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Abstract--The effects of calmidazolium and compound 48/80 were studied in four different states of 
activation of the purified Ca2+-ATPase from cardiac sarcolemma: "basal" or unactivated, activated by 
eaimodulin, activated by phosphatidylserine, and activated by controlled trypsinization. When assayed 
in the presence of phosphatidylcholine as the sole phospholipid (basal state), the purified enzyme was 
resistant to inhibition by calmidazolium 03.1 to 3/~M). In the same range, calmidazolium inhibited the 
enzyme activated by controlled proteolysis as well as the calmodulin-activated enzyme regardless of 
the calmodulin concentration. The phosphatidylserine-activated enzyme was inhibited at higher 
calmidazolium concentrations due to non-specific trapping of the inhibitor by the excess of phospholipid. 
Adition of calmidazolium did not modify the K0. 5 for calcium activation of ATP hydrolysis by the 
enzyme. The inhibition by calmidazolium was counteracted by Pi. Compound 48/80 also had no effect 
on the enzyme when only phosphatidylcholine was present and, like calmidazolium, it inhibited the 
calmodulin-activated enzyme and the phosphatidylserine-activated enzyme. The apparent K~ for 
inhibition by compound 48/80 was dependent on the calmodulin concentration. However, the enzyme 
activated by controlled trypsinization was insensitive to compound 48/80. Binding of 48/80 to the 
enzyme in the presence of phosphatidylserine or calmodulin reversed the increased affinity for Ca 2÷ 
caused by these activators. 

Living cells maintain a cytosolic Ca 2÷ concentration 
far below that existing outside the plasma membrane. 
A Ca 2+ pump ATPase has now been identified in 
plasma membranes from a wide variety of cells [1- 
3]. In the plasma membranes of cardiac cells, Ca 2÷- 
ATPase is one of the two principal systems 
responsible for Ca 2÷ extrusion, the other being 
a reversible Na+-Ca z÷ exchanger [1-3]. The 
sarcolemmal CaZ+-ATPase of the heart has a higher 
affinity for Ca 2÷ and a lower maximal velocity of 
Ca 2÷ extrusion than the Na+-Ca 2+ exchanger; it has 
been proposed that the enzyme maintains the low 
intracellular Ca 2+ levels observed during diastole 
[4]. 

Ca2+-ATPase belongs to a family of tissue-specific, 
calmodulin-activated Ca 2÷ pumps that are coded by 
multiple genes [5, 6]. Calmodulin is tightly bound to 
plasma membranes of most cells, and the use of 
calmodulin antagonists to study the regulatory role 
of calmodulin is common. Although these antagonists 
bind to calmodulin in a water solution, the site of 
action has not been determined for any of them, nor 
has the mechanism of inhibition been clearly 
demonstrated on a biological calmodulin-ATPase 
system. 

In this study we explored the effects of two of the 
most widely used calmodulin antagonists on cardiac 
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plasma membrane Ca2+-ATPase: calmidazolium, 
one of the most potent antagonists, and compound 
48/80, one of the most specific antagonists described 
thus far [7-10]. For compound 48/80, mechanisms 
as distinct as interaction with associated poly- 
phosphoinositides, binding to calmodulin, and 
binding to the enzyme have been proposed [7, 8, 
11-13]. For calmidazolium, it has been shown that 
the drug binds to several forms of activated enzymes 
in the absence of calmodulin, and it is proposed that 
calmidazolium binds with greater affinity to the 
calmodulin-activated form [7-9, 14]. In the heart, 
calmidazolium has been reported to delay ischemic 
injury; this effect has been attributed to its action 
as a calmodulin antagonist [15]. Lamers etal. [16, 17] 
have proposed that calmidazolium interferes with 
the binding of calmodulin to cardiac sarcolemma 
Ca2+-ATPase, based on a more potent inhibition 
when the preparation contains calmodulin than when 
calmodulin is removed [16, 17]. These authors used 
membrane preparations. 

In the present study, we used purified enzyme to 
ensure the complete absence of endogenous 
activators or contaminants and to eliminate effects 
of these antagonists on the other protein components 
of the membrane. It has been proven that compound 
48/80, for example, affects G proteins, which are 
present in the membrane of cardiac sarcolemma and 
inhibit the Ca2+-ATPase [18, 19]. The inhibition was 
studied in the basal and in several activated states 
of the Ca2+-ATPase. Our results show that 
calmidazolium bound at a site that was retained after 
enzyme trypsinization while the binding site of 
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compound 48/80 was lost by trypsinization. In 
addition, we show that the inhibition by compound 
48/80 simulated depletion of calmodulin, whereas 
calmidazolium inhibited by a different mechanism. 

MATERIALS AND METHODS 

The reagents used were of the highest purity 
available. Phosphatidylchoiine, phosphatidylserine, 
bovine brain calmodulin, trypsin (TPCK* treated, 
T8642) and trypsin inhibitor (T9003) were obtained 
from Sigma. Calmidazolium was obtained from 
Boehringer Mannheim and compound 48/80 from 
Sigma. Phosphatidylserine was clarified by sonication 
before use. Calmodulin-Sepharose 4B was obtained 
from Pharmacia. a2P i was obtained from the Brazilian 
Institute of Atomic Energy; [y-32p]ATP was prepared 
according to Glynn and Chappell [20] as previously 
described [21]. AuroDye was obtained from Hoefer 
Scientific Instruments. 

Purification of Ca2÷-A TPase by calmodulin affinity 
chromatography. Sarcolemmal membranes were 
obtained from beef heart [22], and purified essentially 
as described by Caroni et al. [23], with the exception 
that prior to calmodulin depletion the membranes 
were subjected to four freeze-thaw cycles to ensure 
disruption of intact vesicles [22]. Phenyl- 
methylsulfonyl fluoride (PMSF, 0.2 mM) was added 
during homogenization in Triton X-100 to increase 
the yield of active enzyme. Purified enzyme was 
stored in liquid nitrogen in a medium containing 
0.6 M sucrose, 0.5 M KC1, 20 mM HEPES, pH 7.4, 
0.1 mM CaCI2, 1 mM MgCI2, 0.5 mg/mL phospha- 
tidylcholine, 0.05% (v/v) Triton X-100 and I mM 
dithioerythritol (storage buffer). The concentration 
of purified enzyme was determined by the colloidal 
gold method [24] using bovine serum albumin as a 
standard. Because components of the storage buffer 
interfere with this assay, all samples were dialyzed 
against water prior to protein determination. 

Controlled trypsinization of the purified Ca 2+ 
ATPase. The purified Ca2÷-ATPase (50--300 #L) 
eluted from the calmodulin column was digested 
with trypsin for 20 min on ice at a ratio of 1 #g of 
trypsin to 3 #g of enzyme in the storage buffer, as 
described by Caroni et al. [23]. The proteolytic 
reaction was arrested by adding a 50-fold molar 
excess of soybean trypsin inhibitor. After proteolysis, 
the enzyme attains maximal levels of activity and is 
not further activated by calmodulin. 

Assay ofCa2+-A TPase activity. The release of 32p i 
from [y-32p]ATP was measured as previously 
described [25, 26]. The purified enzyme together 
with phosphatidylcholine derived from the column 
(0.02 mg/mL) was incubated at 37 ° in the reaction 
medium described in the figure legends. When 
additional lipid was added to the assay medium, 
I # M  A23187 was also present. Free Ca  2+ con-  
c e n t r a t i o n s  were calculated as described by Fabiato 
and Fabiato [27] using the dissociation constant of the 

* Abbreviations: TPCK, L-l-tosylamide-2 phenyl- 
ethylchloromethyl-ketone; PMSF, phenylmethylsulfonyl 
fluoride; SDS, sodium dodecyl sulfate; EGTA, ethylene 
glycol bis (fl-aminoethyl ether) N, N, N', N'-tetraacetic acid; 
BTP, 1,3-bis [tris(hydroxymethyl)methylamino]-propane); 
and HEPES, N-(2-hydroxyethyl)piperazine-N'-2-ethane- 
sulfonic acid. 

calcium-EGTA complex reported by Schwarzenbach 
et al. [28]. Reactions were initiated by the addition 
of 2 mM [y-32p]ATP and stopped after hydrolysis of 
5-10% of the ATP. When inhibitors were used, the 
enzyme was preincubated with the compounds for 
10 min at room temperature in the storage buffer 
before starting the reaction. Since the inhibitors 
were dissolved in ethanol, controls in which the 
Ca2+-ATPase was preincubated with ethanol were 
performed. The ethanol concentration in the reaction 
mixture never exceeded 1% and had no effect on 
the values obtained. Results were averaged from 
several experiments using two to three different 
purified enzyme preparations with activities ranging 
between 2.5 and 4.0 #mol Pi" mi n-~" (mg protein) -1, 
when measured under the optimal standard assay 
conditions depicted in the legend of Fig. 1. Variability 
among experiments performed in different prep- 
arations ranged from 5 to 10%. 

Polyacrylamide gel electrophoresis. Lyophilized 
samples were subjected to electrophoresis on 
polyacrylamide gels (10%) containing sodium 
dodecyl sulfate (SDS) [29]. The gels were stained 
with silver [30]. 

RESULTS 

The purified Ca2÷-ATPase eluted from the 
calmodulin affinity column hydrolyzes ATP at a low 
rate and is in a state that has been termed "basal" 
or "unactivated". The enzyme can be activated by 
the addition of calmodulin (1(o.5 = 0.18 #g/mL), by 
the addition of phosphatidylserine (Ko.5 = 0.015 nag/ 
mL) or, alternatively, by controlled trypsinization. 
When the cardiac Ca2+-ATPase was activated by 
controlled trypsinization, maximal levels of enzyme 
activity were observed after 10 min of trypsinization, 
and the activity did not change with treatment up to 
30 min. In this period of time, the 140 kDa band of 
purified enzyme disappeared and was replaced by a 
small amount of a subfragment of 81 kDa and 
substantial amounts of subfragments of 66, 60, 53, 
49 and 33 kDa. It should be noticed that this pattern 
is distinct from that observed for erythrocyte Ca 2÷- 
ATPase, which, due to the ease in obtaining it, has 
been taken as a paradigm for the plasma membrane 
Ca2÷-ATPases. 

When the cardiac enzyme in the basal state was 
preincubated with 0.2 to 2 #M calmidazolium, no 
inhibition was observed (Fig. 1). The basal state was 
inhibited only at much higher concentrations, the 
threshold of inhibition being 4 #M (data not shown). 
Addition of 2 #g/mL calmodulin increased the rate 
of ATP hydrolysis 3-fold. As reported for membrane- 
bound Ca2÷-ATPase [16, 17], calmidazolium was a 
potent inhibitor of the purified calmodulin-activated 
Ca2÷-ATPase, with a K0.5 of 1-2/~M under these 
conditions. Similar behavior was observed in the 
presence of either a saturating (2#g/mL) or 
subsaturating (0.2#g/mL) concentration of cal- 
modulin. 

It is evident from Fig. 1 that calmidazolium is also 
an effective inhibitor of the enzyme activated by 
limited proteolysis o r  by phosphatidylserine. The 
concentrations of calmidazolium required for 50% 
inhibition were similar when the enzyme was 
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Fig. 1. Effects of calmidazolium on the different states of 
activation of purified sarcolemmal Ca2÷-ATPase. The assay 
medium contained 1.6 Aug/mL purified enzyme, 0.02 mg/ 
mL phosphatidylcholine, 20 mM BTP-HCI, pH 7.0, 80 mM 
KCI, 5 mM MgCl2, 0.2 mM CaCI2, EGTA to give 6/JM 
free calcium, the indicated calmidazolium concentrations 
and: (O) no additions; (0)  enzyme activated by the addition 
of 2.0/~g/mL calmodulin; (A) enzyme activated by the 
addition of 0.2/zg/mL calmodulin; (D) enzyme activated 
by the addition of 0.06 mg/mL phosphatidylserine; and 
(~)  enzyme activated by controlled proteolysis. ATPase 
activity was measured as described under Materials and 

Methods. 
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Fig. 2. Effects of lipids on the inhibition by calmidazolium 
of calmodulin-activated Ca2+-ATPase. The same reaction 
medium as indicated in the legend of Fig. I was used with: 
(0) 0.02mg/mL phosphatidyicholine and 2.0#g/mL of 
calmodulin; (+) 0.08mg/mL phosphatidylcholine and 
2.0#g/mL calmodulin; and (n) 0.02mg/mL phospha- 
tidylcholine, 0.06mg/mL phosphatidylserine and no 
calmodulin, ATPase activity was measured as described 
under Materials and Methods. The maximal ATPase 
activity corresponds to 2.8/~mol Pi.min-l.mg -1 for all 
three curves. Values are means - SD of four preparations. 

activated by calmodulin or by controlled proteolysis. 
When the enzyme, which is already in phospha- 
tidylcholine, was activated by the addition of an 
excess of phosphatidylserine, a higher concentration 
(about 4.5/tM) was required (Fig. 1). This higher 
value most probably reflects non-specific trapping of 
calmidazolium by the excess of phospholipid 
(phosphatidylcholine + phosphatidylserine)present 
in the reaction medium during activation by 
phosphatidylserine [14], since a higher concentration 
of calmidazolium was also required if excess 
phosphatidylcholine was added when the enzyme 
was activated by calmodulin rather than by 
phosphatidylserine (Fig. 2). At  the same total 
phospholipid concentration, the apparent K0.5 for 
inhibition by calmidazolium was in the same 
concentration range regardless of whether the 
enzyme was activated by calmodulin or by 
phosphatidylserine (Fig. 2). 

A different pattern was observed for the inhibition 
of purified Ca2+-ATPase by compound 48/80. The 
basal state was insensitive to compound 48/80 up to 
100/~g/mL, whereas the enzyme activated by either 
calmodulin or phosphatidylserine was inhibited (Fig. 
3). The concentration of compound 48/80 required 
for 50% inhibition of ATP hydrolysis was in the 
range of 15/~g/mL. In marked contrast to the results 
obtained here with calmidazolium and by others 
with the red blood cell enzyme [13], the trypsinized 
enzyme was completely insensitive to compound 48/ 
80 (Fig. 3). 

Another difference in the behavior of these 
antagonists was revealed at subsaturating calmodulin 
concentrations. While the apparent K0.5 for inhibition 
by compound 48/80 decreased from 15 to 3/~g/mL 
when the concentration of calmodulin was lowered 
from 2 to 0.2/~g/mL, the apparent K0. 5 for inhibition 
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Fig. 3. Effects of compound 40/80 on the different states 
of activation of purified sarcolemmai Ca2*-ATPase. Symbol 
key: (O) basal state; (0) enzyme activated by the addition 
of 2.0#g/mL calmodulin; (A) enzyme activated by the 
addition of 0.2 #g/mL calmodulin; ([~) enzyme activated 
by the addition of 0.06 mg/mL phosphatidylserine; and 
(O) enzyme activated by controlled proteolysis. ATPase 
activity was measured as described under Materials and 
Methods. Free calcium concentration was 6/tM. The curves 
for inhibition by compound 48/80 in the presence of 
compound 48/80 are simulations performed as described 
in the text, using the equation v = 1.15.[(1/a + A/b)/ 
(1 + I/(a.Ki)) + (1/(1 + a.KJI))] where a = 1 + Cd/K~, 
b = 1 + K=d/Cd. Cd is the concentration of calmodulin, K,~ 
is the dissociation constant for calmodulin, I is the 
concentration of compound 48/80, K~ is the dissociation 
constant for compound 48/80, A is the factor of activation 
induced by calmodulin, and 1.15 is the experimental activity 

obtained in the basal state. 
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Fig. 4. Effect of compound 48/80 on the Ca 2÷ dependence 
of the purified CaZ+-ATPase of heart sarcolemma. Purified 
Ca2+-ATPase (1.0/tg/mL) was incubated in a reaction 
medium containing 0.02mg/mL phosphatidylcholine, 
20mM BTP-HCi, pH7.0, 80mM KCI, 5mM MgC12, 
0.2 mM CaCi2 and EGTA to give the desired free calcium 
concentrations and, in Fig. 4A: (O) no additions; 
(I-1) 0.06 mg/mL phosphatidylserine or ( I )  0.06 mg/mL 
phosphatidylserine plus 50 #g/mL compound 48/80. In Fig. 
4B: (O) 2/zg/mL calmodulin or ( I )  2/~g/mL calmodulin 
plus 50/~g/mL compound 48/80. ATPase activity was 
initiated by the addition of 2 mM {y-32P]ATP and measured 
as described under Materials and Methods. Results are 
reported as percent of the maximal activities which were 
(in #mol Pi.min -1 .mg -1) in (A): ((3) 2.86; ([3) 3.37; and 

( I )  2.82; and in (B): (1) 3.5; and ( I )  3.0. 

by calmidazolium was not affected (see Fig. 1). This 
result is compatible with compound 48/80 dislocating 
calmodulin from its binding site and could be 
simulated by assuming a model of simple competitive 
inhibition in which the free enzyme can bind 
calmodulin, or alternatively compound 48/80, and 
the activity of the enzyme inhibited by compound 
48/80 is equal to the activity of the enzyme in the 
basal state. The curves were generated by supposing 
Ked = 0.18 as previously obtained by activation by 
calmodulin; A = 3.2 at saturating calmodulin and 
Ki = 1.10/~g/mL, which gives an apparent /(0.5 for 
compound 48/80 of 13.3/zg/mL in the presence of 
2/~g/mL calmodulin and 2.3/ag/mL in the presence 
of 0.2 ~g/mL calmodulin. The calculated values are 
in good agreement with the observed values. 

If either of these inhibitors acts by impairing the 
binding of activator (calmodulin or phos- 
phatidylserine) to the enzyme, calcium binding to 
the enzyme when the inhibitor is present should be 
shifted from the low concentration range seen with 
the activated state to the high concentration range 
associated with the basal state [4, 23]. This was 
indeed the case for compound 48/80 as the inhibitor 
(Fig. 4). At 50/zg/mL, compound 48/80 shifted the 

lOO 

>, 8 0  

o 6 0  

o 
a. 40 

I 
+ 2o 

o 
( 2  

) e  

/ 
7 6 5 4 

pCa 

Fig. 5. Effect of calmidazolium on the Ca 2÷ dependence 
of the purified Ca2+-ATPase of heart sarcolemma. Purified 
Ca2+-ATPase (1.0/~g/mL) was incubated in a reaction 
medium containing 0.02 mg/mL phosphatidylcholine, 
20mM BTP-HCI, pH7.0, 80mM KC1, 5mM MgCI2, 
0.2 mM CaCI2, EGTA to give the desired free calcium 
concentrations and (0) 2/~g/mL calmodulin or (+) 2.0 jug/ 
mL calmodulin plus 2 gM calmidazolium. ATPase activity 
was initiated by the addition of 2 mM [y-32p]ATP and 
measured as described under Materials and Methods. 
The means-+ SD of five preparations are reported as 
percent of the maximal activities which were (in /zmol 

Pi.min-]'mg-1): (Q) 3.6, and (+) 1.6. 

/(0.5 for calcium activation of ATP hydrolysis in the 
presence of phosphatidylserine from 0.7 to 10/zM 
Ca 2÷ (Fig. 4A). The same effect was observed when 
the enzyme was activated by calmodulin (Fig. 4B). 
This inhibitor thus reproduces the effects of removing 
the activators. Similar effects on calcium binding 
have been reported previously for another calmodulin 
antagonist, trifluoperazine, and also for soluble 
troponin-I [4, 31]. Calmidazolium, however, did not 
change the K0.5 for Ca 2÷ activation, although it 
decreased the rate of hydrolysis by 50% (Fig. 5). 
The experiments above suggest that calmidazolium 
does not inhibit the enzyme by removing the 
activators. 

Because of its hydrophobic nature, calmidazolium 
might be expected to bind to a hydrophobic region 
of the enzyme. The cardiac sarcolemma Ca 2÷- 
ATPase belongs to the "El-E2" class of ion- 
transporting enzymes. Evidence has been presented 
that the catalytic site of these enzymes is more 
hydrophobic in the E2 form, when the enzyme can 
be phosphorylated by Pi [32, 33]. To further clarify 
the inhibition by calmidazolium, we tested if this 
inhibition is antagonized by Pi. Figure 6 shows that 
Pi protected against the inhibition by calmidazolium, 
which is consistent with an interaction of both 
compounds at the hydrophobic form of the catalytic 
site. 

DISCUSSION 

It has been proposed that calmidazolium inhibits 
cardiac sarcolemmal CaZ÷-ATPase by impairing 
calmodulin binding [16, 17]. Our data do not support 
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Fig. 6. Effect of Pi on the inhibition by calmidazolium. The 
composition of the assay medium was as described in the 
legend of Fig. 1 in the presence of 2.0 #g/mL calmodulin 
and (0) no additions; (A) 10mM Pi plus 10raM MgCIz; 
and (O) 30 mM Pi plus 30 mM MgCIz. Reactions were 
initiated by the addition of 0.015 mM [y-32p]ATP and the 
maximal velocities were (in #tool P~.min -]. rag-l): (0) 
2.55; (A) 0.85 and (O) 0.4. Mg 2+ alone (10-30raM) had 

no effect on the inhibition by calmidazolium. 

such an interpretation, since calmidazolium inhibited 
with a similar K0.5 regardless of whether the enzyme 
was activated by different amounts of calmodulin, 
or by phosphatidylserine, or by trypsin (Figs. 1 and 
2). In addition, calmidazolium did not modify the 
K0.5 for calcium activation as expected for a 
compound that behaves strictly as a calmodulin 
antagonist (Fig. 5). A possible explanation is that 
calmidazolium binds directly to the enzyme at a site 
that is exposed upon activation, regardless of the 
manner by which activation is achieved. This site 
must be situated on the active peptide portion 
retained after partial proteolysis (see Fig. 1). Since 
the inhibition by calmidazolium is counteracted by 
Pi, this inhibitory site may be related to the catalytic 
site. Thus, calmidazolium may inhibit some yet 
unidentified step of the reaction cycle of the enzyme 
in the activated state. 

Lamers et al. [16] reported-that calmidazolium 
decreases calmodulin binding to cardiac sarcolemma 
CaZ÷-ATPase. The authors, however, used 50#M 
calmidazolium. Thus, at a concentration much higher 
than we have used in this study, calmidazolium also 
binds to calmodulin and dislocates such an activator 
from the enzyme. 

The inhibition by calmidazolium was highly 
dependent on the concentration of phospholipid in 
the reaction medium, irrespective of the type of 
phospholipid (Fig. 2). This may explain the large 
differences in K0.5 for calmidazolium inhibition 
reported by other authors [7,9, 14], since this 
variable is not routinely controlled. Gietzen et 
al. [9] reported that calmidazolium inhibits the 
calmodulin-activated Ca2+-ATPase from eryth- 
rocytes at a much lower concentration than the 
trypsin-activated enzyme. The authors used disrupted 
membranes, and attributed the low affinity of 
calmidazolium for the trypsin-treated ATPase to a 
steric problem [9]. Since the purified, solubilized 

cardiac Ca2+-ATPase shows a different pattern of 
trypsinization, it may be that the binding site for 
calmidazolium becomes exposed in this preparation, 
and the steric hindrance disappears. 

It is interesting to note that calmidazolium displays 
a dual effect on cardiac sarcolemma Ca:+-ATPase. 
At low calmidazolium concentrations, a small 
activation by the compound was observed (Fig. 1) 
followed by an inhibition at increasing calmidazolium 
concentrations. A similar activating effect at low 
calmidazolium concentrations has been described 
previously for striated muscle myofilaments activated 
by either calmodulin, or by skeletal troponin C or 
by cardiac troponin C [34]. The activating effect of 
calmidazolium was attributed to its action as a 
sensitizer of the calcium-binding proteins, calmodulin 
or troponins, to activation by Ca 2+. It has also been 
shown that calmidazolium binds to more than one 
site in calmodulin and that different concentrations 
of calmidazolium have different effects on the 
structure of calmodulin [35], The results described 
in this paper also suggest that calmidazolium may 
bind to more than one site at the system, or 
alternatively, to more than one intermediate at the 
reaction cycle, being both an activator and an 
inhibitor depending on the binding site. In the 
present work we did not study in depth the origins 
of the activating effect of calmidazolium. It is 
apparent, however, that the activating effect is not 
restricted to the calmodulin-regulated function, 
suggesting again direct binding of calmidazolium to 
the protein. 

Figure 3 shows that, unlike calmidazolium, 
compound 48/80 did not inhibit the cardiac 
sarcolemmal enzyme after trypsinization. This 
observation suggests that the compound 48/80 
binding site is lost by trypsinization. This does not 
appear to be the case for the Ca2÷-ATPase from 
erythrocytes, which continues to be inhibited after 
trypsinization [13]. This difference may be related 
to the different patterns of enzyme proteolysis. 
Controlled trypsinization of the erythrocyte enzyme 
leads to accumulation of subfragments of 81 to 
76kDa, depending on the reaction conditions 
[23, 36]. Controlled trypsinization of the cardiac 
sarcolemma Ca2+-ATPase generates large amounts 
of subfragments of 66 kDa or less (this paper, and 
see Fig. 5 in Ref. 23). The binding site for compound 
48/80 may be situated on the 81 or 76kDa 
subfragment of the erythrocyte enzyme [13], but is 
lost from the fragments of 66 kDa and less. 

Compound 48/80 inhibited both the calmodulin 
and the phosphatidylserine-activated states of the 
cardiac sarcolemma enzyme and in both cases shifted 
the K0.5 for calcium activation to the same level 
observed for the unactivated state, thus suggesting 
that compound 48/80 inhibits by dislocating the 
activators. This interpretation is supported by the 
results displayed in Fig. 3, which shows that 
compound 48/80 became less effective as an inhibitor 
when the concentration of calmodulin was raised. 
In this sense, we agree with the observation of 
Gietzen et al. [8] that compound 48/80 is a powerful 
inhibitor of calmodulin-regulated functions. 

The results presented in this work indicate that 
both calmidazolium and compound 48/80 bind to 
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the enzyme and inhibit the Ca2+-activated ATPase 
by different mechanisms. It is likely that these 
compounds bind at a distinct site(s) in the enzyme. 
It is not known yet whether or how these compounds 
modify the enzyme conformation. It has been 
demonstrated that the pattern of trypsinization of 
the erythrocyte Ca2+-ATPase at 37 ° and at a low 
trypsin--enzyme ratio is modified by the addition of 
effectors such as calmodulin and vanadate [37]. At 
conditions of trypsinization similar to those used in 
this paper (0 ° and higher trypsin-protein ratios), 
Zurini et al. [38] found that calmidazolium accelerates 
the velocity of trypsinization of the erythrocyte Ca 2+- 
ATPase. We attempted to determine whether 
calmidazolium or compound 48/80 could modify the 
conformation of the cardiac sarcolemma Ca 2+- 
ATPase in such a way that the pattern of 
enzyme trypsinization would be affected. Enzyme 
trypsinization was performed in the presence or 
absence of calmodulin and with calmodulin plus 
calmidazolium or calmodulin plus compound 48/80 
both at 0 ° and high trypsin: protein ratios (conditions 
used for enzyme activation in this paper) or at 37 °, 
at a trypsin:enzyme ratio of 1:15. We did not 
observe any obvious changes in the pattern of 
enzyme trypsinization with either inhibitor (data not 
shown) under any of these conditions. Therefore, it 
appears that these compounds do not alter markedly 
the accessibility of trypsin-sensitive regions of the 
enzyme, although they may well affect the 
conformation of the Ca2+-ATPase in other domains. 
Nevertheless, the two distinct inhibitors bind to 
distinct sites and could be helpful tools in the study 
of structure-function relationships of domains 
specifically involved in crucial steps of the enzyme 
reaction cycle. 
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