kline & 
French, Phrladelphia, PA. 

Methods. Bovine heart phospholipid-sensitive 
Ca’+-dependent protein kinase purified (8~YS% 
homogeneous) through the step of phosphatidyl- 
serine-Affigel 102 chromatography [12] was 
employed in the present studies. The assay condi- 
tions were similar to those described earlier [12-i+!]. 
Briefly, the reaction mixture contained, in a final 
volume of 0.2 ml. 5 umoles of 1,4piperazine- 
diethanesulfonic acid (Pipes) (pH 6.5), 2 Ymoles 
MgC12, various concentrations of phosphatidylserine 
and CaCI: as indicated in table and figure legends, 
0.04pmole EDTA. 40 iig histone Hi, 1 nmole 
]Y-~‘P]ATP c~~ntaining 0.8 to 1.3 X 1Oh cpm, and 
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appropriate amounts of enzyme protein as indicated. 
Drugs and other compounds were included in the 
assay at the concentrations indicated. The concen- 
trations of CaCl:. phosphatidylserinc. drugs. and 
other added substances are given as total concen- 
trations: no attempt was made to determine their 
actual free concentrations. The reaction n-as started 
by the addition of ATP and ~vas carried out for 5- 
10 min at 30” and the phosphorylated histone was 
precipitated with trichloroacetic acid-tungstate and 
processed as previously described [ 12-141. Cyclic 
AMP-dependent and qclic GMP-dependent protein 
kinases were partially purified. and assays for their 
activities were the same as described earlier [5. 131. 
Activity of the x arious enzymes was linear as a func- 
tion of the incubation time and the enzyme amount 
in all experiments. Therefore. enzyme assavs were 
conducted under initial rate conditions in all-experi- 
ments. Where appropriate. data are expressed as 
means I S.E.M. 

Dt.-Palmitovlcarnitine. at 50 ;lM. caused a near11 
complete inhibition of the Ca”-stimulated activity 
of cardiac phospholipid-sensitive Ca’--dependent 
protein kinase. ujith a 50ci inhibition noted at 35 +tM 
(Fig. 1A). The acylcarnitine at a lower concentration 
of 11.5 JIM. on the other hand. slightly stimulated 
(about 3OC;) its activity (Fig. IA): this observation 
n-as reproducible in three other experiments, but 
Lvith a large variability (average stimulation was 
15 * 6C-;). It has been reported previousI>: by others 
that the acylcarnitine. at low concentrations of 5- 
25 @I. also slight]\ stimulates cardiac sarcoplasmic < _ 

Fig. I. C‘omparatlvc ellects ol i)l.-palmltoylcarnitinc on 
three classes of protein kinascs from the hownc heart. (A) 
Phospholipid-sensitive Ca’--dependent protein kinaw. 
0.03 ,q. (B) cyclic GMP-dependent protein kinaae. 10 /lg. 
and (C) cyclic AMP-dependent protein kinasc. 10 !g. wcrc 
incubatrdwithphosphatidylserlne (75 ;q+:‘iml) in the ahsencc 
or prcxncc of CaCI? (500 /[M). cyclic GMP (0.5 1(M) and 
cyclic AMP (0.5 k&l). rcspectivcl). and in the presence ot 
various concentrations of I)I -palmitoylcarnitine. as Indi- 
cated. Results similar to thuw shown in this figure uerc 

obtained in three other experiments. 

reticulum Ca’+-ATPase 1151, while at concentrations 
higher than 70 ELM inhibiting both Ca’ ’ -ATPase [ 151 
and Na-.K’-ATPase [ 15-171. In contrast to the 
Ca”-dependent protein kinase (Fig. I A). the acyl- 
carnitine. at a concentration as high as I25 ILM. was 
virtually without effect on the cardiac cyclic GMP- 
dependent protein kinase (Fig. 1B) while inhibiting 
by only about 40% the cardiac cyclic AMP-depen- 
dent protein kinase (Fig. 1C). It has been reported 
that palmitoylcarnitine, a metabolic intermediate of 
long-chain fatty acids. accumulater greatly (to 
millimolar concentrations) in the ischemic heart 
[18-X1]. 

Table I. Comparative effect\ of various aqlcarnitine and C‘oA cstcrs 
0 n the cardiac phospholipid-sensitive Ca’-dependent protein 

kinasc” 

Protein kinasc activity 

Addition (pmolcs P:min) 

None (control) 7.‘) (101)) 
L-Carnitine (30 ,IM) 2.7 (94) 

L-Carnitine (60 AIM) 2.4 (X2) 

Palmitate. Na-salt (30 +tM) 3.3 (I 14) 
Palmitatc. Na-salt (60 $l) 7.8 (U5) 

t)l.-Palmitoylcarnitine (30 gM) I.7 (41) 

nI.-Palmitoylcarnitinr (60 PM) I).? (7) 
I.-Palmitoylcarnitine (30 ,IIM) I.5 (iZ) 
I -Palmitoqlcarmtine (60 uM) O.? 17) 
111 -Stearoylcarnitine (60 PM) I.4 (1X) 
i -Linolcoylcarnitine (60 gM) 2.1 (77) 

r,l_-Octanoylcarnitine (60 ;tM) 2.x (47) 

DI.-Hexano\:lcarnitine (60 {rM) 7.1 (72) 

ni-Acctylcarnitine (60 @I) 2.4 (Si) 

Palmitoyl CoA (60 ,I~M) 2.4 (X3) 

’ The enzyme (0.05 pg) was incubated with cardiolipin (50 (c&/ml). 
in\tcad of phosphatidylserinc (25 ug/ml). in the absence or presence 
of CaCI: (500 I’M) and indicated compound\ (30 or 60 JIM). The data 
presented have been corrected for the hasal activity value\ wcn in the 
absence of added CaCI:. which amounted to X-10% ot thaw seen In 
its presence. The numbers in parentheses arc the percent of the control 
value obtained in the absence of added compounds. which WI\ taken 
a\ l(lOfi All compounds tcstcd had no eifect on the ba\al cnqmc 
ac~lvity. Results similar to those shown In thi\ tabtc wcrc ~>htaincd in 
two wparate eupcrimcnt\. 
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Fig. 2. Reversal by phosphatidylscrine of tx-palmitoylcar- 
nitine inhibition of phospholipid-sensitive Ca’--dependent 
protein kinase. The enzyme (0.02 pg) was incubated in the 
absence or presence of ot-palmitoylcarnitine (PC, 30 or 
60pM), CaC12 (500 PM) and various concentrations of 
phosphatidylserine. as indicated. The data presented have 
been corrected for the respective basal values obtained in 
the absence of CaCI?. which amounted to about S-7? of 

those seen in the presence of CaCI:. 

In order to study the specificity of acylcarnitines 
in inhibiting the enzyme. a number of structurally 
related compounds were examined for their effects 
(Table 1). While L-carnitine and palmitate had only 
little effect, DL- and i_-palmitoylcarnitine were the 
most inhibitory and. moreover, they were nearly 
equipotent. Other acylcarnitines of long-chain fatty 
acids (i.e. stearoyl- and linoleoylcarnitine) and of 
short-chain fatty acids (i.e. octanoyl-. hexanoyl- and 
acetylcarnitine) were less effective. Palmitoyl CoA, 
which has also been shown to accumulate in ischemic 
heart [ 18-201. was relatively ineffective. 

a- 
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Fig. 3. Kinetics showing competitive inhibition with respect 
to phosphatidylserine by adriamycin of phospholipid- 
sensitive Ca’--dependent protein kinase. The enzyme 
(0.02 ,ug) was incubated with CaCI2 (500 FM) in the absence 
or presence of adriamycin (150 or 30 uM). and in the 
presence of various concentrations (7-250 pg/ml) of phos- 
phatidylserine, as indicated. The data have been corrected 
for the respective basal values obtained in the absence of 
CaCl:. which amounted to about 5-7% of those seen in 

DL-Palmitoylcarnitine inhibited the enzyme in a 
dose-dependent manner. and this inhibition 
appeared to be overcome by increasing concentra- 
tions of phosphatidylserine (Fig. 2). Complete inhi- 
bition of the enzyme by 30 or 60 $tM acylcarnitine 
was still evident in the presence of phospholipid at 
concentrations of 16 and 25 /lg/ml. respectively. sug- 
gesting that a stoichiometric interaction might exist 
between the two lipid substances. It is conceivable 
that such an interaction would lead to alterations of 
certain phosphatidylserine vesicular or micellar 
structures that are required for enzyme activation. 
It should be noted that the inhibition bv the acyl- 
carnitine did not obey classical Michaelis-Menten 
kinetics. However. double-reciprocal plots and 
kinetic analysis of certain experimental data obtained 
with higher phosphatidylserine concentrations from 
Fig. 2 revealed that inhibition by the acylcarnitine 
appeared to be competitive with respect to the 
phospholipid cofactor. with an apparent K, value of 
2.6 2 0.3 @I (three determinations: figure not 
shown). 

Adriamycin. a phospholipid-interacting and 
DNA-intercalating anti-neoplastic drug with a 
unique cardiotoxicity [21]. was found to Inhibit the 
enzyme competitively with respect to phosphatidyl- 
serine. with an apparent K, of 39 * 3 {IM (three 
determinations) (Fig. 3). Similarly. trifluoperazine. 
a phenothiazine antipsychotic drug, inhibited the 
enzyme competitively with respect to the phospho- 
lipid cofactor, with an apparent K,of 14 t 3 /tM (five 
determinations) (Fig. 4). We have reported pre- 
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Fig. 4. Kinetics showing competitive inhibition with respect 
to phosphatidylserine by trifluopcrazinc (TFP) of 
phospholipid-sensitive Ca’--dependent protein kinase. The 
enzyme (0.02 pg) was incubated with CaCI: (500 /iM) in 
the absence or presence of trifluoperazine (40 or 80 ,uM),, 
and in the presence of various concentrations (5-1OOug: 
ml) of phosphatidylserine. as indicated. The data have been 
corrected for the respective basal values obtained in the 
absence of CaCl:. which amounted to about S-79 of those 

seen in the presence of CaCI? the presence of CaCI:. 
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Table 2. Effectsof DL-palmitoylcarnitine, trifuoperazine and adriamycin. prexnt singly 
or in combinations. on the cardiac phospholipid-sensitive Ca’--dependent protein 

kinase* 

Addition 

None (control) 
I)1 -P~tlmito~lcarnitinc (IO @l) 
I)l.-P;llmitovlcarnitinc (Xl @I) 
TriRuopcrazinc (-10 $A?) 
Tri~~l~)per~izine (60 $4) 
Xdriamycin (iO0 !tM) 
Adrinm~cin (200 UIM) 
I)i -P;llmito\lcarnitine ( 10 L&l) - 

triRuope&ine (JO $M) 
ur-Palmitovlcarnitine (10 UM) - 

trifluoper&ne (60 AIM) 

l)i -Pnlmitoplcarnitine (30 trM) - 
tri~u~~perazine (10 !iM) 

ill.-P;tlmito~lcarnitinc (30 !tM) - 
trifiuopcrarinc (60 @I) 

III -Palmitovlcarnitine ( 10 phi) - 
adriamy:!n (100 !tM) 

111 -P;llmito~lcarnitine (10 @I) - 
a&iamyGn (200 $1) 

i)i -P;~lmito~lcarnitinc (30 ;tM) t 
~l~iri~~l~~~cl~~ ( lO(l &lf 

IN -P;llmitclvlcarnitine (30 gM) + 
xiriam+n (200 !&I) 

TriRuopernzine (30 !lhl) + adriamycin ( 100 JIM) 
Tritluoperazine (40 $x4) i- adriamycin (200 ,uM) 
Trifluopcrazine (60 @l) + adriamycin (100 $1) 
TriRuoperazinc (60 @4) -t adriaml;cin (200 uM) 
111 -Pulrnito!Lcarnitinc (IO !rM) - trifluo- 

pcrazmt (-IO $X4) - adriamycin (100 f&i) 

’ ‘I’hc cnqmc (0.0-l 1~) \VHS incubated with phosphatid?lserine (2.7 !q,‘mI) in The 
abwncc or presence of CaCll (500 PM). DI.-palmitoylcarmtme (IO or 30 !r.LI). triRuo- 
perazinc (10 or 60 !tM) and adriamycin (100 or 200 JAI). a\ indicated. The Ata 

prcscntcd have been corrected for the basal activity values seen in the abwnce 01 added 
CKli. Lvhich amounted to (~75 of those seen in i% presenzc. The numhcrs in 
parenthcscz arc the pcrccnt of the control value ohtained in the whcencc of added 
compounds. which \vas taken a5 ItWt. The numbers in brackets ;ire the thcorctuzal 

values expressed as percent of the control acrivitp to be obser\cd in the comhincd 
prewncc 01 the inhlhitors. assumine their individual effects arc additive. All compound\ 
tested under the incubation cond;tions had no effect on the bawl en/ymc acti\,ity. 
Kc\ult\ Gmilar to those shown in this table were obtained in two separate experiment\. 

viously that nt.-pnimitoylcarnitine [IO]. ~~driam,~~in 
[ll] and trifluoperazine [9] inhibit ~hosphollpld~ 
Ca’+-stimulated phosphorylation of endogenous sub- 
strate proteins from the cytosolic or particulate frac- 
tions of several rat or ,gumea pig tissues. 

A synergism of inhlbltion of the enzyme by DL- 

palnlitoyl~arnitine ( 10 or 30 @I) and by trifluoper- 
azine (40 or comfy) was observed when they were 
present in comhmation (Table 2). This observation 
suggested that interaction of both the ac$carnitine 
and trifluoperazine with phosphatidylsermc would 
greatly diminish the ability of the phospholipid to 
serve as a cofactor or, alternatively. the two agents 
could form a possible complex and act as a highly 
effective inhibitor. In comparison. the degree of 
inhibition seen in the presence of nL-palmitoyl- 
carnitine (10 or 30 j(M) plus adriamycin (100 or 
200 uM). or trifluoperazine (40 or 60 /tM) plus adria- 
m&in (100 or 200 /IM). was similar to. or slightI! 
lo&r than. the sums of inhibitions seen \vith the 
individual compounds (Table 2). The overnli inhi- 

hition seen in the combined presencr of all three 
compounds was nearly additive (Table 2j. 

Diolein decreased the apparent K,, of the enzyme 
for phosphatidylserine (Fig. 5). in line with prrvmus 
findings of Kishimoto et al. [22] and UII (12, l-11: it. 
however, was without a clear effect on the I;,,,,,, of 
the enzymes under the assay conditions. at variance 
with some previous reports using partially purified 
enzyme [14.22]. This discrepancy is most hkely due 
to the purity of the enzyme used in this and other 
studies [12. 131 compared to early studies [ 14. X!] in 

which only partially purified enzyme was employed. 
Although the highlv purified enzyme (8WX3 
homogeneous) was &ulated by low concentrations 
of phosphatidylserine and Ca” [12]. changes in the 
kinetic parameters (i.e. lowering of K,, values for 
phosphatidylserine and Ca“ and increasing If,,,.,,) 
induced by diolein were not as pronounced as those 
obtained for the less purified enzyme preparations 
[ 14,221. Another factor that may he responsible for 
the above discrepancy is the assay conditions for the 
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Fig. 5. Kinetics showing effects of 1,3-diolein (DO) and 
trifluoperazine (TFP) present singly or in combination, on 
phospholipid-sensitive Ca’*-dependent protein kinase. The 
enzyme (0.02,ng) was incubated with CaClz (300pM) in 
the absence or presence of 1.3-diolein (2.5 &ml), or tri- 
fluoperazine (50,uM). or both. and in the presence of 
various concentrations (5-50 &ml) of phosphatidylserine. 
as indicated. The data have been corrected for the respec- 
tive basal values obtained in the absence of CaCl2, which 
amounted to about S-7? of those seen in the presence of 

CaCIZ. 

highly purified enzyme compared to that for less 
purified enzyme preparations. In this and other 
studies [12, 131. the enzyme was assayed at pH 6.5. 
the optimal pH for the highly purified enzyme [12]. 
However, in other studies [14,22] where diolein 
increased the V,,,, a higher pH of 7.5 was used for 
the assay. We noted that diolein reversed the inhibi- 
tory effect of trifluoperazine. without affecting the 
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Fig. 6. Kinetics showing competitive inhibition with respect 
to CaClz by DL-palmitoylcarnitine (PC), adriamycin (ADR) 
and trifluoperazine (TFP) of phospholipid-sensitive Ca2’- 
dependent protein kinase. The enzyme (0.02 pg) was incu- 
bated with phosphatidylserine (25 pg/ml) in the absence or 
presence of or_-palmitoylcarnitine (20 or 30 PM), adria- 
mycin (150pM) or trihuoperazine (40pM), and in the 
presence of various concentrations (20-500 PM) of CaCl?, 

as indicated. 

competitive nature of the inhibition by the anti- 

psychotic drug, by decreasing the apparent K,, for 
phosphatidylserine from 60 &ml (in the presence 
of trifluoperazine) to 15 pdrnl (in the presence of 
trifluoperazine and diolein), which was accompanied 
by a concomitant increase in the apparent K, for 
trifluoperazine from 4 to 19 PM (Fig. 5). 

In addition, we have examined the three inhibitors 
mentioned above for their effects on the enzyme as 
a function of CaCl: concentrations (Fig. 6). It was 
found that, analogous to phosphatidylserine shown 
earlier in Figs. 2-4, they inhibited the enzyme com- 
petitively with respect to CaClz, with average appar- 
ent K,values (means t range of two determinations) 
of 0.8 ? 0.1, 140 ? 56 and 9 + 2 UM for m-palmi- 
toylcarnitine, adriamycin and trifluoperazine 
respectively. 

DISCUSSION 

We have observed that neither inhibitory modu- 
lator (protein inhibitor) of cyclic AMP-dependent 
protein kinase nor stimulatory modulator (also a 
heat-stable, acidic protein) of cyclic GMP-dependent 
protein kinase has any effect on the present 
phospholipid-sensitive Ca”-dependent protein 
kinase [12]. On the other hand, there are certain 
agents that inhibit the phospholipid/Ca”-stimulated 
phosphorylation of histone or endogenous substrate 
proteins, without appreciably affecting the cyclic 
nucleotide-dependent reactions. These agents 
include palmitoylcarnitine ([lo, 131; Fig. l), adria- 
mycin [ll, 131 and trifluoperazine [8,9,13]. These 
findings clearly indicate that the three species of 
protein kinases are also distinguishable based upon 
regulation of their activities. 

Phenothiazines. such as trifluoperazine and chlor- 
promazine, have been shown to inhibit a number of 
calmodulin-sensitive Ca”-dependent enzymes by 
interacting with calmodulin [23]. These findings have 
led to the notion that these drugs are selective cal- 
modulin antagonists [23]. Recent and present evi- 
dence, however, indicates that phenothiazines also 
inhibit the phospholipid-sensitive Ca”-dependent 
species of protein kinase in phosphorylating histone 
([7,8]; Figs. 4-6) as well as various endogenous 
proteins from the brain [9], with an inhibitory 
potency comparable to that seen for phosphodiester- 
ase [23]. We noted that W-7. N-(6-aminohexyl)-j- 
chloro-l-naphthalenesulfonamide. previously shown 
by others to inhibit the calmodulin/Ca2+-stimulated 
enzymes [24,25] such as phosphodiesterase. myosin 
light chain kinase and ATPase, also inhibits phos- 
phorylation of histone by phospholipid-sensitive 
Ca2+-dependent protein kinase purified from heart 
[13] and that of myelin basic protein in rat brain 
myelin catalyzed by the enzyme [26]. It appears, 
therefore, that phenothiazines and W-7 cannot be 
regarded as selective inhibitors of the calmodulin- 
sensitive species of Ca2--dependent enzymes. 
Hydrophobic interactions between the cofactors (i.e. 
calmodulin and phosphatidylserine) with their 
respective enzymes seem to be a common mechanism 
leading to the enzyme activation. This contention is 
further supported by our findings that palmitoyl- 
carnitine [IO], adriamycin [ 111, and trifluoperazine 
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[Y] similarly inhibit the phospholipid/Cax’- and 
calmoduIin/Ca’ ’ -stimulated phosphorylation of 
specific endogenous proteins in heart and brain. 
Furthermore, we found that melittin [27] (an 
alliphipathic polypeptide toxin). as well as polymy~in 
B (a surface-active polypeptide antibiotic) and R- 
7J571 (an imidazolinium chloride derivative pre- 
viously shown to be a potent inhibitor of 
calmodulin/Ca’ ’ -activated enzymes) [28. 291, all 
inhibit both phospholipid-sensitive Ca’--dependent 
protein kinase and myosin light chain kinase (G. J. 
Mazzei and J. F. Kuo. unpublished observations). 

All agents shown to inhibit the Ca’--dependent 
enzymes are lipophilic (such as trifuoperazine) or 
contain non-polar regions (such as melittin). It is 
likely that interactions of these agents with calmo- 
dulin or I’hosphatidvlserine would jnterfere with the 
normal int~r~cti~~l~s of these cofactors with their 
respective snz! mes, leading to inhibiti~~ll of the 
Ca”-dependent activities. The observations that a 
synergistic effect was seen for the combination of 
pnlmitoylcarnitine and trifluoperazine but not for 
that of palmitoylcarnitine and adriamycin. or tri- 
Huoperazine and adriamycin. in inhibiting 
phospholipid-sensitive Ca’ -dependent protein kin- 
asc (Table 2) suggest that the agents form complexes 
kvith phosphatidylserine in different manners, y,ield- 
ing phospholipid vesicles or micelles having varlahle 
ability to serve as a cofactor. This notion seems to 
he also supported by the observations of Kaibuchi 
@T (I/. [Xl] that various phospholipids either poten- 
tiate. attenuate or have no effect on the ability of 
I~hosphatid~lserine to activate this enzyme. Finally. 
lr hhould be emphasized that iipophilicity prr .se 1s 
not the sole determinant for the agents to be inhihi- 
tar\. or for that matter. activators, of this enzyme. 
This conclusion is supported by the following obser- 
\;ations: (1) other long;chain fatty acylcarnitines 
(such as stearoyl- and l~noleoylcarn~tine) and pal- 
mitoyl CoA. ~(~nip~~red~,~th palmito~i~arnitine. were 
less effective (Table 1); (2) W-5. a structural analog 
of WT-7 without chloride substitution at position 5 
and having a similar lipophilicitv as W-7. was much 
less effect&e than W-7 as an inhibitor of the enzyme 
(R. C. Schatzman and J. F. Kuo. unpublished 
~~bs~rv~itioIis)~ and (3) of many ph~~spholipids exam- 
ined. phosph~Iti~i~lserine is the most effective as a 
cofactor for the enzyme [ 1 2, 311. W-5 hasheen shown 
pre\,iously by Kanamori et al. [32] to be also less 
effective than W-7 as an inhibitor of the 
calmodulin/Ca”-stimulated enzymes. 

Earlier reports using less purified enzyme prep- 
arations 17, 8j indicated that Cal’ could not totally 
overcome the phenothiazine inhibition of enzyme 
activity, whereas in the present study a competrtlve 
interaction between Cal and trifluoperazine was 
found. This discrepancy may be due to the inclusion 
in the earlier [7. 81, but not in the present. studies 
of diolein, which not only decreases the K, for Ca” 
and phospholipid but also increases the V,,,, of the 
partially purified enzyme. In the presence of trifluo- 
perazinc (or for that matter adriamycin or palmi- 
toylcarnitine). Ca” may not be able to completely 
rrstore enzyme activity to its maximal level seen in 
the pl-esence of diolein and, therefore. the inhibition 
of the partiallv purified enzyme ih apparently non- 

competitive. However, with the highly purified 
enzyme where it has been shown that diolein has no 
effect on maximal enzyme activity under optimal 
enzyme assay conditions [12], Ca’* can competitiveiy 
interact with these inilibitor~ agents in the absence 
of diolein (Fig. 6). Alternatively, diolein. by altering 
the interaction of Ca” and phospholipid with the 
enzyme. may also change the nature of the inhibition 
of enzyme activity by trifluoperazine and other 
substances. 

In addition to the possibility that the enzyme 
inhibiti(~n by the drugs used in this study is due to 
an interaction with the phospholipid cofactor, it 
should also be considered that the agents interact 
with the enzyme itself. particularly in light of the 
competitive inhibition of the compoundswith respect 
to Ca”. it is possible that Cal’ and the phospholipid 
cofactor bind to the same domain. but to different 
sites within the domain. of the enzyme and thereby 
cause enzyme activation. To be competitive with 
respect to phosphatidykerine and Ca”. the drugs 
could bind to this regulatory domain and, by doing 
so. inhibit activation. It is also possible that the 
inhibition of palmitoylcarnitine, adriamycin and tri- 
fluoperazine may be due in part to the potential 
ability of these agents to chelate Ca’ ‘. 
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