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SUMMARY

Compound R 24571 ( 1-[bis(p-chlorophenyl)methyl] -3-[2,4-dichloro-
8-(2,4-dichlorobenzyloxy)phenethyl] inidazoliniumchloride ) is found to be
a powerful inhibitor of red blood cell Ca**-ATPase as well as Ca*t trans-
port into inside-out red blood cell vesicles with an ICgp-value of 0.5
and 2 , respectively. The inhibitory action of R 24571 is more specific
on the calmodulin-dependent fraction of Ca++—transport ATPase as compared
to the basal Ca**-transport ATPase (determined in the absence of calmodu-
lin) and can be antagonized by increasing concentrations of calmodulin in
an apparently competitive manner. With respect to other ATPases the ac-
tion of R 24571 ig relatively specific for red blood cell Catt-transport
ATPage. Mgtt-ATPase requires & 40 times higher concentration for half-
maximal inhibition (IC50 = 20 pM) whereas (Na*+ K*)-transport ATPase is
only slightly affected in the investigated concentration range (=20 PM)'

INTRODUCTION

Low intracellular Ca'™ concentration in red blood cells (RBCs) is
maintained by an active Ca++-transport mechanism whose biochemical ex-
pression presumably is the Ca'’~ATPase (1). The Ca'’-transport ATPase of
RBCs is regulated by the ubiquitous Ca++—binding protein, calmodulin, in
dependence on the cytoplasmic Ca't concentration (2,3). Besides RBC Ca’'-
transport ATPase calmodulin mediates control of a number of Ca++—depen-
dent cellular functions (3).

The search for a specific and potent inhibitor of RBC Ca‘'-trans-
port ATPase has thus far been unsuccessful (4). The available inhibitors
for RBC Ca++-transport ATPase are far from being satisfactory. Vanadate,

the lanthanides, quercetin and suramin-Na are rather unspecific in that
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Fig. 1. Structure of R 24571,

they also inhibit other membrane ATPases such as (Na'+ K')-transport
ATPase (4). Ruthenium red gives undesirably complex effects (5) whereas
the phenothiazines, butyrophenones (6,7) and vinblastine (8) preferen-
tially inhibit the calmodulin-dependent fraction of RBC Ca++-transport
ATPase by interaction with calmodulin.

Thus, in searching for a highly specific and potent inhibitor of catt-
transport ATPase, we examined the effects of R 24571 on Ca++-transport
ATPase, (Na™+ K')-transport ATPase and Mgt -ATPase in human RBC mem-
branes. The structure of R 24571, a highly lipophilic substance, is shown

in Pig. 1. A preliminary report of our investigations has been presented

(9).

MATERIALS AND METHODS

All reagents were of highest purity available. R 24571 kindly was pro-
vided by Janssen Pharmaceutica, Beerse, Belgium. The lipophilic compound
R 24571 was dissolved in dimethyl sulfoxide (DMSO) and added to the as-
say medium under vigorous mixing. The final concentration of DMSO in the
assay medium including the controls was in all cases 0.5% (v/v). The in-
hibition studies were performed in plastic tubes since R 24571, due to
its lipophilicity, easily sticks to glass surfaces in aqueous solutions.
As a consequence of its hydrophobic character the highest drug concen-
tration of R 24571 that can be achieved in agueous medium at pH 7.0 is
about 20 PM.

Preparation of calmodulin and of calmodulin-deficient RBC membranes: Bo-
vine brain calmodulin was prepared as described by Watterson et al. (10).
Membrane-bound human RBC membranes were prepared according to the iso-os-
motic freeze-haemolysis procedure described by Gietzen et al. (6).

Preparation of calmodulin-deficient RBC inside-out vesicles: Human RBCs
were washed in isotonic NaCl solution and lysed at 2°C in a fifteenfold
volume of a medium consisting of 15.25 mM Tris-Cl, 1 mM Tris-EGTA, pH
7.75. The mixture was centrifuged at 28 000 g under refrigeration for 20
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min and the membranes were washed four times in the same solution. Before
the third and the fourth centrifugation they were incubated for 30 min at
37°C. Then they were once washed in: 15.25 mM Tris-Cl (pH 7.75), 5 Jri
CaCly. To initiate vesiculation the white membranes were diluted in a
twentyfold volume of a solution containing 0.5 Tris-Cl (pH 8.5) and 50 p
dithiothreitol. The mixture first was incubated for 30 min at 0°C and
then for additional 15 min at 37°C before the vesicles were pelleted at
28 000 g in the cold for 20 min. The concentrated vesicle suspension was
homogenized by passing it four times through a 26 gauge hypodermic nee-
dle, pelleted again and resuspended in 140 mM KCl, 20 mM Tris-Cl (pH 7.4)
at 0°C to give a final protein concentration of about 2.5 mg/ml.

Assay of ATPase activities: ATPase activities were determined at 3700 as
described previously (11). In the case of Ca*t*-transport ATPase the re-
action was monitored continuously for 8 min whereas in the case of Mg'H'-
ATPase and (Na*t+ K*)-transport ATPase the reaction was followed discon-
tinuously over a period of 90 min. The assay medium contained, in a final
incubation medium of 10 ml, 60 ps membrane protein/ml. The medium for

Ca*t-transport ATPase consisted of 10 mM Tris-maleate buffer (pH 7.0),
100 mM KC1, 0.2 mM ouabain, 1 mM ATP, 2 mM MgClp and 36 pM Ca** (as a
Catt-Mgtt-EDTA buffer (12) ). Ca’t free controls contained instead of the
catt-Mg*t_EDTA buffer 0.4 mM Mgtt-EGTA. These controls yielded simultane-
ously the Mgt*-ATPase activity. The medium for {Nat+ K¥)-transport ATPase
consisted of 100 mM NaCl, 10 mM KCl, 30 mM imidazole-Cl, 4 mM MgClp, 0.5
mM Tris-EGTA, 2 mM ATP, with or without 0.2 mM ouabain. Before starting
the reaction by addition of ATP the RBC membranes were preincubatid with
R 24571 for 10 min at 37°C in the case of Mg' '-ATPase and (Na'+ K )-
transport ATPase whereas in the case of ca’ -transport ATPase the RBC
membranes were first preincubated for 10 min with the drug followed b
additional 10 min in the absence or presence of calmodulin (0.4 Pg/mlg.

Caf+-uptake into inside-out RBC vesicles: Ca++-transport measurements
were carried out as described before (5). Before starting the transport
process with ATP the vgiicles were preincubated for 20 min with R 24571
and for 10 min with Ca ~ at 37 C in a medium consisting of 130 mM KC1,
i mM imidazole-Cl, 2 mM MgClgi 0.2 mM EGTA, 0.19 mM CaClop (+ 0.1 PCi
Ca++/m1) yielding a free Ca concentration of 4.65 P, 2 mM Mg-ATP,
pH 7.0. The assay medium contained 39 pg vesicle protein/ml and when
present 0.1 pg calmodulin/ml. Samples (1 ml) were taken at 0,3 and 6 min
and filtered immediastely through Millipore filters with a pore diameter
of 0.45 po which retained all protein.

RESULTS

The effects of R 24571 on human RBC (Na++ K+)—transport ATPase as well
as on the basal (determined in the absence of calmodulin) and calmodulin-
dependent fraction of Ca++-transport ATPase are shown in Fig. 2. R 24571
is a highly potent inhibitor of RBC Ca++-transport ATPase with an IC50
of 0.5 PM for the total Ca2+—transport ATPase activity. In contrast Mg++-
ATPase (1050='2o pM; see Table 1) and (Na'+ K')-transport ATPase (16%
inhibition at 20 PM) are far less susceptible to the drug. The inhibitory

action of R 24571 on Ca++—transport ATPase is more specific on the calmo-
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Fig. 2. Effects of R 24571 on (Na*+ k*)-transport ATPase and Ca't-
transport ATPase activities. Catt-transport ATPase activity is related
to the calmodulin (0.4 pg/ml)-stimulated enzyme in the presence of 0.5%
DMSO and in the absence of the drug (100% activity = 50-70 nmoles/mg
protein*min). (Na*+ K+)-transport ATPase activity is related to the en-
zyme activity in the presence of 0.5% DMSO and in the absence of R 24571

(100% activity = 7-10 nmoles/mg protein-min). Each point represents the
mean of four determinations.

dulin-dependent fraction (ICSO= 0.35 PM) as compared to the basal frac-
tion (IC50= 10 PM)' Thig fact also can be seen from the biphasic decay of
the Ca++-tra.nsport ATPase activity in the presence of calmodulin with in-

creasing concentrations of R 24571.

Table 1: Inhibitory effect of R 24571 on red blood cell ATPase activities

Concentration for half-

ATPase maximal inhibtion (PM)
Ca++—transport ATPase 0.5
basal (in the absence of calmodulin) 10
calmodulin-dependent fraction 0.35
Mgt t-ATPase 20
(Nat+ k') -transport ATPase >20 (16)*

IC O-values were obtained graphically from inhibition curves.
Thg inhibition studies were performed for each ATPase with 60 pe
membrane protein/ml.

*The value in parentheses indicates the percentage of inhibition
at the highest drug concentration used.

421



Vol. 101, No. 2, 1981 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

100}
*
2z
2
g
o
[
0
g
i 50
i 05 pM R24571
(&3
[ ]
ol
e — g
0 10 10 10 10 10

Calmodulin (M)

Fig, 3. Antagonism of calmodulin-stimulated Ca++-tra.nsport ATPase
activity by R 24571. Basal Catt-transport ATPase is stimulated by in-
creasing amounts of calmodulin in the absence ( () ) and presence ([J)
of the drug. Sample with 60 nM calmodulin, 0.5% DMSO and no R 24571 =
100% activity (= 50-70 nmoles/mg proteinemin). Each point is the mean
of four determinations.

Pig. 3 gives evidence that R 24571 with a high specificity antagonizes
the activation of Ca++—transport ATPase by calmodulin in an apparent com-
petitive manner since increasing concentrations of calmodulin completely

reverse the inhibition caused by the drug.

Fig. 4 demonstrates the inhibition of ca’t transport into inside-out
RBC vesicles in the presence and absence of added calmodulin as a func-
tion of the R 24571 concentration. Total Ca++ transport (basal and calmo-
dulin-dependent fraction) is half-maximally inhibited at 2 PM‘ The higher
specificity of R 24571 for the calmodulin-dependent fraction is less ob-
vious for transport (Fig. 4) as for ATPase activity (Fig. 2). This might
be due to the fact that inside-out vesicles are much less depleted in

calmodulin as compared to disrupted RBC membranes.

It is demonstrated in Fig. 5 that the ICsO—values are dependent on the
amount of RBC membranes used in the assay medium. This is not surprising

since R 24571 is highly lipophilic and therefore soluble in the hydrocar-
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Fig. 4. Inhibition of Ca'" transport into inside-out RBC vesicles by
R 24571 in the presence (0.1 pg/ml) or absence of calmodulin. Ordinate:
relative initial rate (0-6 min after adding ATP) of 45Ca** uptake imto
vesicles (100% activity = 5.4 nmoles Ca**/mg protein-min).

bon part of the membrane leading to a decrease of the free concentration
of the drug. Out of this reason in each case equal amounts of RBC mem-
branes were used in order to determine differences in the affinities of

the ATPases for R 24571.
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Fig. 5. Inhibition of Ca++—tra.nsport ATPase by R 24571 determined for
two different membrane protein concentrations. Sample with 0.4 P& cal-
modulin/ml, 0.5% DMSO and no R 24571 = 100% activity (=50-70 nmoles/mg
protein-min). Each point represents the mean of at least two determi-
nations.
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The concentrations of R 24571 producing 50% inhibition (IC of the

50)

Ca++—transport ATPase, Mg++-ATPase and (Na++ K+)—transport ATPase are

summarized in Table 1.

DISCUSSION
The present results demonstrate that R 24571 is a highly potent inhi-

bitor of RBC Ca''-ATPase and Ca++ transport with IC_.-values of 0.5 and

50
2 PM, respectively. Nearly 100% inhibition of both phenomena can be
achieved with 10 to 20 PM of the drug. With respect to other ATPases the
action of R 24571 on RBC Ca++—transport ATPage is rather specific since
the Ca++—transport ATPase displays a 40 times higher affinity for the
drug as compared to Mg++—ATPase and the difference of affinity is even
higher when Ca++-transport ATPase is compared with (Na++ K+)—transport
ATPase which is only slightly inhibited at the highest possible drug
concentration. We suggest that the relatively high potency and specificity
of R 24571 as an inhibitor of RBC Ca' '-transport ATPase may allow its use
as a tool to discriminate between the ATPase activities of RBC membranes.
The inhibitory action of R 24571 on Ca't-transport ATPase is more
specific on the calmodulin-dependent fraction as compared to the basal
fraction of the ATPase activity. In addition it is shown that R 24571
antagonizes the activation of RBC Ca++-transport ATPase by calmodulin in
an apparently competitive fashion. We found that R 24571 under the same
conditions exhibits a 26 times higher potency (c¢f. 6) in inhibiting the
calmodulin-dependent fraction of RBC Ca++—transport ATPase as compared
to the commonly used inhibitor of calmodulin-regulated functions, tri-
fluoperazine. Van Belle (13) could show that R 24571 also inhibits tﬁé
activation of brain phosphodiesterase by calmodulin with a 500 times
higher potency than trifluoperazine. Thus R 24571 seems to be the most
powerful inhibitor of calmodulin-regulated processes that has been des-

cribed hitherto. Since R 24571 - in contrast to other calmodulin inter-
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acting agents (phenothiazines or butyrophenones) - has no affinity for

dopamine receptors at concentrations that completely inhibit calwmodulin-

regulated functions (Van Belle, personal communication) R 24571 is pro-

posed to be a useful tool for studying the possible involvement of cal-

modulin in dopeaminergic transmission (14).
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