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a b s t r a c t

Clotrimazole is an antifungal azole derivative recently recognized as a calmodulin antago-

nist with promising anticancer effects. This property has been correlated with the ability of

the drug to decrease the viability of tumor cells by inhibiting their glycolytic flux and

consequently decreasing the intracellular concentration of ATP. The effects of clotrimazole

on cell glycolysis and ATP production are considered to be due to the detachment of the

glycolytic enzymes from the cytoskeleton. Here, we show that clotrimazole directly inhibits

the key glycolytic enzyme 6-phosphofructo-1-kinase (PFK). This property is independent of

the anti-calmodulin activity of the drug, since it is not mimicked by the classical calmodulin

antagonist compound 48/80. However, the clotrimazole-inhibited enzyme can be activated

by calmodulin, even though calmodulin has no effect on PFK activity in the absence of the

drug. Clotrimazole alone induces the dimerization of PFK reducing the population of

tetramers, which is not observed when calmodulin is also present. Since PFK dimers are

less active than PFK tetramers, this can explain the inhibitory effect of clotrimazole on the

enzyme. Additionally, clotrimazole positively modulates the association of PFK with ery-

throcyte membranes. Altogether, our data support a hitherto unrecognized action of

clotrimazole as a negative modulator of glycolytic flux through direct inhibition of the

key enzyme PFK.

# 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Clotrimazole (CTZ; 1-[(2-chlorophenyl)-diphenyl-methyl]i-

midazole) is a therapeutically important imidazole-derived

anti-mycotic agent that is clinically safe and readily tolerated

by humans [1,2]. Its anti-mycotic effect is due to the

inhibition of ergosterol synthesis, which makes the plasma

membrane of fungi leaky [1]. It has a multiplicity of effects on

a variety of cellular targets, including the sarcoplasmic
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reticulum Ca2+ pump [3], the capacitative Ca2+ channel [4]

and normal and cancer cells in vitro and in vivo [5], where it

interferes with cellular Ca2+ homeostasis [6]. Recently, CTZ

was recognized as a calmodulin (CaM) antagonist [7,8]. The

present work was undertaken in response to the discovery

that CTZ has potent effects on the viability of human cancer

cells because it alters cytoskeleton-associated glycolytic

enzymes, inhibiting cell glycolysis and ATP production

[9–13].
ofructo-1-kinase; phosphofructokinase; 48/80, compound 48/80
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The mechanism of this anti-glycolytic activity of CTZ is

considered to involve its action as a CaM antagonist [6,9–13].

Recently, we demonstrated that 6-phosphofructo-1-kinase

(PFK; phosphofructokinase; ATP:D-fructose-6-phosphate-1-

phosphotransferase; EC 2.7.1.11), the key regulatory enzyme

of the glycolytic pathway and a CaM-binding protein, is

regulated by CaM, which induces dimerization of PFK from

tetramers without compromising catalytic activity of the

purified enzyme [14].

The aim of the present study was to compare CTZ and

compound 48/80, a classical CaM antagonist [15], for their

ability to modify the activity and the oligomeric conformation

of PFK, with a view to correlate these findings with the

antineoplastic properties of CTZ.
2. Materials and methods

2.1. Materials

ATP, fructose-6-phosphate, CaM, CTZ and compound 48/80

were purchased from Sigma Chemical Co. (St. Louis, MO, USA).
32Pi was purchased from Instituto de Pesquisas Energéticas e

Nucleares (São Paulo, Brazil). [g-32P]ATP wasprepared according

to Maia et al. [16]. Purified PFK was obtained from rabbit skeletal

muscle according to the method developed by Kemp [17], with

modifications introduced by Kuo et al. [18]. Protein concentra-

tions were measured as described by Lowry et al. [19].

2.2. Light scattering

Light-scattering (L.S.) measurements were performed in a

Jasco spectrofluorimeter, in a medium containing 100 mM

Tris–HCl (pH 8.2), 5 mM MgCl2, 100 mM CaCl2, and the additives

indicated for each experiment. Appropriate reference spectra

were subtracted from the data to correct for background

interferences, which were always less than 5% of the total

signal. Incident light wavelength was set at 510 nm, and

scattering was recorded at 908 between 500 and 520 nm.

2.3. Intrinsic fluorescence measurements

Intrinsic fluorescence measurements were performed in a

Jasco spectrofluorimeter, in a medium containing 100 mM

Tris–HCl (pH 8.2), 5 mM MgCl2, 100 mM CaCl2, and the additives

indicated for each experiment. Appropriate reference spectra

were subtracted from the data to correct for background

interferences, which were always less than 2% of the

fluorescence signal. Excitation wavelength was set at

280 nm, and fluorescence emission was recorded at 908,

scanned from 300 to 400 nm.

2.4. PFK activity

PFK activity was measured by the method described by Sola-

Penna et al. [20] with the modifications introduced by Zancan

and Sola-Penna [21,22], in a reaction medium containing 50 mM

Tris–HCl (pH 8.2), 5 mM MgCl2, 100 mM CaCl2, 5 mM (NH4)2SO4,

1 mM [g-32P]ATP (4 mCi/nmol), 1 mM fructose-6-phosphate, and

5 mg/ml purified PFK. The reaction was stopped by addition of a
suspension of activated charcoal in 0.1 M HCl and 0.5 M

mannitol; after centrifugation, the supernatant containing

[1-32P]fructose-1,6-bisphosphate formed was analyzed in a

liquid scintillation counter. Appropriate blanks in the abs-

ence of fructose-6-phosphate were subtracted from all mea-

surements.

2.5. Preparation of calcium- and calmodulin-depleted
erythrocyte membranes

Calcium- and calmodulin-free red blood cell ghosts were

prepared according to Alves et al. [23] from outdated human

blood. Briefly, the blood was centrifuged at 750 � g for 15 min

at 0–4 8C. Plasma and buffy coat were aspirated to remove

polynuclear and mononuclear cells and erythrocytes were

resuspended to 50% hematocrit in ice-cold buffer containing

121 mM NaCl, 25.3 mM NaHCO3, and 1.3 mM CaCl2 (pH 7.8).

The supernatant was removed after centrifugation at 750 � g

for 15 min. The pellet was washed four times with the same

buffer to remove lymphocytes or granulocytes and the cells

were lysed in ice-cold distilled water containing 2 mM EDTA

for 30 min with gentle shaking. Erythrocyte membranes were

obtained by homogenization of the lysate in a Potter–Elvehjem

glass homogenizer and were centrifuged at 30,000 � g for

30 min. The pellet was washed five times with 2 mM EDTA and

stored at 4 8C.

2.6. Enzyme–membrane interactions

Association of PFK with erythrocyte membranes was assessed

as described previously [22]. Purified rabbit skeletal muscle

PFK (2.7 mg/ml) and erythrocyte membranes (0.1 mg protein/

ml) were incubated in 100 ml of a medium containing different

insulin concentrations (0–1000 nM) in 50 mM Tris–HCl (pH 8.2),

5 mM (NH4)2SO4, 5 mM MgCl2, and 1 mM ATP during 1 h at

37 8C. After incubation, mixtures were centrifuged at 20 psi for

20 min on a Beckman Airfuge (�90.000 � g, Beckman Instru-

ments, CA, USA) for separation of erythrocyte membranes.

The membrane pellets were diluted 10-times, which releases

all PFK bound to the membrane [22], and PFK content was

analyzed measuring its catalytic activity as described above.

2.7. Statistical analysis

Statistical analyses and non-linear regression were performed

using the software SigmaPlot 9.0 integrated with SigmaStat 3.1

packages (Systat, CA, USA). P < 0.05 was defined as the limit for

statistically different mean values, based on Student’s t-test or

ANOVA, as appropriate.
3. Results

3.1. Effects of CTZ and compound 48/80 on purified PFK
activity

The effects of CTZ and compound 48/80 on the activity of PFK

were evaluated in the absence and presence of 30 nM CaM. All

experiments were performed in the presence of 100 mM Ca2+, a

concentration at which PFK high affinity site for CaM is



Fig. 2 – Titration of the catalytic activity of purified PFK by

CTZ. Catalytic activity was calculated by linear regression

to the formation of product as a function of time. Relative

PFK activity was calculated by dividing the rate obtained

by that obtained in the absence of CTZ either in the

absence (filled circles) or in the presence of 30 nM CaM

(open circles). Plotted values represent mean W standard

errors of 5 independent experiments (n = 5). *P < 0.05 vs.

control in the absence of CTZ (Student’s t-test).
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saturated with Ca4CaM, but Ca2+ does not directly affect

enzyme structure or activity [14]. Fig. 1 shows that 50 mM CTZ

alone inhibits PFK activity by 49.2 � 12.5%. However, when the

effects of 50 mM CTZ on PFK activity are evaluated in the

presence of 30 nM CaM, there is a 70.3 � 8.6% stimulation of

the enzyme when compared to control (Fig. 1, gray bars).

Neither CaM nor the traditional CaM antagonist compound 48/

80 alone had any effect on PFK activity (Fig. 1). Having

previously demonstrated that CaM does not alter the catalytic

activity of PFK [14], we in fact did not expect compound 48/80

to affect PFK activity. However, on analyzing the combined

effects of CaM and CTZ, we found that CaM not only reverses

the inhibitory effect of CTZ (compare black and gray bars in

CTZ group of Fig. 1), but it also activates the enzyme when CTZ

is present (compare gray bars in CTZ and control groups).

In order to better understand the effects of CTZ on PFK we

examined the CTZ concentration dependence of PFK activity

in the absence and presence of CaM. The results are shown in

Fig. 2, where it can be seen that CTZ has a biphasic effect on

PFK activity in the absence of CaM (Fig. 2, filled circles). On the

other hand, in the presence of 30 nM CaM, CTZ promotes a

dose-dependent activation of PFK that saturates at 100 mM

CTZ (Fig. 2, open circles).

Our previous work demonstrated that CaM binds to PFK

with a stoichiometry of 1 CaM per PFK protomer (achieved at

30 nM CaM), inducing the dimerization of the enzyme without

altering its catalytic activity [14]. CaM was originally described

as an inhibitor of PFK, since when it binds at a stoichiometry of

2 CaM per PFK protomer, the enzyme is inhibited [24–29].

However, CaM intracellular concentrations [30] are not

sufficient to saturate the low-affinity CaM binding site of

PFK [14,27,29]. More recently, it has been proposed that CaM
Fig. 1 – Effects of CTZ and 48/80 on the catalytic activity of

purified PFK. Enzyme activity was measured as described

under Section 2. Catalytic activity was calculated by linear

regression to the formation of product as a function of

time. Relative PFK activity was calculated by dividing the

rate obtained for each condition by that obtained in the

absence of CTZ, 48/80 and CaM. Plotted values represent

mean W standard errors of 5 independent experiments

(n = 5). *P < 0.05 in comparison with the same group in the

absence of CaM. **P < 0.05 in comparison with the control

(WCaM, as appropriate).
activates the glycolytic flux, as well as key glycolytic enzymes,

including PFK [31,32]. This apparent contradiction has not yet

been resolved. It may be that the formation of active PFK

dimers induced by CaM has a physiological significance that is

not evident in our results with purified proteins. This may be

reflected in the fact that, in the presence of CTZ, CaM

promotes a significant activation of PFK in relation to the

controls, not just a reversal of CTZ inhibition.

3.2. Effects of CTZ and compound 48/80 on oligomeric
structure of purified PFK

In order to check whether the effects of CTZ on PFK activity are

due to alterations in the equilibria among the enzyme

oligomeric forms, we performed light-scattering measure-

ments on PFK under the same conditions tested in Fig. 1.

Light-scattering measurements have been used to evaluate the

transitions between dimeric and tetrameric conformations of

PFK [14,27,28,33,34]. We have shown that CaM induces a

decrease in light scattered by PFK that is directly proportional

to the formation of PFK dimers, also induced by CaM [14]. Here,

we confirm that CaM induces the formation of PFK dimers,

causing a decrease in light scattering (Fig. 3). CTZ has a similar

effect (Fig. 3). However, the dimers formed in the presence of

50 mM CTZ have a lower catalytic activity and thus are different

from those formed in the presence of 30 nM CaM (see Fig. 1).

Actually, the dimerization can account for the inhibition of the

enzyme promoted by 50 mM CTZ observed in Fig. 1. Comparing

these results with those obtained in the presence of 50 mM

compound 48/80, it is clear that the latter affects neither the

catalytic activity (Fig. 1) nor the light scattered by PFK (Fig. 3).

In order to investigate whether the effect of CTZ on PFK

oligomeric structure is associated with the effect on enzyme



Fig. 3 – Effects of CTZ, CaM and 48/80 on light scattering of

purified PFK. Light-scattering experiments were

performed as described under Section 2. The plotted

spectra are representative of a series of three independent

experiments, all presenting the same results. When

present, CTZ, CaM and 48/80 concentrations were 50 mM,

30 nM and 50 mM, respectively.

Fig. 4 – Light scattering of purified PFK at different CTZ

concentrations. Light-scattering experiments were

performed as described under Section 2, either without CaM

(A), or in the presence of 30 nM CaM (B). The plotted spectra

are representative of a series of three independent

experiments, all presenting the same results. In the

absence of CaM (A), results obtained in the presence of 25 or

50 mM CTZ were statistically different from controls in the

absence of CTZ (P < 0.05, two-tailed ANOVA). In the

presence of 30 nM CaM (B), results obtained in the presence

of any concentration of CTZ tested were different from

control in the absence of CTZ (P < 0.05, two-tailed ANOVA).
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kinetics, we performed a CTZ titration of PFK using light-

scattering measurements in the absence and presence of 30 nM

CaM. Fig. 4A shows that, in the absenceof CaM, CTZ induces PFK

dimerization up to 50 mM, an effect that is lost at higher

concentrations of the drug. In the presence of 30 nM CaM, CTZ

reverses the dimerization promoted by CaM (Fig. 4B). To confirm

these results, we evaluated the effects of CTZ on the PFK

intrinsic fluorescence emission spectrum in the absence and

presence of 30 nM CaM. We have previously demonstrated that

PFK dimerization reduces its intrinsic fluorescence [14]. Fig. 5A

shows that, in the absence of CaM, the fluorescence is reduced

as CTZ increases to 50 mM, whereas higher concentrations of

the drug reverse the effect. In the presence of 30 nM CaM, CTZ

promotes a dose-dependent tetramerization of the enzyme

(Fig. 5B). Curiously, although CTZ induces the dimerization of

the enzyme, it counteracts the dimerization of PFK induced by

CaM (Figs. 3 and 4). This counteracting effect of CTZ is also seen

when the dimerization of PFK is promoted by CTZ itself

(25–50 mM, Fig. 2).

CTZ has been identified as a CaM antagonist [7,8], and this

property is confirmed by the data in Fig. 3, where CTZ clearly

antagonizes the CaM effects on oligomerization of PFK,

similarly to the classical CaM antagonist, compound 48/80.

However, CTZ can be also considered a partial CaM agonist,

since CTZ alone, like CaM, induces the dimerization of PFK. This

proposal is corroborated by the fact that this property is

dependent on Ca2+: neither CaM nor CTZ has any effect on

catalytic activity or light scattering of PFK in the absence of Ca2+

(data not shown; for CaM effects see [14]). In addition, the dual

effects of CTZ in the absence of CaM indicate that it may act as a

partial agonist or as an antagonist depending on its concentra-

tion and on the presence or not of another agonist, i.e. CaM. This

may mean that CTZ binds to two distinct sites on PFK: the first,

with higher affinity, induces dimerization (partial agonist
effects), and the second, with lower affinity, induces the

tetramerization of the enzyme (antagonist effects).

3.3. Effects of CTZ and compound 48/80 on PFK activity in
the presence of erythrocyte membranes

PFK is a multiregulated enzyme that interacts with sev-

eral cytoskeletal elements, depending on the oligomeric



Fig. 5 – Intrinsic fluorescence spectra of purified PFK at

different CTZ concentrations, either without CaM (A) or in

the presence of 30 nM CaM (B). The plotted spectra are

representative of a series of three independent

experiments, all presenting the same results. In the

absence of CaM (A), spectra obtained in the presence of 25

or 50 mM CTZ were statistically different from controls in

the absence of CTZ (P < 0.05, two-tailed ANOVA). In the

presence of 30 nM CaM (B), spectra obtained in the

presence of any concentration of CTZ tested were different

from control in the absence of CTZ (P < 0.05, two-tailed

ANOVA).

Fig. 6 – Effects of CTZ and 48/80 on catalytic activity of

purified PFK in the presence of erythrocyte membranes.

Catalytic activity was calculated by linear regression to the

formation of product as a function of time. Relative PFK

activity was calculated by dividing the rate obtained for

each condition by that obtained in the absence of CTZ, 48/

80 and CaM. Plotted values represent mean W standard

errors of 5 independent experiments (n = 5). *P < 0.05 in

comparison with the same group in the absence of CaM.
**P < 0.05 in comparison with the control group (WCaM, as

appropriate).
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conformation of the enzyme [35,36]. For instance, tetrameric

forms of the enzyme have a higher affinity for actin, and the

complex with actin stabilizes the tetrameric conformation,

activating the PFK [37,38]. On the other hand, PFK dimers

bind to tubulin and microtubules, forming an inactive

complex [39,40]. PFK dimers also bind to erythrocyte

membranes, in a complex that decreases both the enzyme

activity and the glycolytic flux within these cells [41,42]. We

have previously demonstrated that CaM directly interferes
in the association of PFK with erythrocyte membranes

[14,22], mediating some of the effects of insulin on these

cells [21,22]. Here, we show that CaM stimulates PFK activity

when the experiments are performed in the presence of

erythrocyte membranes (Fig. 6, control). A similar effect is

observed when CTZ is used instead of CaM (Fig. 6, compare

black bars in CTZ and control groups). Similarly to the

experiments performed without erythrocyte membranes,

compound 48/80 did not significantly alter PFK activity in

these experiments (Fig. 6). However, both CTZ and com-

pound 48/80 antagonize CaM’s stimulation of PFK activity in

the presence of erythrocyte membranes (Fig. 6).

3.4. Effects of CTZ and compound 48/80 on the association
of PFK with erythrocyte membranes

To determine whether the effects of CaM, CTZ and compound

48/80 observed in Fig. 6 were due to the association of the

enzyme with erythrocyte membranes, we separated the

membrane-bound enzyme from the soluble fraction. For this

purpose, we incubated the PFK with the membrane prepara-

tion, in the absence and presence of the additives, and after a

90,000 � g centrifugation, measured PFK activity in the pellets

containing only membrane-bound enzyme (see Section 2) [22].

Fig. 7 shows that CaM promotes the association of PFK with

erythrocyte membranes to the same extent that it increases

PFK activity in the presence of these membranes (compare

control groups in Figs. 6 and 7). CTZ has similar effects,

increasing both the association and the activation of enzyme

activity in the presence of membranes. In addition, CTZ

counteracts the effects of CaM on association of PFK with



Fig. 7 – Effects of CTZ and 48/80 on the interaction of PFK

with erythrocyte membranes. Interaction of PFK and

erythrocyte membranes were assessed as described under

Section 2. Plotted values represent mean W standard

errors of five independent experiments (n = 5). *P < 0.05 in

comparison with the same group in the absence of CaM.
**P < 0.05 in comparison with the control group (WCaM, as

appropriate).
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membranes (Fig. 7, compare gray bars in CTZ and control

group), decreasing it to control levels in the absence of CaM

(Fig. 7, compare gray bar in CTZ group with black bar in control

group). When these experiments were performed in the

presence of compound 48/80, we did not observe any

significant effect either in the absence or in the presence of

CaM (Fig. 7). In this case, compound 48/80 did not counteract

CaM-induced PFK association with erythrocyte membranes,

revealing that its ability to antagonize the activation of PFK by

CaM in the presence of membranes does not involve this

mechanism. The association of PFK with erythrocyte mem-

branes is described as inhibitory for the enzyme [41,42].

However, we find some conditions, such as the stimulation of

these cells with insulin and the presence of Ca4CaM, where the

associated enzyme is active due to its binding to a different site

of the membrane (Zancan and Sola-Penna, unpublished

results).
4. Discussion

PFK associates with the cytoskeleton in response to several

signals [43–45]. Association of PFK and the cytoskeleton is

directly correlated with the ability of tumor cells to generate

ATP rapidly and in large amounts, guaranteeing cell survival

and division. Indeed, there is a positive correlation between

the aggressiveness of cancer cells and the interaction of PFK

with cytoskeleton [45]. CTZ has been proposed as a promising

antineoplastic agent against diverse types of cancer [6,9–

13,46,47]. The novel therapeutic property of this drug is due to

its ability to inhibit glycolysis [9–13,47], which is upregulated in

cancer cells [48,49]; it also decreases drug resistance [48]. The

effects of CTZ on glycolysis are due to its ability to lower the

concentrations of the glucose activators glucose 1,6-bispho-

sphate and fructose 1,6-bisphosphate [11,47] and to decrease
hexokinase activity by detaching it from the mitochondria

[10], thereby decreasing cellular levels of ATP [47], detaching

PFK from the cytoskeleton [11–13], and inducing apoptosis [13].

All of these mechanisms of action have been related to its

activity as a CaM antagonist [9–13]. Data presented here reveal

that this property may not be the only one that confers an

antineoplastic action on CTZ. CTZ directly inhibits PFK, a

phenomenon that would decrease cellular levels of fructose

1,6-bisphosphate and ATP, explaining some of the previously

reported actions of this drug. In addition, we show that CTZ is

also able to induce the dimerization of PFK, which has been

reported to decrease the affinity of the enzyme for actin

filaments [37,38]. This effect of CTZ explains its ability to

detach PFK from the cytoskeleton. None of these properties is

related to the CaM antagonist activity of CTZ, since compound

48/80 does not present these same actions. Altogether, our

results reveal that CTZ inhibits cellular glycolysis by direct

inhibition of PFK. It appears to stabilize the inactive dimeric

conformation of the enzyme.
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