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Abstract—The effect of phenothiazines (trifluoperazine and chlorpromazine) on the activity of the
sarcoplasmic reticulum Ca®" pump was investigated. These drugs have a biphasic action on the ATPase
activity. They inhibit the enzyme at high concentrations, but below 150 uM, they promote a significant
stimulation of the ATP hydrolysis, which is accompanied by a slight increase of the Ca®’ transport.
Leaking of the membrane occurs only at drug concentrations above 150 uM. The phenothiazine
stimulatory effect was not found in the isolated enzyme whose activity was inhibited at all concentrations
studied. These results indicate that low concentrations of phenothiazines uncouple the sarcoplasmic
reticulum Ca®” pump without disrupting the membrane and that the drug stimulatory effect on the
ATPase is not due to a direct interaction with the enzyme. It is suggested that a coupling factor or a
specific microenvironment surrounding the enzyme regulates the association between the Ca®" transport
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and the ATP hydrolysis by sarcoplasmic reticulum of the skeletal muscle cell.

Phenothiazine drugs have been extensively used as
indicators of calmodulin-mediated processes [1].
However, several observations indicate that these
drugs may act independently of any inhibition of
calmodulin function [2-6].

Luthra [7] showed that trifluoperazine inhibits cal-
modulin-sensitive Ca**-ATPase and calmodulin-
insensitive (Na™ + K*)-ATPase of erythrocyte mem-
branes, suggesting that phenothiazines cannot be
assumed as selective inhibitors of calmodulin inter-
actions with its effectors.

The effect of phenothiazines on the Ca®* uptake by
sarcoplasmic reticulum isolated from skeletal muscle
has been studied by several investigators [8-14], but
the conclusions are still controversial.

Volpe et al. [13] have recently suggested that
phenothiazines inhibit sarcoplasmic reticulum Ca**
uptake by direct interaction with the pump, whereas
Ho er al. [12] reported that the effect of tri-
fluoperazine is principally due to structural per-
turbations produced by partitioning of the drug into
the lipid phase of the sarcoplasmic reticulum mem-
brane. On the other hand, Chiesi and Carafoli [10]
have attributed the inhibition of Ca?* uptake and
(Ca’* + Mg?")-ATPase activity by trifluoperazine to
its interaction with an intrinsic glycoprotein of the
sarcoplasmic reticulum. Finally, Campbell and
MacLennan [11] reported that trifluoperazine
reduces the efficiency of the Ca®* pump by inhibiting
the calmodulin-dependent phosphorylation of a
minor protein component (~ 60,000 Daltons) of the
sarcoplasmic reticulum membrane.

In this paper, it is reported that, under certain
conditions, trifluoperazine and chlorpromazine
uncouple the Ca’" uptake and the ATPase activity
of the sarcoplasmic reticulum without disrupting the
membrane. It is suggested that phenothiazines alter
the regulatory mechanism of the skeletal sarco-
plasmic reticulum Ca** pump.

MATERIALS AND METHODS

Isolation of sarcoplasmic reticulum. Sarcoplasmic
reticulum was isolated from rabbit white skeletal
muscle as previously described [15].

The protein was determined by the biuret method
using bovine serum albumin as standard [16].

Purification of sarcoplasmic reticulum (Ca** +
Mg?*)-ATPase. The (Ca’™ + Mg>*)-ATPase was
isolated from sarcoplasmic reticulum membranes,
essentially, by using the method of Warren et al.
[17].

Sarcoplasmic reticulum vesicles were previously
washed with 1mM EDTA and resuspended in a
medium containing 0.25 M sucrose, 50 mM KH,PO,
{pH7.3), 1M KCI and 2.5 mM dithiothreitol. The
EDTA treatment removed most of the extrinsic pro-
teins from the membranes [18] which were further
incubated 5 min with sodium deoxycholate (0.4 mg/
mg protein). After centrifuging the mixture at
18,000 g for 1 hr at 4°, 3ml aliquots of the super-
natant were layered on a 20 ml sucrose gradient (20—
60%, p/v) in 50 mM KH,PO, (pH7.3), | M KCl
and 2.5 mM dithiothreitol. This system was centri-
fuged at 60,000g for 24 hr at 4° and the purified
ATPase was obtained from the upper part of a high
molecular weight band. A small amount of low mol-
ecular weight proteins, which were not completely
removed by EDTA treatment, remained in the
detergent layer.

Measurement of active Ca®” uptake by sarco-
plasmic reticulum vesicles. Active Ca’* uptake by
sarcoplasmic reticulum was measured by the isotopic
method [19]. The reticulum vesicles (2mg) were
incubated at 25° in a medium containing 5 mM Tris-
HCl, 40 mM KCl, 5 mM MgCl,, 70 uM [Ca*]-CaCl,,
1mM ATP and various concentrations of tri-
fluoperazine or chlorpromazine (if present) in a total
volume of 3 ml at the pH value of 7.0. At different
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time intervals after addition of ATP, 0.14 mg of
protein were removed from the medium by filtering
through glass microfiber filters (Whatman GF/B)
prewashed with 4 ml of 0.32 M sucrose buffered with
10mM TrissHCI, pH7.4. After filtration of the
samples in a vacuum pump apparatus, the filters
were washed again with 4 ml of the same solution.
Blanks without protein were treated the same way
as the samples.

The dried filters were placed in vials containing
6ml of scintillation fluid composition per l. of
toluene: 7.3 g 2,5-diphenyloxazole (PPO), 176 mg
p-bis-[2-(5-phenyloxazolyl)] benzene (POPOP) and
250 ml Triton X-100 and the radioactivity was coun-
ted in a Packard TriCarb liquid scintillation spec-
trophotometer, model 460-CD. The quenching of
radioactivity in the samples was corrected by using
the external standard technique described in the
manufacturer’s instructions.

Measurement of (Ca** + Mg *)-ATPase activity of
sarcoplasmic reticulum. The ATPase activity was
assayed by following the liberation of H* associated
with the ATP hydrolysis [20-22]. Sarcoplasmic retic-
ulum membranes (500 ug) or purified ATPase
(100 ug) were incubated in a medium containing
5 mM Tris-HCI, 40 mM KCl, 5 mM MgCl,. 0.2 mM
CaCl,, 0.2mM EGTA and various concentrations
of triffuoperazine or chlorpromazine (if present) in
a total volume of 3 ml at the pH of 7.0.

The reaction was started by adding 0.5 mM ATP
previously adjusted at pH7.0. At this pH. the
hydrolysis of 1 mol ATP corresponds to the liber-
ation of 0.75 mol of H™.

In all cases, the reaction was carried out in a
constantly stirred reaction mixture thermostatted at
25°,

Reagents. All reagents were analytical grade. Tri-
fluoperazine was obtained from Smith Kline &
French, Philadelphia, PA. U.S.A. Chlorpromazine
was supplied by Sigma Chemical Company. St.
Louis, MO, U.S.A.

A
v T T
[ ]
e T
€
* 12004 [ ] m
g /
- .
"o T
E - -
_ . .
o
£ 600} h
c
z 4
0
o .
o
< i< n A
0 100 200 300 400

Trifluoperazine ( UM )

}

(nmol + mg prot-min.

ATP split

M. G. P. VaLk

RESULTS
Effect of trifluoperazine and chlorpromazine on the
(Ca’* + Mg?")-ATPase activity of sarcoplasmic retic-
ulum membranes

The phenothiazine drugs trifluoperazine and chlor-
promazine, which have been described as calmodulin
antagonists [1], have a biphasic action on the activity
of the (Ca’" + Mg"")-ATPase of the sarcoplasmic
reticulum.

Figure 1 shows that the activity of the
(Ca®* + Mg’*)-ATPase is stimulated as the con-
centration of trifluoperazine or chlorpromazine
increases up to about 150 uM. Above these con-
centrations, both drugs inhibit the ATP hydrolysis.
However, the inhibitory effect of trifluoperazine is
more potent than that of chlorpromazine. At 300 uM
of trifluoperazine. the (Ca’* + Mg>*)-ATPase is
completely inhibited, whereas 750 uM of chlor-
promazine is required for maximal inhibition of the
enzyme activity.

At low concentrations of phenothiazines
(< 150 uM), which stimulate the (Ca’” + Mg>")-
ATPase, the rate of ATP hydrolysis increases from
about 485 nmol of ATP split per mg of protein per
minute (absence of drugs) to a maximal value of
about 850 or 1200nmol of ATP split per mg of
protein per min in the presence of chlorpromazine
or trifluoperazine. respectively. Furthermore, the
concentration of phenothiazines, which activates the
(Ca®* + Mg *)-ATPase activity by 50% of the maxi-
mum, is about 95 uM in the case of chlorpromazine
and 75 uM in the case of trifluoperazine.

These results indicate that both drugs have similar
qualitative effects on the activity of the ATPase, but
chlorpromazine is less effective than trifluoperazine
to induce either stimulation or inhibition of the
(Ca™ + Mg-")-ATPase activity of the sarcoplasmic
reticulum. These effects are observed at con-
centrations of free Ca®” in the medium up to 100 uM
(results not shown).
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Fig. 1. Effect of trifluoperazine and chlorpromazine on the {Ca*" + Mg® )-ATPase activity by sarco-

plasmic reticulum. The experiments were carried out in a medium as described in Materials and Methods.

The reaction was started by adding 1 mM ATP and the H* release associated with the ATP hydrolysis

was followed by using a pH meter connected to a Perkin-Elmer recorder. (A) ATPasc activity in the

presence of various concentrations of trifluoperazine. (B) ATPase activity in the presence of various
concentrations of chlorpromazine.
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Fig. 2. Effect of trifluoperazine and chlorpromazine on the active Ca*>* accumulation by sarcoplasmic

reticulum. The experiments were carried out as described in Materials and Methods. The reaction was

started by adding 1 mM ATP and at several time intervals, it was stopped by the filtration method.

(A) Time course of Ca?* accumulation in the presence of various concentrations (12.5-300 uM) of

trifluoperazine. (B) Time course of Ca’* accumulation in the presence of various concentrations (25—
600 uM) of chlorpromazine.

Effect of trifluoperazine and chlorpromazine on the
active Ca’* uptake by sarcoplasmic reticulum vesicles

Since chlorpromazine and trifluoperazine alter the
ATPase activity of sarcoplasmic reticulum, the pre-
sent work studied whether these drugs have similar
effects on the Ca’>" accumulation within the sarco-
plasmic reticulum vesicles.

Figure 2 shows that concentrations of pheno-
thiazines, which stimulate the ATPase activity,
slightly increase the Ca®* transport rate by sarco-
plasmic reticulum and the total amount of Ca**
accumulated within the vesicles. Under these con-
ditions, the Ca’* taken up (~ 80 nmol/mg protein)
is retained after long periods of incubation with
the drugs (5 min), which indicates that sarcoplasmic
reticulum membranes remains impermeable to Ca®*
ions. Ca’* release is observed only at concentrations
of phenothiazines above 100-150 uM, which, prob-
ably, induce disruption of the membrane. At the
highest drug concentration studied (300uM tri-
fluoperazine or 600 uM chlorpromazine), the amount
of Ca?* accumulated by sarcoplasmic reticulum ves-
icles is significantly reduced (~ 10~20 nmol/mg pro-
tein). This effect reflects leaking of the membrane
and also inhibition of the Ca** pump activity, accord-
ing to the inhibition of the ATPase activity observed
in Fig. 1.

These results show that both phenothiazines have
similar effects on the activity of the sarcoplasmic
reticulum Ca®* pump, but trifluoperazine is effective
at lower concentrations than those of chlorprom-
azine. Accurate values for Ca’*/ATP ratio could not
be calculated because the filtration technology is not
rapid enough to detect the initial rate of Ca®* uptake
by sarcoplasmic reticulum in the absence of pre-
cipitating agents such as oxalate [20]. However, it
appears that phenothiazine-stimulated ATP hydroly-
sis greatly exceeds the phenothiazine-stimulated

Ca’* uptake, which indicates that the Ca** pump
system is uncoupled by the drugs.

Effect of phenothiazines on the activity of the
(Ca** + Mg?*)-ATPase isolated from sarcoplasmic
reticulum membranes

The activity of the purified ATPase is significantly
higher than that observed in native membranes (Fig.
3).

In the absence of phenothiazines, about 3125 nmol
of ATP are hydrolyzed per mg of purified ATPase
per min, whereas in membranes, values of about
606 nmol of ATP split per mg of ATPase per minute
were observed. This value, which is expressed per
mg of ATPase, was corrected from the experimental
value (485nmol) expressed per mg of membrane
protein, assuming that 80% of the total protein in
sarcoplasmic reticulum is ATPase [23].

In native membranes, the (Ca** + Mg?*)-ATPase
is not fully active probably because it is regulated by
several factors such as Ca®* concentration [24, 25],
lipid-protein interactions [26,27] and regulatory
proteins {10, 11].

The stimulatory effect of phenothiazines on the
ATPase activity of native membranes increases
significantly the values of ATP hydrolyzed per mg
protein per minute (Fig. 1), but the full activity
(~ 3125 nmol/mg protein/min) is not reached (Fig.
3). Under these conditions, concentrations of pheno-
thiazines, which are stimulatory of the ATPase in
native membranes, inhibit the activity of the purified
ATPase, in agreement with the results of other inves-
tigators who found that trifluoperazine inhibits Ca®*-
ATPase systems under conditions not mediated by
calmodulin [28].

These results indicate that the drug stimulatory
effect on the ATPase of sarcoplasmic reticulum is
not due to a direct interaction with the enzyme.
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Fig. 3. Effect of trifluoperazine and chlorpromazine on the (Ca*" + Mg?")-ATPase activity isolated from
sarcoplasmic reticulum membranes. The experiments were carried out as described in Fig. 1 except that
100 ug of protein was used instead 500 ug. (A) ATPase activity in the presence of various concentrations
of trifluoperazine. (B) ATPase activity in the presence of various concentrations of chlorpromazine.

DISCUSSION

This work describes how trifluoperazine and chlor-
promazine have a biphasic action on the activity of
the sarcoplasmic reticulum (Ca®>* + Mg®*)-ATPase.
They inhibit the enzyme at high concentrations, but
below 150 uM, they promote a significant stimulation
of the ATP hydrolysis.

The phenothiazines’ stimulatory effect described
here has not been detected in experiments recently
reported by several investigators [10-14]. Some of
them observed that low concentrations of tri-
fluoperazine strongly inhibit the activity of the sarco-
plasmic reticulum Ca’* pump in a Ca?*-dependent
way [10, 12]. The inhibition is prevented by increas-
ing the Ca** concentration in the medium, which
indicates that the main effect of the drug is a shift of
the (Ca?* + Mg®*)-ATPase from a high to a low
affinity form [10, 12].

In the experiments reported here, concentrations
of Ca®* which saturate the ATPase system were
used, so that the inhibitory effect promoted by low
concentrations of phenothiazines (< 100 uM) was
not observed. These concentrations of pheno-
thiazines were even stimulatory for the ATPase
enzyme, in agreement with previous observations
reported by Duggan [8,9]. He found that pheno-
thiazines stimulate the active Ca’* transport, but this
effect is not observed in the presence of 100 mM KCl
[8]. Therefore. it appears that potassium con-
centration is another factor which influences the
effect of phenothiazines on the activity of the sarco-
plasmic reticulum Ca>* pump [8]. On the other hand,
Ho er al. [12] found that, at a given concentration of
phenothiazines, the magnitude of the effect depends
on the concentration of the sarcoplasmic reticulum
protein. All these factors are, probably, the main
reason for the apparent discrepant results reported
by several investigators [10-14].

The stimulatory effect of phenothiazines on the
sarcoplasmic reticulum (Ca’* + Mg?*)-ATPase was
suspected to be due to drug-induced leaking of the
vesicles, so that Ca®~ should flow out through the

membrane, stimulating continuously the ATPase
system [29]. However, this hypothesis was ruled out
since concentrations of phenothiazines, which stimu-
late the ATPase activity, do not promote release of
the Ca?* accumulated within the vesicles (Fig. 2).
Instead, the total amount of Ca®* accumulated is
slightly increased (Fig. 2), according to the findings
of Seeman [30], who suggested that low con-
centrations of phenothiazines have a ‘stabilizing
effect’ on the biological membranes.

The results reported here also show that con-
centrations of phenothiazines up to about 100 uM
stimulate the rate of Ca>* uptake by sarcoplasmic
reticulum. However, the magnitude of the ATPase
stimulation is much higher than that of the Ca*
uptake, which indicates that, under these conditions,
the Ca’* pump is uncoupled without leaking of the
membrane. It was observed that only concentrations
of phenothiazines above 100-150 uM disrupt the
membranes liberating the Ca’" accumulated (Fig.
2).

The stimulatory effect of low concentrations of
phenothiazines was not found in the isolated enzyme
whose activity was inhibited at all concentrations
studied. This indicates that the drug stimulatory
effect on the sarcoplasmic reticultum ATPase is not
due to a direct interaction with the enzyme.

In native membranes, the Ca’*-stimulated
ATPase is not fully active as it is in the purified
state. Trifluoperazine and chlorpromazine increase
significantly the rate of ATP hydrolysis, but the
values obtained for maximal stimulation do not reach
those obtained with the purified enzyme. It appears,
therefore, that the activity of the sarcoplasmic
reticulum Ca**-ATPase is membrane controlled.

Results obtained by several investigators indicate
that various factors are, probably, involved in the
regulation of the enzyme: (1) it is well established
that the (Ca’?* + Mg’*)-ATPase activity is ‘back
inhibited” by high intravesicular Ca** concentration
[24,25]: (2) membrane fluidity also modulates the
sarcoplasmic reticutum Ca’* pump, as it was sug-



Phenothiazine effects on the sarcoplasmic reticulum Ca*" pump

gested by Almeida er al. [27]; and (3) regulatory
proteins present in the sarcoplasmic reticulum mem-
brane have been recently reported as important Ca*~
pump modulators [10, 11].

It is generally accepted that exogenous calmodulin
does not stimulate the (Ca’" + Mg**)-ATPase
activity of the skeletal sarcoplasmic reticulum
[10,31,32]. Nevertheless, significant amounts of
endogenous calmodulin have been found by various
investigators, but its function in the sarcoplasmic
reticalum membrane is unknown [10, 32].

The inhibitory effect of trifluoperazine and chlor-
promazine reported here is not indicative of cal-
modulin involvement, since it is observed only at
concentrations of drugs above 100 uM, which are
characteristic of nonspecific enzyme inhibition by
phenothiazines [33].

On the other hand, the stimulatory effect of low
concentrations of phenothiazines on the (Ca’* +
Mg**)-ATPase activity may reflect structural per-
turbations of the membrane lipid phase or it indicates
an indirect effect of the drugs on a regulatory factor
of the coupling between the Ca’" transport and the
ATPase activity of sarcoplasmic reticulum. We are
currently exploring whether this regulatory factor
exists and whether it corresponds to the pheno-
thiazine-sensitive glycoprotein described by Chiesi
and Carafoli [10}.

The glycoprotein-mediated effect of phenothia-
zines on the sarcoplasmic reticulum Ca** pump is
compatible with previous observations that positively
charged drugs such as chlorpromazine interact
strongly with the negatively charged sialic acid moie-
ties of glycoproteins on membrane surfaces [34].
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