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SUMMARY
[3H}-d-cis-Diltiazem binds to canine cardiac sarcolemma in a
specific, saturable, and reversible manner with a K0 = 58.0 ±
9.5 nM and a receptor site density (maximum binding) of 2.19 ±
0.24 pmol/mg of protein. Bepridil and verapamil, Ca2� channel
inhibitors, can completely inhibit this binding at n� concentra-
tions. This inhibition was determined from saturation binding
data to be due to a change in affinity of the radioligand, sug-

gesting a competitive interaction between the three drugs. How-
ever, in dissociation experiments, both bepridil and verapamil
increased the dissociation rate of the radioligand. This effect is
uncharacteristic of competitive inhibitors and suggests that be-
pndil and verapamil regulate [3H]-d-cis-diltiazem binding in a
negative allosteric fashion through their own distinct binding
sites.

The activation of cardiac and smooth muscle contraction

occurs with the elevation of intracellular Ca2� mediated by the

influx of this cation through a specific membrane channel (1).

Intracellular Ca2� is, thus, an important regulator of cardiac

and smooth muscle function. Studies on the inhibition of this

inward Ca2� current by a new class of drugs called calcium

antagonists or calcium entry blockers began with the report of

the effects of several of these agents on relaxing coronary

smooth muscle (2). Since this initial study, a number of struc-

turally dissimilar classes of calcium antagonists have emerged.

Each of the different classes of these drugs has correspondingly

different clinical, pharmacological, and electrophysiological ef-

fects. Representative members of the main classes of calcium

antagonists include the phenylalkylamine derivative, verapa-

mil, the pyrrolidine, bepridil, the benzothiazepine, diltiazem,

and the 1,4-dihydropyridine, nifedipine. Since these drugs can

influence an important regulator of cardiac and smooth muscle

function, namely, Ca2�, their mechanism of action has been the

subject of many studies (reviewed in Ref. 3). As a basis for

understanding the mechanism by which these drugs inhibit

Ca2� channel activity, a number of investigations have been

undertaken to determine the relative binding sites for each of

the different classes of these drugs. Since all of the different

organic calcium antagonists block Ca2� current, it seems rea-

sonable to assume that they all bind to the same site to exert

their effect. However, their different chemical structures and

pharmacological effects do not support this idea. Direct radi-

oligand binding studies using labeled derivatives of the dihy-
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dropyridine class of these drugs have proven that dihydropyri-

dines bind to a site which is separate from the binding sites of

the other classes of these drugs (4). However, the nature of the

relationship that exists between the binding sites of the differ-

ent non-dihydropyridine calcium entry blockers has been vig-

orously debated. Until recently, the primary means of gaining

insight into this question was through the use of binding studies

with [3Hjnitrendipine, a radiolabeled dihydropyridine deriva-

tive. The effects of the other non-dihydropyridine calcium

antagonists on this binding were found to be complex, thus

allowing several interpretations of the results. Murphy et at.

(5), on the basis of their [‘H]nitrendipine binding data from

brain tissue, have proposed that all of the non-dihydropyridine

calcium antagonists bind to an identical site. Glossmann et at.

(6), in contrast, have suggested that these calcium antagonists

bind to closely linked but separate sites.

The recent introduction of radiolabeled forms of the non-

dihydropyridine calcium antagonists has made it possible to

determine directly whether there are separate binding sites for

each of these classes of calcium antagonists. Using radiolabeled

forms of d-cis-diltiazem, (±)-bepridil, and the verapamil-like

compound (-)-desmethoxyverapamil, Galizzi et at. (7) per-

formed saturation binding experiments in rabbit skeletal mus-

cle membranes and concluded that each of these ligands was

mutually competitive. In the present work we have used [:CH]

d-cis-diltiazem to demonstrate specific, saturable, and reversi-

ble binding of the ligand to canine cardiac sarcolemma. Our

data from saturation binding experiments of [‘H]-d-cis-dilti-

azem in the presence of verapamil or bepridil also gave results

similar to those of Galizzi et al. (7), suggesting a mutual binding

site for all three drugs. However, in kinetic experiments, vera-

pamil and bepridil did not act as competitive inhibitors of this
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binding, but rather as negative allosteric modulators. Our con-

clusion is that these three non-dihydropyridine calcium antag-

onists have closely linked but separate binding sites. Knowledge

about the interrelationships of these different binding sites is

important, since it will allow appropriate models of the calcium

channel to be developed once the primary structure of the

channel protein is determined.

Materials and Methods

Isolation and characterization of canine cardiac sarcolemma.

Partially purified sarcolemma membranes from canine heart were

prepared by a slight modification of the procedure of Van Aistyne et

at. (8) as described previously (9).

Protein was determined by the method of Lowry et al. (10) using

bovine serum albumin as standard. The purity of the sarcolemmal

preparation was determined by the percentage of total ATPase activity
which was ouabain sensitive (Na�,K�-ATPase). Sarcolemmal ATPase

activity was measured as described by Schwartz et at. (11). Routinely,

preparations with ATPase activity which were 80-90% ouabain sensi-

tive were used for binding studies.

[3H]-d-cis-Diltiazem Binding Assays. For saturation and inhi-

bition binding assays, dog heart sarcolemmal membranes (100 �g of

protein) were routinely incubated at 25� in 1 ml ofa solution containing

50 mr�s Tris-maleate buffer (pH 7.8) and varying concentrations of [3H]

-d-cis-diltiazem (New England Nuclear, Boston, MA). Nonspecific

binding was determined by measuring binding in the presence of 10 �zM

unlabeled d-cis-diltiazem. Specific binding was found to be a linear

function of the concentration of sarcolemmal membranes between 0.020

and 0.100 mg of membrane protein/ml. Separation of bound ligand
from free ligand was accomplished by filtering incubated samples over

glass-fiber filters followed by washing of the filters. Initial binding

studies showed a high degree of nonspecific binding of [3H]-d-cis-

diltiazem to glass-fiber filters. Prior incubation of the filters for 2 hr
at room temperature in 0.5% polyethylenemine (Sigma Chemical Co.,

St. Louis, MO) and 2 x i0� M unlabeled d-cis-diltiazem reduced this

nonspecific binding to tolerable levels. However, even after this treat-

ment, the filters displayed specific binding of the radioligand. This was

determined by filtering sample blanks (no added protein) containing

the same amount of [3Hl-d-cis-diltiazem with varying amounts of
unlabeled d-cis-diltiazem. This was the same protocol used in inhibition

binding experiments. Samples containing higher concentrations of the

unlabeled ligand had lower filter binding than did the samples with
lower amounts of the unlabeled drug, indicating displaceable binding
to filters. Since this phenomenon could lead to serious error in our

binding experiments, we established a procedure to eliminate this

binding. By adding 100 �zM unlabeled d-cis-diltiazem to the washing

buffer, we were able to eliminate specific filter binding. After a 2-hr

incubation at 25’ , samples were diluted to a 5-ml volume with washing

buffer (50 mM Tris-HC1, pH 8.0, with i0� M d-cis-diltiazem at 0-2�)

and rapidly filtered through Whatman GF/C filters with the aid of a

Brandel Cell Harvester (Biomedical Research and Development Lab-
oratories, Gaithersburg, MD). Filters were then washed three times

with 5 ml ofthe washing buffer. The dissociation of [3H}-d-cis-diltiazem

from the membranes at 0-2� was negligible during the time required

for filtration and washing. The filters were placed into scintillation

vials; 8 ml of a scintillation cocktail (Research Products International

Corp., Elk Grove, IL) were added and radioactivity was counted with a

Beckman LS8100 liquid scintillation counter at 40% efficiency. Equi-

librium binding experiments were performed in triplicate. KD and Bmax

values obtained from saturation and inhibition binding data were

calculated from total and nonspecific binding data using the LIGAND
program of Munson and Rodbard (12).

Kinetic experiments of the dissociation of [3H]-d-cis-diltiazem were

performed under conditions described for equilibrium binding assays
at 10’ using a batch method. After equilibrium had been reached, the

rate of dissociation of the ligand-receptor complex was monitored at

various time points following addition of a large excess of unlabeled d-

cis-diltiazem (final concentration = 10 �zM) alone or along with 100 �zM

verapamil or 50 �zM bepridil. The volume of unlabeled d-cis-diltiazem
that was added alone or along with bepridil or verapamil was 4% of the

total volume. Samples were filtered and washed as above using a Hoefer

filtration apparatus (Hoefer Instruments, San Francisco, CA). Radio-
activity that was associated with the filters was determined as above.

Materials. [3HJ-d-cis-Diltiazem (70-80 Ci/mmol) was purchased
from New England Nuclear (Boston, Mass). Unlabeled d-cis-diltiazem

was a gift of Marion Laboratories, Kansas City, MO, courtesy of Dr.

R. K. Browne. 1-cis-Diltiazem was a gift from the Tanabe Seiyaku Co.,

courtesy of Mr. K. Tanino and Dr. S. Harigaya. Bepridil was supplied

by Carter-Wallace Laboratories, courtesy of Dr. Duane Sofia, and

verapamil was supplied by Knoll Pharmaceuticals, Whippany, NJ.

Results

Inhibition and equilibrium binding of [3H]-d-cis-dilti-

azem. Analysis ofthe inhibition of [3H]-d-cis-diltiazem binding

by unlabeled d-cis-diltiazem using the LIGAND program (12)

indicated the presence of only a single binding site for the

radioligand (Fig. 1). The binding of the radioligand was found

also to be influenced by the other classes of calcium antagonists.

The complete inhibition of specific [3H]-d-cis-diltiazem binding

by bepridil and verapamil is seen in Fig. 1. These inhibition

binding curves were analyzed using the LIGAND program

which yielded K values of 32.4 ± 7.9 nM (n = 3), 56.0 ± 11.3

nM (n = 3), and 240 ± 10 nM (n = 3) for verapamil, diltiazem,

and bepridil, respectively. The slope of the logit-log plots (not

shown) for each of these curves was ‘--2.3, indicating that each

of these drugs binds to a single class of noninteracting sites.

Whether these sites are identical for all three drugs cannot be

determined from these data. In addition, nitrendipine, a mem-

ber of the 1,4-dihydropyridine class of calcium antagonists,

influenced [3H]-d-cis-diltiazem binding, but to a lesser extent.

Fig. 2 shows that binding was stimulated in a dose-dependent

manner between 0.1 nM and 5.0 nM nitrendipine. The figure

[DRUG] (M)

Fig. 1. Competition binding of [3H]-cl-cis-diltiazem using unlabeled d-cis-

diltiazem, verapamil, and bepridil as the competing ligands. Inhibition of
the binding of 5.0 nM [3H]-d-cis-diltiazem by d-cis-diltiazem (#{149}),bepndil
(A), and verapamil 4 yielded the respective K, values 46.2 n�i, 254 n�,
and 27.1 nM. The ordinate represents the amount of total membrane
binding, therefore, bepridil and verapamil are shown here to inhibit the
same amount of total binding as d-cis-diltiazem. This is representative
of three experiments each performed in triplicate.
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Fig. 2. Competition binding of [3H]-d-cis-diltiazem using nitrendipine as
the competing ligand. Nitrendipine caused a dose-dependent stimulation
of 5.0 nM [3H]-d-cis-diltiazem binding between concentrations of 0.1 n�i
and 5.0 nM. Maximal stimulation was �-2O% above control values. See
the text for level of significance of effects. Significantly, there was no
inhibition of binding over the concentration range tested. This figure
represents three experiments each performed in triplicate. Error bars
represent standard deviation.

5.0

400

Free [3H]d-cis-Diltiazem (nM)

Fig. 3. Saturation binding of [3HJ-d-cis-diltiazem to cardiac sarcolemma.
Total binding of [3H1-d-cis-diltiazem was measured over the concentra-
tion range of 15 nM to 400 n�i (#{149}).Nonspecific binding was measured
over the same concentration rangein the presence of 10 �M unlabeled
d-cis-diltiazem (0). The points are the mean of triplicate values and the
lines were computer generated from the data using the LIGAND program.

represents three experiments, each performed in triplicate. A

one-way analysis of variance with the data obtained using

nitrendipine in concentrations from 0.1 nM to 5.0 nM was

performed for each of the three experiments. These concentra-

tions were chosen for the analysis since they represented values

near the KD of nitrendipine in this preparation (9). The results

ofthe analysis showed that nitrendipine had a significant effect

on binding in each of the three experiments (p < 0.05). In two

of the experiments, concentrations of nitrendipine from 0.5 nM

to 5.0 nM had a significant effect on binding when compared

to controls using a Newman-Keuls range test (p < 0.05).

Significantly, there was no inhibition ofbinding by nitrendipine

up to a concentration of 200 nM.

Fig. 3 illustrates total and nonspecific binding data of [3H}-

d-cis-diltiazem. Specific binding, which is the difference be-

tween total and nonspecific binding, was saturable between

[3H]-d-cis-diltiazem concentrations of 15 nM and 600 nM. These

binding data, analyzed with the LIGAND program (12), mdi-

cated a single binding site having an equilibrium dissociation

constant (KD) of58.9 ± 8.2 nM (n = 6) and a maximum binding

capacity (Bmax) of 2.23 ± 0.24 pmol/mg (n = 6).

Fig. 4 shows a series of Scatchard plots which illustrate

specific binding of [3HJ-d-cis-diltiazem under control condi-

tions and in the presence of two different concentrations of

either bepridil (Fig. 4A) or verapamil (Fig. 4B). These concen-

trations were approximately the K value and 2-3 times the K

value of bepridil and verapamil, as determined from the inhi-

bition binding experiments in Fig. 1. An increase in the appar-

ent KD for [3H]-d-cis-diltiazem was observed when binding was

measured in the presence of 300 nM and 600 nM bepridil (Fig.

4A). When verapamil was present at concentrations of 30 nM

and 80 nM, a similar increase was seen (Fig. 4B). These data

also show that neither bepridil nor verapamil caused any sig-

nificant change in the Bmax of [3H]-d-cis-diltiazem. These re-

sults are consistent with the idea that bepridil and verapamil

are competitive inhibitors of the radioligand. The K, values

obtained for verapamil (32 ± 13 nM) and bepridil (326 ± 58

nM) from the saturation binding data (Fig. 4) were in close

agreement with the corresponding values obtained from inhi-

bition binding experiments (Fig. 1).

Dissociation kinetics. The dissociation rate of [3H]-d-cis-

diltiazem at 25’ was determined to be rapid with a t,, of -3

mm. If any of the conditions of binding were changed such that

there was an increase in the dissociation rate of the radioligand,

it would have been difficult to accurately measure this change.

Standard filtration techniques would not have allowed meas-

uring a rate significantly faster than the control value. In order

to determine the dissociation rate under conditions where we

might expect an increase in this value, we decided to measure

the dissociation rate of [3HJ-d-cis-diltiazem at 10’. At this

temperature the dissociation rate of the radioligand should be

slow enough to allow for the accurate measurement of increases

in this rate with the use of standard filtration techniques. The

dissociation reaction was begun by stopping the forward bind-

ing reaction with 10 �tM unlabeled diltiazem. The dissociation

rate was monophasic over the time period measured (Fig. 5).

Total and nonspecific binding were measured at equilibrium

and at various times after initiating dissociation. The control

dissociation rate constant, k1, was determined to be 0.016

min� (Fig. 5). The dissociation rate constant of [3H]-d-cis-

diltiazem also was determined when dissociation occurred in

the presence of 50 �tM bepridil or 100 �tM verapamil. In these

experiments, the ligand-receptor complex was exposed to either

verapamil or bepridil at the same time that the dissociation

reaction was begun. When bepridil was present during dissocia-

tion of the ligand-receptor complex, the k1 value of [3H]-d-cis-
diltiazem was increased to 0.39 min’, and in the presence of

verapamil, the dissociation rate increased to 0.254 min� (Fig.

5). This effect is uncharacteristic of competitive antagonism

and suggests that the inhibitory effects of verapamil and bepri-

dil on [3H]-d-cis-diltiazem binding cannot be explained by

simple competition for a mutual binding site.

Discussion

Our data presented here extend previous findings concerning

[3H1-d-cis-diltiazem binding to cardiac sarcolemma (13). In this

report we have demonstrated saturable and reversible binding
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Fig. 4. Saturation binding of [3H]-d-cis-
diltiazem to cardiac sarcolemma in the ab-
sence and presence of bepridil and vera-
pamil. Specific binding data of [3H)-d-cis-
diltiazem are represented in Scatchard
form. A. Saturation binding of [3H]-d-cis-
diltiazem was carried out as described in
the legend to Fig. 3, in the absence (0)
and presence of 300 nM bepndil (A) and
600 n� bepndil (Li). The control K0 of 48
nM was increased by 300 n� and 600 n�
bepndil to 83 nM and 147 n�i, respectively.
Nearly identical B� values were obtained
under all three conditions. B. Saturation
binding of [3H]-d-cis-diltiazem carried out
in the absence (0) and presence of 30 n�
(A) and 80 rn� (i�) verapamil. The control
/(0 of 61 n� was increased by 30 n� and
80 n�i verapamil to 125 n�i and 208 n�,
respectively. Similar B� values were ob-
tamed under all three binding conditions.
B/F represents bound/free with each pa-
rameter expressed in molar units. The
units for the amount bound on the x axis
is in pmol/mg of protein.

Fig. 5. Dissociation kinetics of [3H1-d-cis-diltiazem at 10#{176}.The dissocia-
tion of the [3H]-d-cis-diltiazem-receptor complex was caused by addition
of 10 �M unlabeled diltiazem in the absence (#{149})and presence of 100 �
verapamil (f and 50 MM bepridil (0). The rate of dissociation is indicated
as the logarithmic transformation of the ratio of specific binding present
at the indicated times, B,, compared to that at equilibrium, B.. The slopes
of the lines are derived from a linear regression analysis of the plotted
data and indicate the dissociation rate constants (k1) under the respec-
tive conditions.

of [4H]dcisdiltiazem to a single site in canine cardiac sarco-

lemma having an equilibrium K/) of 58.0 ± 9.5 nM (n = 9) and

a maximal receptor density (Bmax) of 2.19 ± 0.24 pmol/mg (n

= 9). These values are derived from a combination of saturation

and inhibition binding experiments.

Specific binding sites for [3H]-d-cis-diltiazem have been dem-

onstrated in rat brain (14), rabbit skeletal muscle transverse

tubules (7), and guinea pig skeletal muscle microsomes (15).

The K!) value of [3H]-d-cis-diltiazem obtained from our studies

using cardiac sarcolemma at 25’ were identical to those affini-

ties reported for the ligand in brain tissue at 30� (14), and for

skeletal muscle at 10’ (7). The temperature at which binding

is performed is important since the affinity of the ligand is

temperature dependent (data not shown). The maximal binding

capacity of [3H].d.cisdiltiazem obtained from the data of our

saturation experiments was similar to the receptor density

obtained for [3Hjnitrendipine in this same membrane prepa-

ration (9). This suggests that the diltiazem and nitrendipine

receptor sites exist in an approximately 1:1 stoichiometry in

cardiac sarcolemma.

Our present data clearly suggest that [3H]-d-cis-diltiazem is

binding to a site closely associated with the calcium channel,

since its binding is inhibited by the other non-dihydropyridine

calcium antagonists, bepridil and verapamil, and is stimulated

Control b� the dihydropyridine calcium antagonist, nitrendipine. It has

slope : -.016 been known for some time that diltiazem can increase [3H]-

1,4-dihydropyridine binding through an unknown positive al-

losteric mechanism to a variety of tissues (4). Our results are

in agreement with these previous findings by showing that this

positive allosteric effect is reciprocal. Saturation binding data

of [3H]-d-cis-diltiazem (Fig. 4) show that verapamil and bepridil

cause a change in the apparent K!) of the radioligand, with no

change in binding density. This suggests that bepridil and

verapamil are competitive inhibitors of the radioligand and

that all three drugs bind to the same site. Results similar to

these were obtained by Galizzi et at. (7) in rabbit skeletal muscle

transverse tubules. However, if one examines the effect of these

drugs on the dissociation rate of [3H]-d-cis-diltiazem, seen in

Fig. 5, the decrease in affinity of the radioligand caused by

bepridil and verapamil can be explained by their ability to

increase its dissociation rate. A competitive inhibitor affects

the apparent affinity of another ligand by decreasing its appar-

ent association rate with no effect on its dissociation rate. The

results of Fig. 5 suggest that bepridil and verapamil are not

competitive inhibitors of [3H]-d-cis-diltiazem but, rather, reg-

ulate its binding through a negative allosteric effect. The con-

centrations of bepridil and verapamil used in the dissociation

experiments of Fig. 5 were much higher than those needed to

fully occupy their respective receptors because we needed a

very rapid equilibration of these drugs with their respective

binding sites given the rather fast dissociation of the radioli-

gand in these experiments. In addition, we can expect a negative

allosteric effect of 10 jiM diltiazem (used to initiate the disso-

ciation reaction) on verapamil and bepridil binding, necessitat-

ing the use of high concentrations of these drugs to overcome

this effect.

Reynolds et at. (16) have recently shown that 300 nM dilti-

azem causes a 40% increase in the k_1 of [3H]-(-)-desmethoxy-

verapamil from a high affinity site in skeletal muscle mem-

branes. These results support our data by indicating that the

allosteric relationship between the verapamil- and diltiazem-
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binding sites may be reciprocal. These authors propose that a

separate lower affinity site labeled by [3H]-(-)-desmethoxyver-

apamil is the binding site for diltiazem. In addition, these

authors show a biphasic dissociation of [3H]-d-cis-diltiazem

from skeletal muscle, whereas we only see a monophasic dis-

sociation in cardiac tissue. The reason for this difference is not

yet known.

There is much evidence gathered to date to support the idea

that the dihydropyridine calcium antagonists bind to the cal-

cium channel. Two pieces of evidence which suggest this are

that: first, rapid photochemical inactivation of the dihydropyr-

idine channel blockers results in immediate recovery of channel

activity at depolarized potentials (17), and second, a dihydro-

pyridine-sensitive calcium channel from purified skeletal mus-

cle transverse tubules has been reconstituted into planar lipid

bilayers (18). Since the non-dihydropyridine calcium antago-

nists can influence [3H]-1,4-dihydropyridine binding to a van-

ety of tissues, it is believed that these drugs also bind to the

calcium channel. A recent report by Galizzi et at. (7), describing

photoaffinity labeling of skeletal muscle transverse tubules with

the calcium antagonists [3H]bepnidil and [3H]-d-cis-diltiazem,

showed the specific labeling of a large protein, Mr 170,000 ±

10,000, by both drugs. These investigators also determined that

this same protein was photoaffinity labeled by the dihydropyr-

idine derivative [3H]-(+)-PN200-110. Stniessnig et at. (19) also

showed that the receptor sites for diltiazem, desmethoxyvera-

pamil, and (+)-PN200-110 copunified from transverse tubules

of guinea pig skeletal muscle. These reports indicate that the

binding sites for both the dihydropynidine and the non-dihy-

dropyridine calcium antagonists probably exist on the same

protein molecule.

The structure and physicochemical nature of the calcium

antagonist-binding protein/calcium channel, which is being
photoaffinity labeled in the types of experiments described

above, is the subject of much study (20-22). Structural infor-

mation will allow the use of modeling to propose the higher

orders of the protein’s structure as well as the mechanism by

which it functions to transport Ca2�. Formation of appropriate

molecular models will depend critically on obtaining accurate

information about the properties of the calcium channel. Our

data, which suggest that the binding sites for the different

classes of calcium antagonists are separate and distinct, should

help in elucidating the structure of that part of the protein

which binds these drugs since we must account for separate

binding sites for each of the different classes of calcium antag-

onists. Moreover, because these binding sites are involved with

the functioning of the channel, their structure may give us

some clues as to the mechanism by which the protein mediates

Ca2� transport.

Recently, two laboratories published results concerning bind-

ing of [3HJ-d-cis-diltiazem to cardiac sarcolemma. An attempt

to identify a high affinity binding site for this ligand in rat

cardiac sarcolemma by Miwa et at. (23) yielded inconclusive

results, whereas the report of Garcia et at. (24) showed results

which were consistent with our conclusion.
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