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SUMMARY
Phenothiazines are known to inhibit the activity of protein kinase
C. To identify structural features that determine inhibitory activity
against the enzyme, we utilized a semiautomated assay [Anal.
Biochem. 187:84-88 (1 990)] to compare the potency of >50
phenothiazines and related compounds. Potency was decreased
by trifluoro substitution at position 2 on the phenothiazine nu-
cleus and increased by quinoid structures on the nucleus. An
alkyl bridge of at least three carbons connecting the terminal
amine to the nucleus was required for activity. Primary amines
and unsubstituted piperazines were the most potent amino
side chains. We selected 7,8-dihydroxychlorpromazine (DHCP)
(IC50 8.3 MM) and 2-chloro-9-(3-[1-piperazinyl]propyli-
dene)thioxanthene (N751) (IC50 = 14 MM) for further study be-
cause of their potency and distinct structural features. Under
standard (vesicle) assay conditions, DHCP was noncompetitive

with respect to phosphatidylserine and a mixed-type inhibitor
with respect to ATP. N751 was competitive with respect to
phosphatidylserine and noncompetitive with respect to ATP.
Using the mixed micelle assay, DHCP was a competitive inhibitor
with respect to both phosphatidylserine and ATP. DHCP was
selective for protein kinase C compared with cAMP-dependent
protein kinase, calmodulin-dependent protein kinase type II, and
casein kinase. N751 was more potent against protein kinase C
compared with cAMP-dependent protein kinase and casein ki-
nase but less potent against protein kinase C compared with
calmodulin-dependent protein kinase type II. DHCP was analyzed
for its ability to inhibit different isoenzymes of protein kinase C,
and no significant isozyme selectivity was detected. These data
provide important information for the rational design of more
potent and selective inhibitors of protein kinase C.

Protein kinase C, a Ca2�- and phospholipid-dependent pro-
tein kinase, is widely recognized as a major element in the

signal transduction pathway for molecules that act by inducing

the turnover of phosphatidylinositol (1). Diacyiglycerol, one of

the second messengers produced by phosphatidylinositol turn-

over, and the tumor-promoting phorbol esters directly activate

protein kinase C by increasing its affinity for calcium and

phospholipid (2). The enzyme is widely distributed in mam-

malian tissues, and at least seven isoenzymes are known to

exist (3). Protein kinase C mediates the effects of a large

number of hormones and is involved in many aspects of cellular

regulation and carcinogenesis (2). The enzyme is also thought

to play a role in certain types of resistance to cancer chemo-

therapeutic agents (4-7) and may constitute a target for future

chemotherapeutic strategies.

Inhibitors of protein kinase C are potentially valuable tools

for elucidating the role of the enzyme in cellular processes.

However, most of the currently available drugs are nonselective
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toward this kinase, compared with other kinases such as cyclic

nucleotide-dependent protein kinases and calmodulin-depend-

ent protein kinases. Therefore, we examined the phenothiazine

and thioxanthene classes of protein kinase C inhibitors to

evaluate the structural features that determine inhibitory ac-

tivity and potential selectivity. The phenothiazines are partic-

ularly well suited for this type of study for several reasons.

First, the few derivatives that have been studied are relatively

potent, with K, or IC�0 values approaching 10 MM (8-10). Sec-

ond, a large number of phenothiazine congeners have been

synthesized for their potential activity as antipsychotic agents

and are readily available for analysis. Structure-activity studies

offer a way to understand which molecular structures affect

activity, and this information may be used in the rational design

of more effective drugs.

Experimental Procedures

Materials. The materials used in these experiments were obtained

from the following sources: 2-trifluoromethyl-10-(3-[1-piperazinyljpro-

pyl)phenothiazine was generously donated by Dr. A. Shepartz and Mr.

B. Cuenoud, Yale University (New Haven, CT); 2-chloro-10-(2-dimeth-
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ylaminoethyl)phenothiazine,2-chloro-10-(3-dimethylamino-2-hydrox-

ypropyl)phenothiazine, 7,8-diacetoxychlorpromazine, 6,9-dihydroxy-

chlorpromazine, DHCP, 7,8-dimethoxychlorpromazine, 7,8-dioxochlor-

promazine, 7,8-dioxochlorpromazine 7-semicarbazone, and 3,7,8-
trihydroxychlorpromazine were generously donated by Drs. Stephen

Kennedy and Steven Zalcman, National Institute of Mental Health

(Rockville, MD); 2-chloro-10-(4-dimethylaminobutyl)phenothiazine, 1-

chloropromazine, 3-chloropromazine, 4-chloropromazine, chlorproeth-

azine, chlorpromazine, chlorpromazine sulfoxide, desmethylchlorprom-
azine, didesmethylchlorpromazine, 3,8-dihydroxychlorpromazine, 7-

hydroxychlorpromazine penfluridol, pimozide, promazine, R-6033, 2-

thiomethylpromazine, trifluopromazine, and desipramine were gener-
ously donated by Dr. Walter Prozialeck, Philadelphia College of Osteo-

pathic Medicine (Philadelphia, PA); trifluoperazine was from Dr.

Alfred Brown, Smith Kline and French Laboratories (Philadelphia,

PA); fluphenazine was from Dr. S. J. Lucania, E. R. Squibb and Sons
(Princeton, NJ); 2-chioroimipramine was from Geigy Pharmaceuticals

(Summit, NJ); thioxanthenes were from Dr. John Hyttel, H. Lundbeck
(Copenhagen, Denmark); haloperidol, imipramine, prochlorperazine,
promethazine, perphenazine, quinacrine, diolein, histone Hi (type Ills),

casein, cAMP-dependent protein kinase, and phosphatidylserine were
from Sigma (St. Louis, MO); [y-32P]ATP (3000 Ci/mmol) was from

Amersham (Arlington Heights, IL); and [3H]PDBU was from New

England Nuclear (Boston, MA). Calmodulin-dependent protein kinase

type II (rat brain) and synapsin I (bovine brain) were generously
donated by Dr. Fred Gorelick, Yale University School of Medicine;

hydroxylapatite-purified rat brain a and fl(I/II) and partially purified

human recombinant � and 6 protein kinase C isozymes were from

Sphinx Pharmaceuticals (Durham, NC).
Purification of protein kinase C. Protein kinase C was partially

purified from rat brain as previously described (ii).

Assay of protein kinase activity. Protein kinase C was assayed

using a semiautomated 96-well plate assay, as previously described (11).

Drugs were dissolved in water or dimethyl suifoxide (final concentra-

tion, s2.5%) before addition to the wells. Drugs were screened by

generating triplicate dose-response curves with nine drug concentra-

tions from 0 to 1 mM. Vesicle assay reactions (100 �zl) contained 12.5

units (nmol P1/min) of protein kinase C, 20 mM Tris, pH 7.5, 10 mM

MgCl2, 200 �g/ml histone, 1 �g/ml diolein, 8 �g/ml phosphatidylserine,

100 �iM CaC12, and 25 �M [‘y-32P]ATP. Mixed micelle reactions (used

for some kinetic determinations) were performed as previously de-

scribed (29). Reactions (250 Ml) contained 0.05 units of protein kinase

C, 20 mr�,i Tris, pH 7.5, 10 mM MgCl2, 300 �.tg/ml histone, 0.3% Triton

x-100, 10 mol % phosphatidylserine, 2 mol % diacylglycerol, 100 �zM

CaC12, and 30 zM [‘y-32PJATP. Protein kinase C isozymes were assayed

in 250-id reactions containing 20 zl of partially purified isozyme, 50

mM HEPES, pH 7.5, 10 mM MgC12, 200 �g/ml histone, 1.76 �zg/ml

cliolein, 40 �zg/ml phosphatidylserine, 100 MM CaC12, 95 �sM EGTA, and

20 �M [�y-32P]ATP.

cAMP-dependent protein kinase was assayed according to a slight
modification of a previously described procedure (12). Enzyme activity
was assayed with the 96-well plate method (11), where reactions were

stopped by the addition of 100 Ml of 25% trichloroacetic acid. Enzyme

activity was corrected for cAMP-independent kinase activity by assay-
ing in the absence of cAMP.

Calmodulin-dependent protein kinase was assayed by a modification

of a previously described procedure (13). Reactions (100 Ml) contained

20 mM Tris, pH 7.5, 10 mM MgCl2, 1 mM EGTA, 1.5 mM CaCl2, 25 �zM

ATP, 25 �sg/ml calmodulin, 200 �tg/ml bovine serum albumin, 250 �sg/

ml synapsin I, and 250 ng of calmodulin-dependent protein kinase type

II. Reactions were initiated by the addition of ATP, containing 106 cpm

of [‘y-32P]ATP, and were terminated by the addition of 100 �sl of 25%

trichloroacetic acid. The precipitated proteins were filtered over 0.45-

�m Millipore filters and washed with 10 ml of ice-cold 5% trichloroa-

cetic acid. Incorporation of radiolabeled phosphate into precipitated

proteins was determined by Cerenkov counting. Enzyme activity was

corrected for calmodulin-independent kinase activity by assaying in

the absence of calcium and calmodulin.

Casein kinase was assayed in 250-�sl reactions containing 10 �l of

partially purified casein kinase, 20 mM Tris, pH 7.5, 5 mM NaF, 5 mM

casein, and 20 �zM of [-y-32P]ATP.

Assay of phorbol ester binding. [3H]PDBU binding was deter-

mined as previously described (14).

Cell proliferation assay. The effect of drugs on the proliferation

of A2780 ovarian carcinoma cells was determined with a microplate

assay, as previously described (27). Cells were plated on day 1, at a

density of 5000 cells/well, in RPM! 1640 medium containing 10% fetal

bovine serum. Drug was added on day 2, and cell density was determined

on day 4.

Results

Effect of modifying the phenothiazine nucleus. Fig. 1

shows the structures and IC50 values for inhibition of protein

kinase C for a series of promazine derivatives having different

substitutions on the phenothiazine nucleus. The parent corn-

pound, promazine, inhibited protein kinase C with an IC50 of

46 �tM. Chloro substitution at position 2 had no effect, whereas

this substitution at position 1, 3, or 4 decreased potency.

Substitutions at position 2 had the following order of potency:

H = Cl = SCH > CF3. Oxidation of the sulfur at position 5

abolished activity.

The most potent compounds were the dihydroxylated (qui-

noid) analogs of chlorpromazine, DHCP and 6,9-dihydroxy-

chlorpromazine, which had 1C5() values of 8.3 and 9.7 �M,

respectively. The oxidized form of DHCP, 7,8-dioxochlorprom-

azine, was also potent (IC.50 = 15 �zM). Addition of a third

hydroxyl at position 3 of DHCP decreased the potency of that

compound by 6-fold. Substitution of methoxy or acetoxy groups

at positions 7 and 8 significantly decreased potency, as did

substitution of a semicarbazone at position 7 on 7,8-dioxo-

chlorpromazine.
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Fig. 1. Effect of modifying the phenothiazine nucleus on activity against
protein kinase C. lC� values for inhibition of protein kinase C (mean ±

standard deviation) were determined from triplicate dose-response
curves generated with nine drug concentrations in the vesicle assay, as
described in Experimental Procedures. The IC50 equals the concentration
of drug required to inhibit 50% of the enzyme activity, compared with
vehicle controls. p values are for comparison with promazine.
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Fig. 4. Effect of compounds structurally related to phenothiazines on

100 4 30 protein kinase C activity. ICoe values (mean ± standard deviation) were

4.7 ± 0.3 determined as described for Fig. 1.
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Effect of modifying the side chain amino group. Fig. 2
shows the structures and IC50 values for inhibition of protein

kinase C for a series of chlorpromazine and trifluopromazine

derivatives that have substitutions on the side chain amino

group. The primary amine didesmethylchlorpromazine was

more potent than the tertiary amine chlorpromazine, and the

secondary amine desmethylchlorpromazine was less potent

than chlorpromazine. Incorporation of the amino group into a

piperazine ring increased potency dramatically [compare tn-

fluopromazine and 2-tnifluoromethyl-10-(3-[1-piperazinyljpro-

pyl)phenothiazine]. However, if the piperazine ring contained

substitutions on the nitrogen at position 4, potency was not

significantly increased, as can be seen when comparing chlor-
promazine and prochlorperazine or tnifluopromazine and tn-

fluoperazine. Also, substitution of a hydroxyethyl group for the

methyl group at position 4 on the piperazine ring did not alter

potency. However, replacing the methyl groups of chiorpro-

mazine with ethyl groups (chlorproethazine) significantly de-
creased potency.

Effect of modifying the length of the alkyl bridge. Fig.
3 shows the structures and IC50 values for inhibition of protein

kinase C for a series of chlorpromazine and promazine deniva-

tives with different alkyl bridge lengths. A three-carbon bridge

was found to be optimal. Decreasing the chain length from

three carbons to two carbons, as in 2-chloro-10-(2-dimethyl-

aminoethyl)phenothiazine and promethazine, significantly de-

creased potency. Also, the addition of a hydroxyl group to the

side chain, as in 2-chloro-10-(3-dimethylamino-2-hydroxypro-

pyl)phenothiazine, decreased potency. Increasing the chain

length to four carbons, as in 2-chloro-10-(3-dimethylaminobu-

tyl)phenothiazine, did not alter potency.

Inhibition of protein kinase C by compounds structur-
ally related to phenothiazines. Fig. 4 shows the structures
and IC50 values for inhibition of protein kinase C for a series
of compounds that are structurally similar to the phenothia-

zines. The potency of R-6033 was increased by >10-fold by the

5, 05 co��pa�.dto

b5_01 . .
� p.no, s,gn4,can� cse�pa’.dto
dp tI�op,�az�.

(CH/�

R

Fig. 2. Effect of modifying the type of side chain amino group on activity
against protein kinase C. lC� values (mean ± standard deviation) were
determined as described for Fig. 1.
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Fig. 3. Effect of modifying the length of the side chain amino group on
activity against protein kinase C. lC� values (mean ± standard deviation)
were determined as described for Fig. 1.

Coit#{231}ound Slructure Ic50Ior PKC Inhibtion (jiM)

Quinacnne

Imipramine

i:I�i::I�iZIJi�.� ciirai,

cHr�al_cii�_nh_cih_<ci,rci,,

tc�#{231}:i::�dcii,
cHu-ciS--ah-N�

850 ± 110

520 ± 10

Desipramine t:II�c-Ix:�J
a�ai,-cn�-iecii,

540 ± 100

2-Chioroimipramine �,

CirC��r01r�<

280 ± 60

Penfluridol

Pimozide

-KI�-�51� “�“� cI:;x�1:�1:c,

�

± 11

76 ± 3

R.6033 r...(�_cHrairci�rc,!,N��gA 930 ± 100

Halopendol >1000

addition of a fluorophenyl group, as in pimozide. Penflunidol
and pimozide, which are potent anticalmodulin agents (15),
inhibited protein kinase C with IC50 values of 49 and 76 �tM,

respectively. The remaining compounds were relatively poor

inhibitors of protein kinase C (IC50 values of 280 to >1000 sM).
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Fig. 5. Effect of thioxanthene stereoisomers on protein kinase C activity.
lC� values (mean ± standard deviation) were determined as described
forFig. 1.
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Effect of thioxanthene stereoisomers on protein ki-
nase C activity. The effect of thioxanthenes on the activity
of protein kinase C is shown in Fig. 5. These compounds
inhibited protein kinase C with ICoe values in the range of 14-
100 �±M (Fig. 5). Substitution of a tnifluoro group for a chloride

on the nucleus did not produce consistent changes in activity
(compare chlorprothixene with compound 796 and clopenthixol
with flupenthixol). As seen with the phenothiazines, an unsub-

stituted piperazine ring on the side chain increased activity (as

in compound 751). No consistent stereospecificity was observed

and, overall, there was little difference (usually <2-fold) be-

tween stereoisomers.

Characterization of DHCP and N751. Two compounds
identified in this study, DHCP and the thioxanthene N751,

were selected for further analysis because of their potency and

distinct structural features. Fig. 6 shows the effects of three

concentrations of each drug on enzyme activity with respect to
phosphatidylserine. Fig. 6A shows a Lineweaver-Burke plot for
inhibition of protein kinase C by DHCP with respect to phos-
phatidylserine. The data indicate noncompetitive inhibition

with respect to phosphatidylserine (K1 = 26 jIM). However, the

kinetics of the thioxanthene N751 were competitive with re-

spect to phosphatidylsenine (K1 = 13 �M) (Fig. 6B). At the
highest concentration tested, we observed mixed-type inhibi-
tion with N751.

We next investigated the ability of DHCP and N751 to
compete with ATP for activation of the enzyme. Fig. 7A dem-
onstrates mixed-type inhibition by DHCP with respect to ATP
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Fig. 6. Inhibition of protein kinase C by DHCP and N751 with respect to
phosphatidylserine. Double-reciprocal plots were generated for the inter-

action between drug and phosphatidylserine (PS). A, Effect of DHCP at
0 zM (#{149}),5 zM (0), 10 �±M (0), and 20 �M (is). B, Effect of N751 at 0 �M

(S), 7.5 ;zM (0), 15 �cM (0), and 30 �M (ti).

(K1 = 10 �±M). Fig. 7B demonstrates noncompetitive inhibition
by N751 with respect to ATP (K1 = 9 �LM). The mechanism of

inhibition shifted to mixed-type at 30 �zM.

To determine whether DHCP or N751 interacted with the

phorbol ester binding site on protein kinase C, we examined
the abilities of the drugs to inhibit [3H]PDBU binding to the
enzyme. Fig. 8 demonstrates that N751 (IC� = 44 MM) was

more potent than DHCP (IC� = 310 �±M) as an inhibitor of
phorbol ester binding.

Activity of DHCP and N751 against other protein
kineses. To determine the selectivity of DHCP and N751 for
protein kinase C, we tested the ability of these drugs to inhibit
cAMP-dependent protein kinase, calmodulin-dependent pro-
tein kinase type II, and casein kinase, enzymes that play
important roles in transmembrane signaling and cellular regu-
lation. DHCP had an IC� of 200 �zM for inhibition of cAMP-
dependent protein kinase, 65 �±M for inhibition of calmodulin-

dependent protein kinase type II, and 218 �iM for inhibition of

casein kinase (Table 1). Therefore, DHCP was 24-fold more

potent against protein kinase C compared with cAMP-depend-

ent protein kinase, 8-fold more potent compared with calmod-
ulin-dependent protein kinase type II, and 26-fold more potent

compared with casein kinase.

N751 had an IC� of 100 �±M for inhibition of cAMP-depend-
ent protein kinase, 6.6 �zM for inhibition of calmodulin-depend-

ent protein kinase type II, and >218 �±M for inhibition of casein
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Fig. 7. Inhibition of protein kinase C by DHCP and N751 with respect to
ATP. Double-reciprocal plots were generated for the interaction between
drug and ATP. Reactions were set up with various concentrations of [-y-

32P]ATP and initiated by the addition of enzyme. A, Effect of DHCP at 0
�tM (S), 5 �tM (0), 1 0 �±M (0), and 20 �sM (L�s). B, Effect of N751 at 0 �±M

(#{149}),7.5 �tM (0), 15 �uM (0), and 30 �M (Lx).

kinase (Table 1). Therefore, N751 was 7-fold more potent

against protein kinase C compared with cAMP-dependent pro-

tein kinase, and at least 15-fold more potent compared with

casein kinase, but was 2-fold more potent against calmodulin-

dependent protein kinase type II compared with protein kin-

ase C.

Kinetics for inhibition of protein kinase C by DHCP,
utilizing the mixed micelle assay. DHCP was subjected to

further analysis because it was both active against and selective

for protein kinase C. We used the mixed micelle assay to

determine the inhibition kinetics in a well defined lipid envi-

ronment (29). Fig. 9 shows the Lineweaver-Burke plots for

inhibition of protein kinase C by DHCP with respect to phos-

phatidylserine and ATP. The data indicate competitive inhi-

bition with respect to phosphatidylsenine (Fig. 9A) and com-

petitive inhibition with respect to ATP (Fig. 9B).

Inhibition of protein kinase C isozymes by DHCP. We
next determined whether DHCP could selectively inhibit 5ev-

eral of the known isozymes of protein kinase C. Table 2 shows

the IC50 values for inhibition of the a, fl(I/II), �y, and #{244}isozymes

of protein kinase C. Although some differences were seen, the

data indicate no significant selectivity for any of the isozymes.

Effect of DHCP on cellular proliferation. To determine

Fig. 8. Inhibition of phorbol ester binding to protein kinase C by DHCP
and N751 .The effect of DHCP (#{149})and N751 (0) on [3HJPDBU binding
to partially purified protein kinase C was determined in the absence and
presence of 30 �M PMA. Specific binding was determined by subtracting
the counts obtained in the presence of unlabeled PMA from counts
obtained in the absence of unlabeled PMA. The concentration of [3H]
PDBU was 30 nM. Each point represents the average of two determina-
tions.

TABLE 1
Effect of DHCP and N751 on protein kinase C, cAMP-dependent
protein kinase, calmodulin-dependent protein kinase, and casein
kinase
lc� values for inhibition of protein kinase c (PKC) and cAMP-dependent protein
kinase (PK) were determined as described for Fig. 1 . l� values for inhibition of
calmodulin-dependent protein kinase were determined from dose-response curves
generated with five concentrations of drug. Icen values for inhibition of casein
kinase were determined from dose-response curves generated with three concen-
trations of drug.

Enzyme

Drug PKC CAMP�dependen( Calmoduhn-dependent � kn�

IC5 (SM)

DHCP 8.3 200 65 218
N751 14 100 6.6 >218

whether DHCP had effects on intact cells, we studied its ability

to inhibit the proliferation of A2780 ovarian carcinoma cells.

Fig. 10 shows the dose-response curve for cell growth inhibition

by DHCP. In this cell line, DHCP inhibited growth with an

1C50 of 8,uM.

Discussion

The establishment of structure-activity relationships is im-

portant for the rational design of potent and selective enzyme

inhibitors. Phenothiazines have been shown to inhibit protein

kinase C with IC50 values in the iO� M range (10), and numer-
ous structurally modified congeners are available for testing.

Therefore, in the present study we analyzed phenothiazines

and related molecules to determine which structural features

influence activity and to discover more selective drugs.
Phenothiazines containing quinoid structures on the pheno-

thiazine nucleus were among the most potent and selective
inhibitors of protein kinase C from this class. This structure-

activity relationship is further supported by the presence of

quinoid structures in other inhibitors of protein kinase C, such

as quercetin (16), doxorubicin (4, 10, 17, 18), caiphostin C (19),
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2D. T. Aftab and W. N. Hait, unpublished observations.

0.4 0.6

1/fATPI (pM)l

Fig. 9. Mixed micellar kinetics for inhibition of protein kinase C by DHCP.
Reactions were carried out using three concentrations of drug, 0 �zM (#{149}),
43 �M (0), and 109 �±M (0), which represent 0, 1 , and 2 mol %,

respectively. A, Kinetics with respect to phosphatidylsenne. The abscissa
was plotted as 1/[phosphatidylsenne�, where n represents the apparent
Hill number. B, Kinetics with respect to AlP.

TABLE 2

Effect of DHCP on isolated isozymes of protein kinase C
lc� values for inhibition of protein kinase c isozymes were determined in the
vesicle assay from dose-response curves generated with three concentrations of

drug.

lsozyme lC�

pM

a 24
1y(l/Il) 15
.y 18

15 31

apomorphine (20), and LY 170198 (20). In an aerobic environ-
ment and in the presence of reducing equivalents, quinoid
compounds may act as redox catalysts to produce hydrogen
peroxide and superoxide anions directly, and hydroxyl radicals
indirectly, all of which have the potential to inhibit enzyme
activity (21). In fact, Gopalaknishna and Anderson (22, 23)
have shown that protein kinase C can be inhibited by high
concentrations of hydrogen peroxide. Therefore, the quinoid
phenothiazines may inhibit protein kinase C through an oxi-
dative or reductive mechanism.

A piperazine ring with a secondary nitrogen at position 4 was

another important structure for activity. This relationship is
supported by two observations. First, two of the most active
compounds in our study, 2-tnifluoromethyl-10-(3-[1-pipera-

.C

0

C,

0

C

3

Fig. 10. Effect of DHCP on cellular proliferation. DHCP was evaluated
for its ability to inhibit the growth of A2780 ovarian carcinoma cells in a
microplate assay. Cells were plated on day 1 ,drug was added on day
2, and cell density was determined on day 4.

zinyljpropyl)phenothiazine (Fig. 2) and the thioxanthene N751

(Fig. 5), had piperazine rings with secondary nitrogens at

position 4. Second, the widely used isoquinolinesulfonamide
protein kinase inhibitor H-7 [1-(5-isoquinolinesulfonyl)-2-

methylpiperazine] also has a piperazine ring with a secondary

nitrogen at position 4 (24). Therefore, a piperazine ring with a

secondary nitrogen at position 4 appears to be an important
structural feature.

The order of potency for methyl substitution on the side

chain amino group of chlorpromazine was primary > tertiary

> secondary, whereas the order of potency for methyl substi-

tution on the amino group of sphingosine has been shown to
be primary > secondary > tertiary (25). Therefore, primary

amino groups appear to be important determinants for activity.
However, the most potent compound we studied, 2-tnifluoro-
methyl-10-(3-[1-piperazinyl]propyl)phenothiazine, contains
only secondary and tertiary amines. Furthermore, Hannun and

Bell (26) determined that acnidine orange, an aminoacnidine
protein kinase C inhibitor with only tertiary and quaternary
amino groups, was more potent than other inhibitors in that

class that contained only primary and secondary amines. The

same group also showed that acetylation of the amino group on

doxorubicin significantly decreased its potency against protein
kinase C (18). Therefore, simple correlations between the de-

gree of substitution of amino groups and potency cannot be
made. It is likely that both the degree of substitution and the

placement of amino groups within the three-dimensional struc-

tune of the molecule are important determinants for activity.
Because protein kinase C interacts with hydrophobic mole-

cules, we investigated whether hydrophobicity plays a role in

the ability of the phenothiazines to inhibit the enzyme. In fact,

it has been previously demonstrated that, with phenothiazines

having substitutions made only on the nucleus, inhibitory ac-

tivity against calmodulin (15), cellular proliferation (27), and
multidrug resistance (27) correlate with hydrophobicity (oc-

tanol/buffer partition coefficient). However, with a correlation

coefficient of 0.47, this phenomenon did not hold for inhibition

ofprotein kinase C.2
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3M. Reiss, personal communication.

The thioxanthenes are structurally related to the phenothi-

azines, differing by a carbon substitution for the nitrogen at

position 10 on the phenothiazine nucleus and by a double bond

connecting that carbon to the side chain. These classes of

compounds share several pharmacological properties, including
antipsychotic activity (30). The thioxanthenes were generally

equal in potency to their phenothiazine homologues (see Figs.
2 and 5). However, some of the structure-activity relationships

that existed for the phenothiazines did not hold for the thiox-

anthenes. For example, tnifluoro substitution at position 2

significantly decreased potency, compared with chlono substi-

tution, in the phenothiazines (Fig. 1) but not the thioxanthenes

(compare chlonprothixene with compound 796 and clopenthixol
with flupenthixol in Fig. 5).

We chose two compounds, DHCP and N751, for further

analysis because they represent two important structural fea-

tunes for activity against protein kinase C; DHCP contains a

quinoid structure on the phenothiazine nucleus, whereas N751

contains an unsubstituted pipenazine ring on the side chain. To

determine whether they inhibited by either of two common
mechanisms for protein kinase C inhibitors, namely competi-

tion with ATP or phosphatidylsenine, kinetic analyses were

carried out with both drugs. We identified another compound

containing an unsubstituted piperazine ring, 2-tnifluoromethyl-

10-(3-[1-piperazinyl]propyl)phenothiazine (Fig. 2), but, be-

cause of its structural similarity to N751 and its limited avail-

ability, we did not perform additional kinetic analyses with this

drug.

In the vesicle assay described by Nishizuka and co-workers

(8), the kinetics of inhibition by DHCP were noncompetitive

with respect to phosphatidylsenine and mixed with respect to

ATP. These results are in contrast to studies of other pheno-

thiazines analyzed with the same vesicle assay (8-10). However,

the quinoid nucleus of DHCP may be conducive to oxidative

or reductive mechanisms that could contribute to its activity
against protein kinase C (see above in Discussion). We have
determined that DHCP rapidly catalyzes the production of

hydrogen peroxide in the presence of oxygen and reducing

equivalents. However, neither catalase nor superoxide dismu-

tase could protect protein kinase C from inhibition by DHCP.2

Therefore, production of reactive forms of oxygen is probably

not involved in the mechanism of inhibition. However, DHCP

also lost most of its potency when the reactions were carried

out under nitrogen.2 Therefore, the mechanism of action of

DHCP may be related to the potential ability of the drug to

form intermediate structures as a result of nedox cycling (21).

The inhibition kinetics of the thioxanthene N751 were com-
petitive with respect to phosphatidylsenine and noncompetitive

with respect to ATP. This is consistent with other studies on

the mechanism of action of structurally related phenothiazines

such as chlorpromazine and tnifluoperazine (8-10).

We directly compared the potency of two lead compounds,

DHCP and N751, against protein kinase C, cAMP-dependent

protein kinase, calmodulin-dependent protein kinase type II,

and casein kinase. N751 was selective for protein kinase C

compared with cAMP-dependent kinase and casein kinase;

however, it was more active against the calmodulin-dependent

kinase. DHCP was selective for protein kinase C compared

with all of the other kinases tested. In contrast, the widely used

inhibitor H-7 was more active against at least two protein

kinases (including cAMP-dependent protein kinase) other than

protein kinase C (24).

Based on its activity and selectivity for protein kinase C,
DHCP was subjected to further analysis, utilizing the mixed

micelle assay, to determine the inhibition kinetics in a well

defined lipid environment. We observed competitive inhibition
with respect to both ATP and phosphatidylsenine. The ATP

kinetics were similar in both the vesicle and mixed micelle
assay systems. Thus, DHCP revealed mixed-type inhibition in
the vesicle assay and competitive inhibition in the mixed mi-

celle assay. These data indicate that DHCP interacts at the
ATP site on protein kinase C.

DHCP was noncompetitive with respect to phosphatidylser-
me in the vesicle assay but competitive when analyzed by the

mixed micelle assay. When transforming the phosphatidylser-
me data from the mixed micelle assay for double-reciprocal
analysis, it is necessary to plot 1/[phosphatidylserine]”, where

n is the apparent Hill number. This treatment of the data is

required because of the highly cooperative nature of phospha-

tidylsenine stimulation of protein kinase C activity in the mixed
micelle system (29). Therefore, the fact that coopenativity is
not evident in the vesicle system makes meaningful compani-
sons between phosphatidylsenine kinetics for the two assay

systems difficult.

Because protein kinase C is made up of a family of at least

seven isozymes, it is possible that different isozymes play
different roles in cellular regulation (3). Consequently, isozyme-

specific inhibitors would be valuable tools for elucidating these
putative roles. Therefore, we tested the ability of DHCP to

inhibit the a, fl(I/II), ‘y, and #{244}isozymes of protein kinase C.

Although some differences in potency were observed, DHCP
was not distinctly isozyme selective.

Protein kinase C is considered to play a key role in numerous

cellular processes, including cell growth and differentiation and

extracellular signal transduction (1, 3). Therefore, the activity

of DHCP in several cellular systems has been studied. DHCP

inhibited A2780 ovarian carcinoma cell proliferation (IC� = 8
�tM) (Fig. 10) and epidermal growth factor-induced DNA syn-
thesis in BALB/MK murine epidenmal keratinocytes (IC�o

12.5 �tM),3 and it enhanced the scatter factor-induced scattering
of Madin-Darby canine kidney cells (5-10 tiM) (28). These

effects, as well as the effect on partially purified protein kinase
C, occur with similar potency (-�-10 tiM). Also, other protein

kinase inhibitors, such as H-7 and staurosponine, have similar

effects on these systems at concentrations close to those re-
quined to inhibit protein kinase C in vitro (28).2 3 Therefore,
the effects of DHCP on whole cells are consistent with its

ability to inhibit protein kinase C.
Phenothiazines have numerous pharmacological actions,

some of which might be explained by inhibition of protein

kinase C and others by their known effects such as antagonism
of dopaminengic, muscarinic, and a-adrenergic receptors (30).

The clinical utility of inhibitors of protein kinase C might be
limited by the expression of the enzyme in almost every tissue.

The ultimate clinical use of these inhibitors will depend on
factors such as the pharmacodynamics and pharmacokinetics

ofthe particular drug and the relative concentrations of targets!
receptors in the tissues where the drug is distributed.

The structure-activity relationships for substitutions on the
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phenothiazine nucleus for inhibition of protein kinase C are in

contrast to those for anticalmodulin activity. For example,

quinoid structures on the nucleus increase potency against
protein kinase C but decrease potency against calmodulin (15).

Also, the order of potency of substitutions at position 2 for

inhibition of protein kinase C is not the same as that for
inhibition of calmodulin-dependent phosphodiestenase (15).
These phenomena indicate that selectivity between protein
kinase C and other kinases can be achieved through the national

design of inhibitors from the phenothiazine class.
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