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Abstract--Quinidine and chlorpromazine in concentrations ranging from 025 to 1-:2mM inhibited
sarcotubular ATPase activity by distinctly different mechanisms. The noncompetitive inhibition pro-
duced by quinidine was entirely due to its effects on hydrolysis of the phosphorylated intermediate.
Formation of the phosphorylated intermediate from y-AT*?P was unaffected by quinidine. In contrast
to these results, chlorpromazine was found to have no effect on the hydrolysis of phosphorylated
intermediate but to depress its levels. Using the fy-methylene analogue of ATP. it was possible 1o
show that chlorpromazine lowers the phosphorylated intermediate levels by depressing the affinity
of the enzyme for its substrate. Chlorpromazine iphibition of substrate binding was non-competitive.

The sarcotubular catalyzed hydrolysis of ATP in-

snacdy - 1t ig
volves lipid-independent and -dependent phases. It is

the formation of the phosphorylated intermediate
which can progress independently of lipid [1, 2]. The
hydrolysis of the intermediate,
requires phospholipid [1]. Although numerous drugs
are known to depress sarcotubular ATPase activity
{3}, little attempt has been made to determine
whether they act on lipid-dependent or -independent
steps, a thcug,h both the understanding of drug action
and the mechanism of sarcotubular catalysis of ATP
would be increased if drugs were found which would
act on one class of steps or the other. An example
of the use of a drug to study the mechanism of ATP
hydrolysis, once the phase on which it acts is known,
has been demonstrated by Pang et al. {4], who used
their observation [5] that propranolol blocks ATP
breakdown by interfering with the hydrolysis of the
phosphorylated intermediate to demonstrate that an
ATP-induced conformational change in sarcoplasmic
reticulum membrane structure depends upon the hy-
drolysis of the phosphorylated intermediate rather
than its formation. Since most, if not all, drug inhibi-
tors of sarcotubular ATPase activity are amphoteric
with partition coefficients favoring distribution into
lipid, one might predict that the action of all would
be limited to the lipid-dependent phase of ATP hy-
drolysis. The object of the present study was to find
a drug which would disprove this prediction and pro-
vide a tool for probing the steps involved in the for-
mation of the phosphorylated intermediate. The drugs
chosen were quinidine and chlorpromazine. Quini-
dine was chosen because of its ability to depress the
phosphorylated intermediate levels in the (Na™ +
K™) ATPase [6). Chlorpromazine was chosen
because of its demonstrated ability to inhibit enzymes
whose catalytic activities do not depend upon lipid.
Glutamate dehydrogenase [7] and muscle aldolase
8] have been shown to be inhibited by chlorproma-
zine.

an tha ~thar hand
UL WL Uil fiailng,

* A preliminary report has been presented at the Sixth
Annual Meeting of the International Study Group for

Research in Cardiac Metabolism in F‘rmhnrg prmanv

1973.

21

METHODS AND MATERIALS

TMardiae carcaonlaomic reticulom
Lardie sarcopaasmic retiCinum

canine ventricular muscle as described by Pang and
Briggs [9]. y-AT?*P prepared by Amersham-Searle
was used to measurc ATPase acizvu_y and to form
the **P intermediate of ATP hydrolysis [9]. The 3°P
content of the phosphorylated intermediate was deter-
mined as described by Pang and Briggs [9]. Isolation
of the phosphorylated intermediate from substrate
and reaction products was also carried out with car-
diac sarcoplasmic reticufum as described previously
[9]. Inorganic **Pi was extracted by the method of
Wahler and Wollenberger [10] and counted by hiquid
scintiflation. Neither quinidine nor chlorpromazine
interfered  with  the extraction. f.y-Methylene
{8.°HJATP was obtained from Amersham-Searle.
The unlabeled analogue was obtained from Sigma.
The free analogue was separated from the bound by
a centrifugation technique similar to that described
by Fuchs and Briggs [11]. Binding was measured
from the loss of analogue in the supernatant.

was nrepared from
Vas preparca wom

RESULTS

Although quinidine [12, 13] and chlorpromazine
{147 have been shown to bg inhibitors of sarcotubu-
lar ATPase, the conditions used to demonstrate inhi-
bition were quite different {rom those we use to ana-
lyze the formation and breakdown of the phosphory-
lated intermediate. Our first experiments (Fig. 1) were
thus designed to determine if these drugs are inhibi-
tors of ATPase activity under the conditions we use
to study the formation and breakdown of the interme-
diate. The conditions employed are shown in the
lPoend to Fig. 1. Both drugs were effective mhibitors
at concentrations ranging from 03 to 24 mM.

The next series of studies was designed to deter-
mine if either drug affects intermediate level. Calcium
(5 mM) was used to promote the formation of the
phosphorylated intermediate and inhibit its break-
down I'Q'l Fuoxlrp 2a shows that 1 mM nmmdmp had

no effect on the phosphorylated mtermedxatz level,



R D. C. PanG and F. N. BRIGGS

<
\E 3‘Or
o
£
~
a
P
[
QL
g 20t A Quinidine
= ® Chlorpromazine
=
oy
Z {
8 ror \
g \
=]
k —_ 5
5 }\
(]
o i S 1 ~L J
o} 06 I-2 8 24
Chlorpromazine or quinidine concentration, mM

Fig. 1. Effect of chlorpromazine and quinidine on Ca-
ATPase activity of cardiac sarcoplasmic reticulum. Quini-
dine (A), chlorpromazine (@). Sarcoplasmic reticulum (0-8
to ['0mg/ml) was incubated with 2 uM y-AT3?P in the
presence of 5mM MgCl,. 10mM imidazole, pH 7-0.
50mM KCl and 10 mM sodium azide at 2°. The liberated
2Pj at 0-2 min was extracted and measurcd by liquid
scintillation. Values are expressed as mean +S.EM.

while Fig. 2b shows that chlorpromazine in con-
centrations ranging from 0-25 to SmM increasingly
depressed the phosphorylated intermediate levels. The
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Fig. 2. Effect of quinidine (a) and chlorpromazine (b) on
the level of phosphoprotein. (a) Control (@); quinidine,

I mM (A). (b) Control (@); chlorpromazine, 0-:25 mM (A);

0-50mM (0O); 0-75mM (B); I mM (A); and 5mM (OJ).

Conditions same as in Fig. | cxcept that SmM CaCl, was
added instcad of MgCl..

study presented in Fig. 2b also indicates that the effect
of chlorpromazine was not due simply to a decrease
in the rate of formation of the phosphorylated inter-
mediate, for the intermediate levels did not change
significantly between 0-2 and '8 min. This suggests
that the reaction had virtually come to equilibrium
by 0-2 min and that chlorpromazine shifts the equilib-
rium between substrates and products.

The results presented in Figs. | and 2 suggest that
the inhibition of ATPase activity by quinidine is due
to an effect on the breakdown of the phosphorylated
intermediate, while that by chlorpromazine is due to
some step involved in the formation of the interme-
diate. In order to test these conclusions, phosphoryla-
ted sarcoplasmic reticulum was isolated [9]. and the
effects of quinidine and chlorpromazine on the rate
constants for its hydrolysis (K,) were determined. The
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Fig. 3. Effect of quinidine (a) and chlorpromazine (b) on
the hydrolysis of phosphoprotein. MgCl, (0-11 mM) and
EGTA (2 mM) were added to the purified phosphorylated
intermediate fraction (0-3 to 0-6 nmole 3?Pi/mg of protein
and 0-5mg protein/ml) in 1'°0mM CaCl,, 10mM imida-
zole, pH 7:0, at 2°. Samples were taken at 0, 0-2. 0-4, 0-6.
08 and 1-0min after addition of MgCl, and EGTA. K,
was measured as described previously [9].
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Fig. 4. Effect of quinidine on the magnesium-facilitated hy-
drolysis of phosphoprotein.  Control (M); quinidine,
0-05mM (@); 0-5mM (A). Conditions were the same as

in Fig. 3.
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Fig. 5. Effect of quinidine (a) and chlorpromazine (b) on
the apparent equilibrium constant (K,,) for the phosphory-
lation reaction. Conditions were the same as in Fig. 3
except that ADP (5 uM) was added instead of MgCl, and
EGTA. K, was calculated as described previously [9].

results of these studies, shown in Fig. 3b, indicate
that chlorpromazine has no effect on the hydrolysis
of the phosphorylated intermediate. On the other
hand, quinidine, in the concentrations comparable to
those inhibiting ATPase activity, produced compar-
able inhibitions of the hydrolysis of the intermediate
(Fig. 3a). Since the hydrolysis of the phosphorylated
intermediate is magnesium dependent, we carried out
a series of experiments to determine if the action of
quinidine involves competition between quinidine and
magnesium. The data presented in Fig. 4 show that
quinidine is indeed a noncompetitive inhibitor of the
magnesium-facilitated hydrolysis of the phosphory-
lated intermediate. The dissociation constant of the
enzyme-magnesium complex in this study was -5 x
10"*M. The dissociation constant for the enzyme—
quinidine complex was 9 x 107> M, and the K, was
372min" 1,

The inhibition of ATPase activity by chlorproma-
zine appears due to a shift in the equilibrium between
the substrate, ATP, and the product, ADP. Quinidine
appeared not to influence this equilibrium. This con-
clusion was tested by isolating the phosphorylated in-
termediate and determining the effect of ATP on its
level. The experiments were carried out under condi-
tions (I mM CaCl;, S0mM KCl and 10mM imida-
zole, pH 7-0) which block the hydrolysis of the phos-
phorylated intermediate [9]. Figure 5 shows that the
equilibrium constant was unaffected by quinidine and
depressed by chlorpromazine.

The data presented in Fig. Sb suggest that chlor-
promazine shifts the reaction between the interme-
diate and ADP toward E and ATP. One explanation
for this shift would be a decrease in the affinity of
E for ATP. To determine if this is the case, we studied
the effect of chlorpromazine on the binding of the
B.y-methylene analogue of ATP to sarcoplasmic reti-
culum [15]. The effect of analogue concentration and
02mM chlorpromazine on analogue binding is
shown in Fig. 6. Binding saturated at an analogue
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Fig. 6. Effect of chlorpromazine on the binding of .-
methylene ATP to cardiac sarcoplasmic reticulum. Control
(x);  chlorpromazine, 02mM (@). fSy-Methylene
8. *H]ATP was added to the incubation medium contain-
ing 5mM CaCl,, 50mM KCL, 10 mM imidazole, pH 70,
and sarcoplasmic reticulum (2 mg/ml) at 2°. Bound ana-
logue was separated from free by ultracentrifugation.
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Table {. Effect of chlorpromazine on f.y-methylenc ATP
binding to cardiac sarcoplasmic reticulum*

Chlorpromazine concn foy-Methylene ATP bound

(mM) (nmoles/mg)
0 0-42 + 003
0-25 0-24 + 0-06
0-50 009 + 0:02
0.75 0-02 4+ 0-00
1-00 005 + 0-01

* Cardiac sarcoplasmic reticulum (2 mg/ml) was incu-
bated with | M fio-methylene [8. *H]JATP. 3 mM CaCl,.
50mM KCI. 10 mM imidazole, pH 7-0, and 10 mM azide
at 2. Bound ATP analogue was separated from free
through centrifugation.

concentration of 20 uM. Chlorpromazine depressed
binding in a fashion which appeared to be noncompe-
titive. A double reciprocal plot of these data (not
shown) confirmed this conclusion. The dissociation
constant for the enzyme complex with chlorproma-
zinc was 6 x 107*M and for the complex with B.y-
methylene-ATP was 74 x 107°M. Although not
shown, quinidine (I mM) had no effect on analogue
binding. Table | shows that chlorpromazine in con-
centrations ranging from 0:25 to 10 mM inhibited the
binding of 1 uM fy-methylene-ATP from 40 to 8§
per cent. It thus appears that the chlorpromazine in-
hibition of the sarcotubular ATPase activity and the
shift in the equilibrium constant. K_,, are due to the
cffect of chlorpromazine on the atlinity of the sarco-
plasmic reticulum for ATP.

DISCUSSION

Since the rate-limiting step in sarcotubular cata-
lyzed hydrolysis of ATP is the magnesium-dependent
hydrolysis of the phosphorylated intermediate [9], a
substance acting at this step should produce equal
inhibitions of the rate of the phosphorylated interme-
diate and ATP hydrolysis. This proved to be the case
for quinidine in the present study. We have also found
this to be the case for propranolol. another drug
which blocks ATP hydrolysis [12. 13] by inhibiting
the hydrolysis of the phosphorylated intermediate [5].

Since lipid is required for the hydrolysis of the
phosphorylated intermediate [1] and quinidine is
lipid soluble, it is tempting to speculate that its effects
are related to interaction with the lipid portion of
the membrane. Lipid solubility and the requirement
of lipid for ¢nzymatic activity do not howcever. pro-
vide compelling evidence for lipid as the site of action
of lipid-soluble drugs. The lipid solubility of drugs
simply indicates their preference for a hydrophobic
environment. Such an environment can. however, be
provided by proteins. This is particularly true for
enzymes like the ATPasc investigated in this study.
which is a lipoprotein [16]. We think that it can be
hypothesized that drugs like quinidine and proprano-
lol, which inhibit a lipid-dependent phase of ATPase
activity, do so by directly interacting with the protein
portion of the enzyme. One argument in favor of this
possibility is the virtual equality of the effects of
quinidine and ouabain on (Na” + K ") ATPase [6].
Since there is excellent evidence [17] that ouabain

interacts with the protein portion of the (Na™ + K ')
ATPase and quinidine and ouabain have simtlar
effects, it is not unreasonable to hypothesize that
quinidine is also acting directly on the protein.
Further evidence that quinidine might act directly on
protein rather than indirectly through effects on lipid
is provided by studies by Pang er al. [4] with pro-
pranolol, a drug which has effects on sarcotubular
ATPase activity identical to those of quinidine. Pang
et ul. [4). using fatty acid and SH group-directed spin
labels, found that the concentration of propranolol
required to produce a measurable change in the lipid
environment was much greater than that required to
inhibit the ATPase or to alter ATP-induced changes
in the motility of the SH-directed spin label. It
remains entirely possible, therefore, that drugs like
quinidine and propranolol depress the hydrolysis of
the phosphorylated intermediate by interacting with
hydrophobic portions of the membrane proteins
rather than by a direct effect on the membrane lipids.

On the basis of indirect evidence, Balzer et al.[14]
have proposed that chlorpromazine inhibits calcium
accumulation by blocking the hydrolysis of the phos-
phorylated intermediate, a conclusion entirely differ-
ent from ours. They based this conclusion on their
observations that (-] mM chlorpromazine had little
effect on either the phosphorylated intermediate level
or on the rate of ATP-AD??P exchange. Inspection
of their data shows that chlorpromazine produced a
12 per cent decrease in the phosphorylated interme-
diate level and stimulated the rate of phosphate
exchange. Extrapolation of our phosphorylated inter-
mediate data to a Ol mM chlorpromazine con-
centration indicates that we would have expected a
10-20 per cent reduction in the level of the phosphory-
lated intermediate at that dosc. The data of Balzer
et al.. are thus consistent with ours. Since they failed
to go to higher concentrations of chlorpromazine,
they failed to observe the marked effect of chlorpro-
mazine on the phosphorylated intermediate. Our data
are not incompatible with an increased rate of phos-
phate exchange. In order to find a decreased level
of substrate binding at equilibrium and an increased
rate of exchange. the rate constant, k5 in the following
reaction sequence:

E + ATP :: E-ATP i: EP + ADP

would, however, have to be increased. Studies by
Holmes and Piette [18] may indicate how k, could
be increased. This group found that the environment
around one of the SH groups in the crythrocyte
member is changed by chlorpromazine in such a way
that the mobility of a spin label probing that cnviron-
ment is decreased. They concluded on the basis of
this and other data that the drug buries the SH
groups in the membrane. This might account for the
decrease in the apparent number of substrate binding
sites and the decrease in substrate affinity observed
in our studies and might be related to the hypothe-
sized increase in k.
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