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The effect of divalent cation chelation on specific ritrendipine and ouabain binding has been determined in a
highly enriched sarcolemma preparation isolated from canine ventricle. Maximal high-affinity nitrendipine
binding measured in the absence of added caleium or magnesium was 997 1 103 fmol /mg protein.
Nitrendipine binding in the presence of EDTA significantly decreased to 419442 fmol /mg protein
(P < 0.001) which equates to 42.0% of confrol. The simultaneous presence of EDTA and A23187 in the
binding buffer resulted in a decrease in nirendipine binding to below detectable levels. These results suggest
that divalent cations trapped within vesicles can support high affinity nitrendipine binding. Evalaation of
dihydropyridine binding at various pH values suggested that the loss of binding below pH 7.0 and sbove pH
8.0 may result indirectly from a change in divalent cation binding rather than a direct effect on
dihydropyridine binding per se. The maximal binding of ouabain determined in the presence of magnesiam
and inorganic phosphate averaged 340 + 7.4 pmol /mg protein. Pre-treatment of the preparation with
sodivm dodecyl sulfate (SDS) in order to express binding in sealed inside-out (I0) vesicles, increased
ouabain binding to 471 + 27 pmel /mg protein. Thus, these preparations averaged 27.8% sealed 10 vesicles.
Addition of EDTA in the absence of magnesium in the binding buffer reduced ouabain binding to 204 + 7.7
and 11.7+ 3.5 pmol /mg protein in coniro! and SDS-treated preparations, respectively. These findings
suggest that this sarcolemma preparation consists of 43.6% sealed right-side-out (RO) vesicles which contain
sufficient endogenous divalent cation trapped in the intravesicular space, 10 support ouabain binding. The
correspoiidence between the percentage of ouabain binding that remains in the presence of EDTA and the
percentage of nitrendipine binding observed under the same conditions is consistent with the hypothesis that
divalent cations support nitrendipine binding by interaction with a site or sites accessible only from the
cytoplasmic membrane surface and that nitrendipine and onabain binding sites occur in the same vesicles
(i.e., the nitrendipine binding site is of sarcolemma erigin).

Introduction

Calcium channels present in the surface mem-
brane of the myocardial cell are responsible for

Correspondence: W.P. Schilling, Department of Physiology
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the triggered influx of calcium ions during the
cardiac action potential. Based on voltage-sensitiv-
ity and pharmacological responsiveness there now
appear ‘o be at least iwo different types of cardiac
calcium channels [1]. The most widely studied
calcium channel and the channel responsible for
the majority of the calcium influx during the
cardiac action potential is sensitive to the 1,4-di-
hydropyridine calcium channel modulator drugs.
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These drags bind with high affinity to sarcolemma
preparations from heart [2].

That the high-affinity dihydropyridine binding
site found in isolated membrane preparations from
nerve and muscle may be associated with calcium
channels was suggested by the observed sensitivity
of the binding to divalent cations [3]. With the
exception of magnesium, a good correlation be-
tween the ability of a particular cation to pass
through the channel and its ability to stimulate
dihydropyridine binding has been a consistent
finding [3-7]. In addition, early studies revealed
that the inorganic cation blockers of calcium
channel current (e.g., La**, Cd**) could inhibit
dihydropyridine binding in isolated membrane
preparations. However, studies on the sensitivity
of nitrendipine binding to divalent cations in
membrane preparations [rom guinea pig nerve
and muscle showed that removal of divalent ca-
tions from these preparations with EDTA resulted
in only a partial loss of binding. At maximum, a
60% loss of binding was observed with EDTA in
membranes from cerebral cortex and ilewm and
only a 25% loss of binding occurred in membranes
isolated from heart [5]. Dihydropyridine binding
could be restored by addition of calcium to mem-
branes previously treated with EDTA. These re-
sults suggest that isolated meibranes may possess
both divalent cation sensitive and insensitive dihy-
dropyridine binding sites. Results from another
study (6] revealed similar effects of EDTA on
nitrendipine binding in microsomal preparations
from guinea pig ileal and aortic smooth muscle
and cardiac muscle. However, while binding was
reduced only 25% in ileal muscle microsomes by 1
mM EDTA, a 90-95% loss of binding was ab-
served if the membranes were exposed to EDTA
during the isolation procedure [6]. Thus, while it is
possible that the differential effect of EDTA on
dihydropyridine binding may reflect the presence
of divalent cation-insensitive binding sites, an al-
ternative possibility is that EDTA cannot eéffec-
tively chelate all of the contaminating divalent
cations present in these preparations.

The purpose of the present study was to evaluate
the effect of divalem cation chelation on high
affinity dihydropyridine binding in a highly en-
riched sarcolemma preparation obtained from
canine ventricle. The results of this study revealed

m

that divalent cations trapped within sealed, right-
side-out (RO) vesicles can suppert dihydropyri-
dine binding suggesting that divalent cations are
required at the cytoplasmic membrane surface. No
evidence was obtained to suggest that divalent
cation insensitive sites were present in thesc pre-
parations. Kinetic binding swdies suggested that
the divalent cation binding site and the dihydro-
pyrdin: binding sitc may be allosterically linked.
Finally, evaluation of dihydropyridine binding at
varions pH values revealed that the loss of dihy-
dropyridine binding below pH 7.0 and above pH
8.0 results indirectly from a change in divaleat
cation binding rather than a direct effect of pH on
dihydropyridine binding per se.

Muaterials and Methods

Materials

[*H]Nitrendipine, (+)-[°’H|PN200-110 and
[*Hlouabain were obtained from New England
Nuclear (Boston, MA). Unlabeled nitrendipine was
generously supplied by Dr. Alexander Scriabine
(Miles Laboratories, New Haven, CT). A23187
and saponir were oblained from Calbiochem (San
Diego, CA). All other chemicals were of reagent
grade.

Isolation of sarcolemma-enriched preparation
Membrane preparations were isolated from
canine ventricle according to the procedure of
VanAlstyne [8] with the following modilications
[9]: (1) medium A was 15 mM sadium bicarbonate
(pH 7.0} and (2) the heart (approx. 100 g wet
weight) was minced in a Cuisinart tissue processor
in approx. 25 ml of medium A; one 20-s pulse
followed by a 10-5 pulse. The remainder of the
procedure was identical to that previously re-
ported, The final peilet was resuspended in 10
mM Tris-HCl {pH 7.4 for 22°C). The preparation
was stored at 5°C and used within 24 h following
isolation. This sarcolemma preparation has been
shown to be 27-40-fold enriched in the following
surface membrane markers: ounabain binding,
Na*/K*.ATPase activity, be:a-receptor-coupled
adenylate cyclase activity and dihydroalprenclol
biiding [8]. In addition, this preparation consists
oi osmotically responsive membrane vesicles which
exhibit calcium flux consistent with the presence
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of sodium/ calcinm exchange and calcium/
calcium exchange mechanisms [10,11]. Estimates
of endogenous calcium associated with the sarco-
lemma preparaiion following isolation, de-
termined by atomic absorption speciroscopy sug-
gest that the calcium concentrations within the
intravesicular space could be as high as 200 pM
[i%). This preparation has been shown to exhibit
specific high affinity nitrendipine binding with a
dissociation constant of 0.03 nM and a maximum
binding capacity of 800-1000 fmol /mg protein at
22°C 2]

Measurement of specific ouabain binding

Total [*Hlouabain binding was determined
according to Inagaki et al. [12] in the presence of 5
mM H,PO, adjusted to pH 7.4 with Tris-base, 5
mM MgCl,, 50 mM Tris-HCl (pH 7.4) and 2 - 10~¢
M ouabain with [*HJouabain (specific activity =
100 cpm/pmol) or in the presence of 50 mM
Tris-HC1 (pH 7.4) withowt Mg®* or inorganic
phosphate. In some experiments EDTA adjusted
to pH 7.4 with Tris-base, was added to the hind-
ing buffer without Mg?* or inorganic phosphate.
The binding reactions were terminated after 30
min at 37°C by filtration through Millipore
nitroceHulose filters (Type HA; pore size 0.45 ym)
on a Hoefer filtration apparatus. The filters were
washed five times with 5 ml aliquots of ice-cold
distilled H,O. Radioactivity associated with the
filter was determined by standard liquid scintilla-
tion technique. Non-specific binding was
determined by addition of 1 mM unlabeled
ouabain to the binding reaction medium. Specific
binding was defined as total minus the non-
specific. Aliquots of some preparations were pre-
treated for 90 minutes at 20°C with sodium
dodecyl sulfate (SDS) at a final concentration of
0.3 mg/ml. Protein concentrations during incuba-
tion with SDS was 0.3 mg/ml. These conditions
were found to be optimuin in this preparation for
stimulation of puabain binding and ouabain-sensi-
tive Na™ /K *-ATPase activity by SDS [2]. Aliquots
of the SDS-treated preparations were subse-
quently employed for measurement of specific
[*Hlouabain binding as described above,

Measurement of eguilibrium dikydropyridine binding
Dihydropyridine binding was measured accord-

ing to methods described previously [2]. Aliquots
of the sarcolemma preparation were salt-‘loaded’
by incubation of the preparation with buffered
salt solutions of various iomic compositions for
15-18 h at 2°C, Binding buffer consisted of 140
mM KClI, 10 mM Tris-HC1 (pH 7.4 for 22°C).
Aliquots of loaded preparation (approx. 25 pg
protein) were added to binding buffer (4 mi) in
glass tubes containing [*H]nitrendipine or {+)-
[*H]PN200-110 (specific activity 80-100 cpm/
fmol). The reactions at 22°C were terminated
after 75-120 min (i.e., at equilibrium) by filtration
through glass fiber filters (Gelman type A/E) on a
Hoefer filtration apparatus, The filters were
washed seven times with 5-ml aliquots of ice cold
H,0. The filters were removed from the filtration
manifold immediately after washing, placed in
scintillation vials, and counted by standard liquid
scintillation technique. Non-specific binding was
determined by including 100 aM unlabeled
nitrendipine in the binding buffer, All experi-
ments were performed in duplicate. N equals the
number of preparations examined.

Measurement of nitrendipine dissaciation rate

Dissociation of nitrendipine was determined as
previously described [2]. Briefly, aliquots of pre-
paration were pre-labeled to equilibrium with 5.4
oM [*Hnitrendipine. Dissociation was initiated
by making a 220-fold dilution of the pre-labeled
preparation into binding buffer containing 100
nM unlabeled nitrendipine. Duplicaie samples
were removed at various times and the radioactiv-
ity associated with the preparation was de-
termined as described above for eguilibrium bind-
ing.

Measurement of dihydropyridine binding versus pH

Equilibtium (+)-{*H]PN200-110 binding was
determined as described above at varieus pH val-
ues. The (+)-[*H]PN200-110 concentration em-
ployed was close to the K; value (20 pM). Total
buffer concentration was 20 mM; 10 mM Tris, 10
mM Mes, was used for pH 6.0 to pH 8.0 and 10
mM Tris, 10 mM CAPS was used for pH 8.0 to
10.0. The pH of each buffer was adjusted to the
appropriate value with either HCI or Tris base. All
assays were terminated after 2 h at 22°C.



Data analysis

Curve fitting computer programs +vhizh employ
the Marquardt algorithm fer fitting non-linear
models were used for analysis of ejiilibrium and
kinetic binding data. Specific details of the fiiting
procedure have been described [2]. TData presenta-
tion is in the form of Scatchard plots.

Results

Effect of divalent cation chelation on nitrendipine
and { + }-PN200-110 binding

Dihydropyridine binding in the isolated cardiac
sarcolemma preparation is only partially inhibited
by EDTA (Figs. 1-3). Assay of nitrendipine bind-
ing in the presence of EDTA revealed a significant
(P <0.001) decrease in the apparent B, ,, from
997 + 103 to 419 + 42 fmol /mg protein (mean +
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Fig. 1. Effect of EDTA on high-affinity nitrendipine binding in
the p and ab of the ealcium ionophore, A23187.
Aliquots of sarcolemma preparation were salt loaded by in-
cubation at 5°C for 15-18 h with & sclution containing 140
M KCl, and 10 mM Tris-HCI (pH 7.4 for 20°C) {@; binding
buffer) or binding buffer plus 1 mM EDTA (o). Aliquots of
toaded preparation were added 10 reaction media st 22°C
containing salts idemtical 1o those in the loading media and
conceatrations of [PHinitrendipine ranging from 003 o 1.0
nM. Specific binding was determined as described in Materials
and Methods, Each point rep the g of dupli

determinations ai each concentration of nitrendipine. The insct
shows the resulis obiained for preparation loaded with binding
buffer plus 1 ;M EDTA and assayed for nitrendipine binding
in ion media ining binding buffer plus 1 pg/ml
A23187. In this, and all subsequent figures, units of

Bound/Free are pmol /mg prolein per nM.
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Fig. 2. Comparison of the =ffects of EDTA with EGTA on

¢+)-PN200-110 binding. Specific (+)-{*H)PN200-110 binding

was delermined as described in the legend to Fig. 1 in the

presence of 1 mM EGTA (), 1 mM EDTA (@) or in the

absence of chelator (@), The (+ M HIPN200-110 cozcentra-
tion ranged from 3 1o S00 pM.

S.E.; n=35). This represents a 58% decrease in
nitrendipine binding upon chelation of divalent
cations accessible to EDTA. Binding in the pres-
ence of EGTA was either unaffected or partially
inhibited (Fig. 2) suggesting that an ion other than
calcium supports the majority of binding in these
experiments. Studies by Ptasienski et al. [13] have
suggested that divalent cation chelation in isolated
membranes from chick heart results in conversion
betwsen high and low affinity forms of the
nitrendipine binding site with dissociation con-
stant of 0.1 and 2-5 oM, respectively. Only a
small, but sigmificant change (P <0.025) in K,
from 0.0779 + 0.009 to 0.132 + 0.017 nM was ob-
served upon chelation of divalent cations with
EDTA in the isolated sarcolemuna preparation
from dog heart.

The nitrendipine binding which remains in the
presence of EDTA could reflect the presence of
divalent cation insensitive binding sites or the
inability of EDTA to effectively chelate all of the
endogenous divalent cations associated with these
preparations. An abvious location for divalent
cations, inaccessible to EDTA, would be trapped
within the intravesicular space of ‘sealed’ sarco-
lemma vesicles. To test this hypothesis, nitrendi-
pine binding was examined in the presence of
both EDTA and the divalent ionophore, A23187
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(inset Fig. 1). Under these conditions, nitrendipine
binding was very low and at the lirit of detection
for the amount of protein employed in this assay.
In the presence of excess added divalent cations (1
mM MgCl, ), binding was unaffected by the pres-
ence of A23187.

In previous studies, results were obtained which
suggested that consecutive freeze-thaw cycles could
render the sarcolemma vesicles tronsiently leaky
thus allowing the access of EGTA to the vesicle
interior [14]. To further test the hypothesis that
divalent cations trapped within the intravesicular
space of sealed vesicles could support dihydro-
pyridine binding in the absence of extravesicular
divalent cations, nitrendipine binding was mea-
sured before and after freezing and thawing in the
presence and absence of EDTA. Five frecze-thaw
cycles in the presence of EDTA was found 1o have
the same effect on nitrendipine binding as A23187
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Fig. 3. Effect of EDTA on high affinity [*H]nitrendipine
binding before and after five consecutive freeze-thaw cycles.
Aliquots of sarcolemma prepnrar.mn were ssalt-loaded and as-
sayed for speci pine bindi as d ibed in the
legend to Fig, 1; conlrol {#) and in the presence of EDTA (Q).
The insct shows the results obtained after five conseculive
frecze-thaw cycles in the presence of EDTA. This was accom-
plished as foliows: an aliquot of the sarcolemma preparation
loaded with binding buffer plus 1 mM EDTA was frozen in a
glass tube in a solid CO; /acetone bath. The preparation was
then immediately thawed by placing the whe in a water bath m
20°C, This freeze-thaw procedure was petformed five times.
Atliquots of this preparation were then assayed for nitrendipine
binding.
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Fig. 4. Effect of EDTA on nitcendipine hinding in the presence
and absence of saponin. Specific [3H]n.itrendipin: binding was
determined as described in the legend 1o Fig. 1 in the presence
of 10 nM CaCl, ®orl mM EDTA (©). The inset shows the
results obtained for 12 ion sali-loaded by
incubation in binding buffer with l mg/ml saponin and as-
sayed for nitrendipine binding in the presence of 1 mM EDTA.
Protein concentration during the saponin pre-treatment was 1
wig/ml,

(fig. 3). Freezing and thawing in the absence of
EDTA reduced nitrendipine binding approx. 16%
(data not shown). Recent studies by Jaimovich et
al. [15] showed that membrane vesicle prepara-
tions from skeletal muscle could be permeabilized
with the detergent-like compound, saponin.
Saponin had no effect on nitrendipine binding,. In
cardiac sarcolemma preparations made permeable
by pretreatment with saponin, nitrendipine bind-
ing profiles were similar to those described above
in the presence and absence of EDTA and diva-
lent catiens (i.e., no binding in the absence of
divalent cations; Fig. 4).

In preparations treated with EDTA, binding
could be restored by addition of Ca?* or Mg2*
with EDs, values of 0.2 and 4 pM, respectively
(Fig. 5). Thus the effect of EDDTA is reversible and
results from the chelation of divalent cations asso-
ciated with the preparation.

In order to further characterize the effect of
divalent cation chelation on dihydropyridine bind-
ing, the effect of EDTA on dissociation rate was
determined in paired kinetic experiments (Fig. 6),
Dissociation induced by dilution of prelabeled
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Fig. 5. Effect of Ca?* and Mg®* on ritrendipine binding in
sarcolemma preparation pro-ireated with EDTA. Sarcolemma
preparation was salt-loaded by incubation in binding buffer
containing 1 mM EDTA. Specific |*Hjnitrendipine binding
was determined at a free nitrendipine concentration of 0.2 nM
in binding buffer containing 1 mM EDTA and sufficicnt Ca®™
(®) or Mg?* (0) to yield the indicated free divalent cation
concentration. The free divalent cation concentration was
calculated assuming EDTA dissociation consiants of 0.005 xM
and 0.63 pM for Ca?* and Mg2", respectively [25] All solu-

tions were bulfered to pH 7.4.

preparation into buffer containing excess un-
labeled nitrendipine was monoexponential with
time and yielded an average dissociate rate con-
stant of 7.3.107* s~!. Dilution of pre-labeled
preparation into buffer containing excess un-
labeled nitrendipine and EDTA resulted in a 2.6-
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Fig. 6. Effect of EDTA on the di rate of nitrendipine.
Sarcolemma preparation (1 mg,/ml) was salt-loaded by incuba-
tion with binding buffer containing 1 mg/ml saponin. After
15-18 h at 2°C, 40 pl of 0.5 pM [*H]nitrendipine was added
and the preparation was incubated at 22° C for 2 h. Dissocta-
tion was initiated by addition of the pre-iabeled preparation
(220-fpld dilution) to binding buffer comaining either 100 nM
unlabeled nitrendipine (o) or 100 aM unlabeled nitrendipine
plus 2 mM EDTA (@). Duplicate aliquots of the reaclion
mixture were removed at the indicated times and the bound
nitrendipine determined as described in Materials and Meth-
ods, Each point rep the ge of dupli experi-

ments performed on two sarcolemma preparations.
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fold increase in the dissociation rate 10 1.9-107?
571, In a second set of paired kinetic experiments,
saponin-treated preparation was pre-labeled to
equilibrium in the presence of 9.2 nM
[*Hinitrendipine. Dissociation was initiated by ad-
dition of (a) unlabeled nitrendipine, (b) unlabeled
nitrendipine plus EDTA (2 mM), or (¢) EDTA
only. The mean dissociation rate constants { + S.E.)
were 9.6-107%+6.3-107°%, 24-103 £ 1.7- 1074,
and 311073+ 54107 57! for each condition;
respectively. In the presence of EDTA (both con-
ditions), the dissociation rate was significantly {7
< 0.01) increase versus the nitrendipine only con-
dition. However, there was no significant dif-
ference between the EDTA only and the
nitrendipine plus EDTA conditions. Thus, chela-
tion of divalent cations by EDTA instantaneously
increases the dissociation rate of drug from its
receptor supgesting that divalent cation binding
alosterically regulates the dihydropyridine binding
site.

Effect of divalent cation chelation on cuabain bind-
ng

The results presented thus far clearly demon-
strate that contaminating divalent cations (pre-
sumably CaZ* or Mg?*) trapped n the intravesic-
ular space of approx. 42% of the total vesicle
population can support dihydropyridine binding,
Furthermore, these results support the conclusion
that divalent cations interact with the binding
protein in a sidedness fashion (i.e.. with either the
normal cytoplasmic surface or the normal ex-
tracellular surface, but not both). I we could
document that divalent cations were {irapped
within vesicles of a particular orientation (i.¢. either
RO or 10 vesicles), the localization of this divalent
cation interaction to a particular membrane
surface might be possible.

Previous studies revealed that a substantial
amount of ouabain binding was observed in the
complete absence of Mg2* (i.e., in the presence of
1 or 10 mM EDTA}{2,16]. Since Mg2" is reguized
at sites on the cytoplasmic membrane surface for
the expression of ouabain binding, Mg** trapped
within RO vesicles may support both ouabain and
dihydropyridine binding [If this is true, ouabain
binding should be inhibited by EDTA to the same
extent as dihydropyridine binding {(approx. 60%)
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and should be completely absent in the presence
of both EDTA and A23187. Ouabain binding was
measured in the presence and absence of A23187
and before and after treaiment of the preparation
with SD§ (Table I). The ionophore, A23187, had
no effect on ounabain binding in the absence or
presence of SDS when Mg?* was present in the
assay medium. In the absence of added Mg?*, a
substantial amount of ouabain binding was ob-
served, even in the presence of added EDTA.
However, the presence of A23187 under these
conditions produced a decrease in ouabain bind-
ing to a level comparable to that obtained with
SDS. This effect was more pronounced if EDTA
was added to the assay medium to chelate the
divalent cations transported out of the vesicles by
the ionophore. These findings suggesi that ouabain
binding in buffer only (ie. in the absence of
extravesicular divalent cations) occurs in RO
vesicles that have a sufficient intravesicular con-
centration of Mg*" to support ouabain binding.
As noted above, ouabain binding was essentially
the same in buifer only plus or minus EDTA. This
result suggests that the RO vesicles containing
intravesicular divalent cations are essentially im-
permeable to these divalent cations {i.€., sufficient

TABLE1

divalent cation remains to support full cuabain
binding even after incubation at 37°C for 30 min
in the presence of EDTA). In parallel experiments
it was determined that full ouabain binding was
obtained in the presence of excess Mg** even in
the absence of added inorganic phosphate. Thus,
the results obtained relate to the vesicle permeabil-
ity for Mg®* and not inorganic phosphate.

‘The values of ouabain binding in Table I can
be vsed to calculate the percentage of leaky versus
sealed vesicles in the preparation and the sided-
niess characteristics of the vesicles. A summary of
these calculations is given in the bottom half of

able 1. The amount of cuabain binding in the
presence of Mg?* and inorganic phosphate, in
either the presence or absence of EDTA repre-
senis RO plus leaky vesicles, The average value for
the preparations tested was 340 pmol /mg protein,
The binding under these conditions after ircai-
ment of the preparations with SDS represents
total binding (i.e., RO plus IO plus leaky). Total
binding for these preparations averaged 468
pmeol /mg protein. The difference between these
two values represents 10 vesicles (128 pmol/mg
protein). The value of binding without SDS, in
buffer only, in the presence of EDTA, represents

OQUABAIN BINDING IN THE ISOLATED CARDIAC SARCOLEMMA PREPARATION

Quabain hinding was determined at 37° C as described in Materials and Methods, under four different assay conditions: (a) § mM
MgCl;, 5 M Tris-H, PO, and 50 mM Tris-HCI (pH 7.4); (b) 50 mM Tris-HCI (pH 7.4); (¢) § mM MgCl,, § Tris-H,PO,, 1 mM
Tris-EDTA and 50 mM Tris-HCI (pH 7.4); and (d) 1 mM Tris-EDTA and 50 mM Tris-HCl (pH 7.4). Assays were performed in the
absence and presence of T pg/ml A23187 and on control preparations or preparations ireated with 0.3 mg/ml SDS for 90 min at
20°C. Total and non-specific binding were determined in duplicate on each preparation tesled and for each condition. The values

represent the mean 3 S.E. determined on three preparations.

Specific ouabain bound (pmol /mg protein)

Bagal SDS-treated
A21187 - + - +
(a) Mg, B 340+ 74 349 +14 471 +17 467 +40
{bj Buffer only 236+ 10 713+18 7831 66 633+ 72
{c) Mg, P, EDTA 332117 337 +12 471 £330 461 +23
(d) Buffer only, EDTA M+ 77 133+ 32 1.7+ 35 40+ 06

10+ RO + leaky vesicles
RO vesicles + leaky vesicles = (340 + 3494-332 + 337)+ 4 = 340

RO vesicles = 2M -+ 468 X 100 = 43.6%
Leaky vesicles = ({340 = 204) -~ 468) x 100 = 29F
IO vesicles = {{46K — 340} + 468) X 100 = 27 4%

= (471 + 467+ 4T3+ 461) + 4 = 468 = 100%




binding to sealed RO vesicles (204 pmol /mg pro-
tein) and the difference between the binding in
buffer only plus EDTA and that observed with
Mpg?* and phosphate represents leaky vesicles (136
pmol/mg protein). Thus these preparations con-
tain 43.6% RO, 27.4% IO and 29% leaky vesicles.

The correspondence between the percentage of
ouabain binding that remains in the presence of
EDTA (43.6%) and the percentage of dihydro-
pyridine binding that remains under the same
conditions (42.0%) suggests that (1) dihydropyri-
dine and ouvabain binding sites reside in the same
vesicles and (2) divalent cations interact with sites
on the cytoplasmic membrane surface to support
dihydropyridine binding.

Effect of pH on difydrepyridine binding

To examine the possibility that pH could alter
the effect of calcium on dihydropyridine binding,
pH was varied from 6.0 to 10.0 at tweo different
CaCl, concentrations. In the presence of 10 pM
CaCl,, the binding of (+)-PN200-110 increased
from pH 6.0 to 7.3 and then decreased as pH was
increased from pH 8.4 to 10.0 (Fig. 7). However,
in the presence of 10 mM CaCl,, essentially no
effect of pH on (4 )-PN200-110 binding was ob-
served. Inhibition of binding at pH 6.0 and 10.0 in
the presence of 10 gM CaCl, could be reversed by
addition of 10 mM CaCl, indicating that the loss
of binding at the pH extremes did not reflect

Spacitic PN200-110
Binding (%)
z

L 1 L 1
ad [ a0 L] 10.0
pH
Fig. 7. Effect of pi on {+)-PN200-110 binding at two CaCl,
conceniration. Specific (+)}{>HJPN200-110 binding was
determined in sapenin pre-treated preparation as described in
the legend to Fig. 4 and in Materials and Methods, at varicus
pH values in the preseaes of 10 uM CaCl, (@) or 10 mM
CaCl, (o). All values represent the mean S.E. of duplicate
experiments performed on four sarcolemma preparations.
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degradation of the protein or of thz ligand. The
results of paired equilibrium binding experimenis
performed at pH 6.0, 7.4, and 10.0 revealed that
the change in binding with pH reflects a change in
B, rather than K (data not shown).

Discussion

The results of the present study confirm that
divalent cations are required for dihydropyridine
binding-in highly enriched sarcolemma prepara-
tions. Both calcium and magnesium at micromolar
concentrations can support high affinity dihydroe-
pyridine binding. Since intracellular free mag-
nesium concentration is in the millimolar range
{17,18), the physiologically relevant ion is prob-
ably magnesium. Chelation of divalent cations
with EDTA resulted in a large and highly signifi-
cant change in B, with only a small but signifi-
cant change in K. This suggests that the dihydro-
pyridine binding site is either absent in divalent
cation depleted solutions or of very low affinity.
No evidence was obtained to suggest that divalent
cation chelation results in a conversion of high-af-
finity binding sites to sites with affinity in the 2-5
nM range as has been suggested for chick heart
membranes [13]. The magnitude of bound
nitrendipine at 1 nM [iee concentration (the mxi-
murm concentration used in the present study) was
always > 90% of B,,, and binding was best fit by
a single site model. Curvilinear Scatchard plots
would be expecied over the concentration range
employed if a population of sites with K, on the
order of 3 aM were present as observed by
Ptasienski et at [13]. Yel as can be seen in Figs. 1,
3 and 4 (open circles) Scatchard plots were always
linear in the presence of EDTA. The study of
Ptasienski et al. [13} employed chick heart mem-
branes isolated fram sucrose gradient fractions at
the 32% /40% interface. These membranes were
less enriched in surface membrane markers com-
pared to a lighter fraction [19] and thus may
contain membranes of both sarcoplasmic reticu-
lum (SR) and sarcolemma crigin. Membrane frac-
tions enriched in SR have been showa to have a
high specific dihydropynidine binding when com-
pared to sarcolemma-enriched fractions [20]. Thus
the difference observed between the present study
in highly enriched canine sarcolemma and that in
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chick heart may reflect differences in the binding
characteristics of the dihydropyridine binding pro-
tein associated with these different membrane
fractions,

It has been demonstrated that certain divalent
cations are required for dihydropyridine binding
in isolated membrane preparations from brain and
muscle [3-7]. Most reporis revealed only a partial
reduction of binding in the presence of EDTA.
The maximum reduction in nitrendipine binding
upon divalent cation chelation appeared to be
tissue dependent [5]. Using three different ap-
proaches the results of the present study clearly
demonstrate that divalent cations trapped within
sealed vesicles support dihydropyridine binding in
the presence of EDTA. First, the divalent cation
ionophore, A23187, was employed to transport
calcium and magnesium out of sealed wvesicles.
Second, a freeze-thaw procedure was used to allow
EDTA 1o equilibrate with the vesicle interior. And
third, the vesicles were permeabilized with saponin.
Under all three conditions dihydropyridine bind-
ing in the presence of EDTA was reduced to less
than 10% of control. Each procedure had little or
no effect on dilrydropyridine binding in the ab-
sence of EDTA (ie., in the presence of excess
divalent cations)., Thus, the binding that remains
in the presence of EDTA without these trentments
reflects the impermeability of the sarcolemma
vesicles {0 divalent cations and to EDTA rather
than the presence of divalent cation insensitive
dihydropyridine binding sites, Furthermore, these
results suggest that divalent cations interact with
the dihydropyridine binding protein in a sidedness
fashion, i.e., with cither the cytoplasmic or the
extracellular membrane surface but not both.

In an effort to determine if these divalent cat-
ions were trapped within sealed RO or sealed 10
vesicles, advantage was made of the finding that
high-affinity ouabain binding to the Na*/K*-
ATPase pump requites divalent cations at the
cytoplasmic membrane surface. As shown in Ta-
bie 1, ouabain binding in the sarcolemma prepara-
tion in only partially inhibited by EDTA confirm-
ing previous reports [2,16). The binding of ouabain
could be essentially eliminated in the presence of
EDTA with A23187 and/or detergent 10 per-
meabilize the membrane, Neither treatment had
any effect in the absence of EDTA and presence

of divalent cations. This result cleasly demon-
strates that divalent cations trapped within sealed
RO wvesicles support ouabain binding. The per-
centage of sealed RO vesicles determined in the
presence of EDTA (43%; Table I) was essentially
identical to the percentage of dihydropyridine
binding site obtained in the presence of EDTA
(42%). This result suggests that (1) divalent cations
interact with the cytoplasmic membrane surface to
support dihydropyridine binding and (2) the dihy-
dropyridine binding protein is associated with
vesicles that also contain the Na*/K*-ATPase
pump. Thus, the dihydropyridine binding protein
is of sarcclemma origin.

To explore the interaction between the divalent
cation binding site and that for the dihydropyri-
dine, dissociation of nitrendipine was examined in
the presence and absence of divalent cations. Che-
lation of divalent cations with EDTA increased
the dissociation rate of nitrendipine 2-3-fold. One
possible explanation for this result is that the
binding of divalent cations to the dihydropyridine
binding protein allosterically regulates hinding at
the drug site, It is interesting that EDTA can
initiate dissociation in the absence of excess un-
labeled nitrendipine. This would suggest that two
conformational changes take place during the dis-
sociation expetiment. The first conformational
change occurs when divalent cations are initially
chelated by EDTA, This results in the increase in
dissociation rate constant. A second conforma-
tional change occurs following nitrendipine dis-
sociation, This later conformational change must
result in a decrease in the association rate constant
essentially 1o zero, since binding can be com-
pletely displaced by the addition of EDTA alone.

In an attempt to understand the functional
significance of the divalent cation binding site 1o
calcium channel function, the effect of pH on
dihvdropyridine binding in high and low calcium
was examined. In a recent patch clamp study of
calcium channels in single ventricular myocytes
from guinea pig, Irisawa and Sato [21] found that
peak calcium current was inhibited by intracellu-
lar acidification with half-maximal inhibition oc-
curring at pH 6.5 and complete block at pH 6.0,
The threshold potential, peak current potential
and the time course of inactivation were un-
changed by lowering cytosolic pH suggesting that



protons do noi affect the channel kinetics. In
Paramecium, results were obtained suggesting that
open calcium channels could be blacked by proto-
nation of a single titratable site with a pX of 6.2
[22). The location of the titratable site appeared to
be at the cytoplasmic mouth of the channel and it
was speculated that this site may inicract with
calcium to produce inactivation of the channel. In
the present study it is clear that the effect of pH
on dihydropyridine binding is dependent on the
divalent cation concentration. At low caicium (10
rM) dihydropyridine binding was maximal at pH
7-8; binding decreased below pH 7 and above pH
8 consistent with a previous report [23]. Since the
pK, of the amine group of nitrendipine and
PN200-110 is thought to be less than 3.5 [24], the
pH dependence of binding probably reflect titra-
tion of some residue associated with the binding
protein and not titration of the ligand. In the
presence of high calcium (10 mM) very little effect
of pH was observed. There are at least two possi-
ble interpretations of this result. First, high calcium
may favor a conformation of the dihydropyridine
binding protein which prevents titration of the site
responsible for inhibition of binding. This how-
ever, would have 1o occur without significant al-
teration in the dihydropyridine binding site since
little affect of high calcium on K, or B, was
observed at pH 7.4. Second, it is possible that pH
alters the affinity of the divalent cation binding
site which then, through an allosteric mechanism,
alters dihydropyridine binding, In favor of this
hypothesis is the finding that pH alters B, and
not K, a result similar to the effects of divaient
cation chelation with EDTA.

In summary, divalent cations interact with the
cytoplasmic membrane surface of the myocardial
cell and through an allosteric mechanism regulate
the availability and/or affinity of the dihydro-
pyridine binding site of the voltage-sensitive
calcium channel. Affinity of the divalent eation
binding site may be affected by pH and thus
eyclic variations in cytosolic calcium and/or pH
during the cardiac action potential or under con-
ditions such as ischemia-induced cellular acidosis
could influence the function of the channel thereby
affecting contractile force and the sensitivity to
drugs, While additional experimentation is needed
to understand the complex interaction between
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pH, divalent cation concentration and dihydro-
pyridine binding, it is clear from the present study
that the sidedness characteristics and permeability
of isolated membrane preparations for divalent
cations and protons must be considered in future
experimental design and interpretations.
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