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Summary. Calmodulin, a ubiquitous calcium-binding protein, 
has recently been shown to play an important role in cellular 
proliferation. The calmodulin inhibitors melittin, trifluopera- 
zinc, and chlorpromazine inhibited the growth and clonogen- 
icity of  human and murine leukemic cells, and their potency 
reflected their activity as inhibitors of  calmodulin. Melittin, 
which is a far more potent inhibitor of  calmodulin activity, was 
also a more potent inhibitor of  cell growth and clonogenicity. 
The less active phenothiazine metabolite, chlorpromazine 
sulfoxide, had much less potent cytotoxic activity. 

Introduction 

Calmodulin is a heat-stable, calcium-binding protein that 
regulates a wide variety of calcium-dependent processes [7, 
32]. Recent evidence suggests that calcium and calmodulin 
play a crucial role in cellular proliferation [14, 22]. For 
example, calmodulin changes in concentration during the cell 
cycle, being greatest between the G1/s phases [5]; stimulates 
DNA synthesis in rat hepatocytes [2]; and appears to 
participate in the construction of the mitotic apparatus [1, 8, 
33]. An alteration of calmodulin activity has been associated 
with abnormal cellular proliferation. Accordingly, the con- 
centration of calmodulin is increased in transformed cells [4, 
29] and in rapidly growing Morris hepatomas [21, 30]. 

Hait and Weiss have shown that calmodulin is present in 
high concentrations in L1210 and L5178Y leukemic cells, and 
that its activity could be inhibited by phenothiazines [12]. 
Calmodulin has now been isolated from a variety of malignant 
cells and found to have properties similar to that of the protein 
isolated from cerebrum [12, 18]. Recently, MacManus et al. 
have identified a thus far tumor-specific calcium-binding 
protein, termed oncomodulin [19]. Although similar to 
calmodulin in its ability to activate cyclic nucleotide phos- 
phodiesterase and in its inhibition by phenothiazines, it is 
smaller (Mr 11 500) and more acidic (Pi3.9), and has fewer 
calcium-binding sites (2 per molecule) [9, 20]. 

Drugs that inhibit the activity of calmodulin have been 
shown to inhibit DNA  synthesis in a glioblastoma cell line [23], 
block the movement of chromosomes during metaphase [22], 
inhibit the growth of Chinese hamster ovary cells [5], and 
enhance the cytotoxicity of vincristine and doxorubicin [10, 
27]. Recent evidence suggests that calmodulin inhibitors are 
cytotoxic to malignant cells both in vitro [13, 31] and in 
vivo [15]. 
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Following the seminal observation by Levin and Weiss [17] 
that phenothiazines and structurally related compounds inhibit 
the activity of calmodulin, more potent inhibitors have been 
identified [25, 26]. Specifically, melittin, a major polypeptide 
component of bee venom was one of the most potent of these 
agents [26]. We now report that several drugs that inhibit the 
activity of calmodulin inhibit the growth of both murine and 
human leukemic cells and that melittin has the most potent 
cytotoxic activity. 

Materials and methods 

L1210 and L5178Y murine leukemic lymphocytes and HL-60 
human promyelocytic leukemic granulocytes were grown in 
suspension culture at 37 ° C in a 5% CO2 atmosphere. Tests for 
contamination with mycoplasma were done monthly. For all 
experiments cells were inoculated at a density of 1 x 104 
cells/ml in Fischer's medium or RPMI-1640 supplemented with 
10% horse serum containing a wide range of concentration of 
drugs. All experiments were designed to compare the various 
inhibitors of calmodulin on the same days, under identical 
conditions, during the logarithmic phase of growth. Cells were 
counted daily using an automated electronic counter 
(Coulter). 

The effect of inhibitors of calmodulin on the clonogenicity 
of cells was evaluated. After exposure to drug for 48-72  h, 
cells were washed in fresh medium by centrifugation at 100 g 
for 10 rain, then cloned in drug-free medium containing soft 
agar as previously described [3]. The colonies formed were 
counted 14 days later using a dissecting microscope with a 
scored field. Efficiency of cloning ranged from 70% to 80%. 

Calmodulin was prepared from L1210 cells by a modifi- 
cation of previously described methods [12, 28]. In this 
procedure, 1 x 109 L1210 cells were suspended in a phos- 
phate-buffered solution containing 88 mM NaH2PO4, 23 mM 
Na2HPO4, 640 mM glycine, i mM ethylene glycol-bis (B-ami- 
noethylether)-N,N'-tetraacetic acid (EGTA), and 0.32M 
sucrose, pH 6.0. The cells were sonicated at 50 W for 10 s, 
incubated at 37 ° C for 2 h, placed in a boiling water bath for 
5rain, and then centrifuged at 3,600g for 20min. The 
supernatant fraction was removed, the pH was adjusted to 6.0, 
and the cells were recentrifuged as above. The supernatant 
fraction was dialyzed for 12 h against the sonicating buffer then 
concentrated to one-half its original volume by ultrafiltration 
through a CX-10 filter (Millipore Corp., Bedford, Mass). 

A 7.5% preparative polyacrylamide gel electrophoretic 
column (Shandon Southern Instruments, Inc., Sewickley, Pa) 



203 

was prepared in a phosphate buffer solution (pH 7.0) 
containing 39 mM NaH2PO4, 123 mM Na2HPO4, 640 mM 
glycine, 0.46 ml TEMED, and 1 mM EGTA. An electrolyte 
buffer was prepared using 88mM NaH2PO4, 23mM 
Na2HPO4, 640 mM glycine, and i mM EGTA. After this, 2 ml 
of partially purified calmodulin was applied to the gel column 
and the electrophoresis begun at 25 mA for the 1st hour and 
60 mA thereafter, using a constant current power supply 
(BIO-RAD Laboratories, Model 500/200, Richmond, Calif). 
Proteins were eluted with a solution of 0.1 M Tris buffer (pH 
7.6) containing 1.0 mM CaC12 at a flow rate of 0.2 ml/min. One 
hundred 1-ml fractions were collected and each fraction was 
assayed for calmodulin activity. Using this method, a single 
peak of calmodulin was obtained eluting in fractions 35-50 
and was found to be homogeneous by SDS-polyacrylamide gel 
electrophoresis. 

The activity of calmodulin was assayed by its ability to 
activate a calmodulin-sensitive phosphodiesterase prepared 
from rat cerebrum as previously described [12]. Using this 
preparation the activity of phosphodiesterase was increased 
5 -10  fold. One unit of activity was defined as the amount of 
calmodnlin required to achieve 50% of the maximum activa- 
tion of phosphodiesterase. The effect of inhibitors and their 
solvents on calmodulin-dependent activity of the enzyme was 
measured by the ability to inhibit the activation of phospho- 
diesterase in the presence of 10 U of calmodulin. 

Melittin was obtained from the Sigma Chemical Company, 
St. Louis, Missouri. Chlorpromazine, chlorpromazine sulfox- 
ide, and trifluoperazine were gifts from Dr Alfred Brown of 
the Smith Kline and French Laboratories, Philadelphia. Drugs 
were dissolved in distilled water and sterilized by passage 
through a millipore filter. 

Results and discussion 

Figure I compares the effect of three calmodulin inhibitors on 
the proliferation of L1210 leukemic lymphocytes. Table 1 
demonstrates that the order of potency of inhibition of cell 
growth corresponded to the order of potency of inhibition of 
calmodulin purified from this cell line. Accordingly, melittin 
was a more potent inhibitor of both the activity of calmodulin 

and the growth of L1210 cells compared with that of 
trifluoperazine and chlorpromazine. 

Chlorpromazine sulfoxide is a metabolite of the parent 
molecule having far less activity as an inhibitor of calmodulin 
from cerebrum [17] and L1210 cells (Table 1). Figure 2 
demonstrates that the parent compound was approximately 
15-fold more potent as an inhibitor of the growth of L1210 cells 
than the metabolite. 

The differences in the activity of melittin compared to the 
phenothiazines could not be attributed to differences in the 
shape of the growth curves, since we compared the effect of 
these drugs daily over a 72-h period and found the observed 
differences in drug potency on each day of determination 
(Table 2). 

Since the number of cells present in culture is a refection 
of both proliferation and death of cells, the inhibition of 
growth by calmodulin inhibitors could be due to inhibition of 
proliferation rather than to cytotoxicity. Therefore, we grew 
cells in the presence of the inhibitor for 48 h, then washed the 
cells by gentle centrifugation to remove remaining drug and 
assayed their ability to form colonies in soft agar. All drugs 
were found to be potent inhibitors of clonogenicity. Melittin 

Table 1. Effect of drugs on the inhibition of the activity of calmodulin 
and the growth of L1210 leukemic lymphocytes 

Inhibition of Inhibition of 
calmodulin cell growth 
(ICso, ~M) ~ (IC5o, ~M) 

Melittin 0.12 < l 
Trifluoperazine 10 5 
Chlorpromazine 15 6 
Chlorprornazine-sulfoxide > 300 100 

a ICs0 for the inhibition of calmodulin is the concentration of drug 
needed to produce 50% inhibition of the activation of phospho- 
diesterase in the presence of 10 U of calmodulin and was calculated 
from dose-response curves having six determinations at each point. 
The ICs0 value for inhibition of cell growth is the concentration of 
drug needed to produce 50% inhibition of cell growth compared to 
untreated controls as determined from dose-response curves from 
three separate experiments as described in Methods and Fig. ] 
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Fig. 1. Effect of calmodulin inhibitors on the growth of LI210 leukemic lymphocytes. Cells were grown in Fischer's medium supplemented with 
10% horse serum and maintained in a humidified incubator having a 5% CO 2 atmosphere at 37 ° C. Cells were inoculated at a density of 1 × 104 
cells/ml into 5-ml plastic culture tubes with media containing different concentrations of drugs. Cells were counted at 72 h of growth using a Coulter 
counter (Hialeah, Fla). Each point represents the mean number of cells from three culture tubes from a representative of three experiments. The 
control cultures contained 3.0 × 105 ceUs/ml. There was less than 10% variation in cell counts at each point 
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Table 2. The effect of phenothiazine and polypeptide calmodulin 
inhibitors on the daily growth of L1210 leukemic lymphocytes 

Days of growth Inhibition of growth (ICs0, ~M) ~ 

Trifluoperazine Melittin 

1 > 20 2.5 + 0.2 
2 8.7 + 0.6 0.7 _+ 0.1 
3 7.3 + 0.1 0.8 + 0.1 

a ICs0 value is the concentration of drug needed to inhibit the growth 
of cells by 50% compared with that of vehicle-treated controls. Each 
value represents the mean + SEM of three separate dose-response 
curves using drug concentrations ranging from 1 to 20 ~tM 

Table 3. Effect of chlorpromazine and chlorpromazine sulfoxide on the 
clonogenicity of human and murine leukemic cells a 

Cell line Drug 

Chlorpromazine 
(IC5o , ~tM) 

Chlorpromazine 
sulfoxide 
(ICs0, ~tM) 

L1210 6 90 
L5178Y 7 90 
HL-60 8 100 

a Cloning efficiency was 80%. The concentration of drug required to 
produce 50% inhibition of growth of colonies (ICs0) was calculated 
from dose response curves using the mean of six determinations for 
each concentration of drug. There was less than 10% variation 
between culture tubes 

was a more potent inhibitor of the clonogenicity of L1210 cells 
(IC50 = 0.7 gM) than trifluoperazine (ICs0 = 4 ~M). 

Since calmodulin is present in a variety of malignant cells, 
we tested whether these drugs would also inhibit the growth of 
other leukemic cell lines (Table 3). These studies demonstrate 
that chlorpromazine also inhibited the growth of L5178Y 
leukemic lymphocytes and the human promyelocytic cell line, 
HL-60. Again, chlorpromazine sulfoxide had far less inhibitory 
activity. 

Although calmodulin inhibitors are useful tools for 
elucidating the actions of this protein, they have other 
pharmacological actions, and therefore the results of these and 
other studies must be interpreted with caution. However, there 

is evidence to support the concept that these drugs exert their 
effects on cellular proliferation through the inhibition of 
calmodulin. For example: (1) Structurally unrelated sub- 
stances sharing the property of calmodulin inhibition were also 
cytotoxic. Thus, in addition to the polypeptide, melittin, and 
the phenothiazines, trifluoperazine, and chlorpromazine, oth- 
er classes of calmodulin inhibitors including the napthalene 
sulfonamides [5, 15, 31], diphenylbutylpiperidines [16] and 
imidazolines [16] also inhibited the growth of cells. (2) The 
potency of the drugs as cytotoxic agents correlated with their 
potency as inhibitors of calmodulin purified from the leukemic 
cells. This correlation has now been demonstrated with several 
different classes of inhibitors in the C 6 astrocytoma cell line 
[16]. Accordingly, melittin was more potent than the pheno- 
thiazines. The phenothiazine metabolite, chlorpromazine 
sulfoxide, was a poor inhibitor of calmodulin and was far less 
cytotoxic. This latter finding is analogous to those in previous 
studies that demonstrated that the dechlorinated homolog of 
the calmodulin inhibitor, N-(4-aminobutyl)-5-chloro-2 naptha- 
lenesulfonamide, had a decreased affinity for calmodulin [5] 
and was less cytotoxic in vitro [31] and in vivo [15]. These 
differences between the parent compound and the metabolites 
cannot be explained by differences in hydrophobicity, since 
they have similar octanol-water partition coefficients. The 
characteristics of the inhibition of growth by these agents are 
similar to the characteristics of the inhibition of purified 
calmodulin. Accordingly, the growth-inhibitory effects could 
not be reversed by excess calcium [11] but could be reversed by 
excess calmodulin [2], and (4), the enhancement of Neomycin 
cytoxicity by calmodulin inhibitors could not be demonstrated 
in E. coli, organisms which do not contain measurable calmo- 
dulin [6]. 

The mechanism by which these drugs cause cytotoxicity is 
under investigation. Calmodulin is essential for many pro- 
cesses that are necessary for normal cellular function, including 
the assembly and disassembly of microtubules, calcium 
extrusion from cells by a calcium-magnesium ATPase, and the 
activation of numerous intracellular enzymes, such as protein 
kinases, phosphatases, and cyclic nucleotide phosphodiester- 
ase [7, 32]. Interference with any of these known functions of 
calmodulin would be potentially toxic to cells. 

Other cellular functions inhibited by 'calmodulin inhibi- 
tors' may or may not be mediated exclusively through the 
inhibition of calmodulin. These effects include the depletion of 
intracellular ATP [34], the destabilization of membranes [24] 
and the inhibition of protein-kinase C. 
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In summary, the present  study demonstrates  that inhibi- 
tots of calmodulin are cytotoxic to human and murine 
leukemic cells and that melitt in,  the potent  polypeptide 
inhibitor o f  calmodulin,  is significantly more cytotoxic than 
calmodulin inhibitors of other  structural classes previously 
described. 
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