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The  effect of divalent  cat ion chelat ion on specif ic  nitTendipine and ouabaiu  b inding  has  been de termined  in a 
highly enriched sarcolemma preparation isolated from canine ventricle, rvlaximal high-affinity nitrendipin¢ 
binding _measured in the absence of added ea le im or magnesium was 997 + 103 fmol /mg protein. 
Nitrendipine binding in the presence of EDTA sigmlficanfly decreased to 4194-42 gruel/rag protein 
(P<IZ00D which equales to 42.0% of control. The simul~menus presence of EDTA and A23187 in the 
binding buffer resulted in a decrease in niBendipine binding to below detectable levels. These results suggest 
that divalent cations trapped within vesicles can support high affinity nitrendipine binding, Evaloation el 
dlhydropyridine binding at various pH values suggested that the loss ot b~dlng below pH 7.@ and above pH 
8.0 may result indirectly from a change in divalent cation binding rather than a direct effect on 
dihydropyridin¢ binding per se. The maximal binding of ouabain determined in the presence of magnes~mn 
and inorganic phosphate averaged 340-I-7.4 pmol/mg protein. Pre-lreatment of the preparation with 
sodium dndecyl sulfate (SDS) in order to express binding in sealed inside-out (IO) vesicles, increased 
onabain binding to 471 + 27 pmol /mg protein. Thus, these preparations averaged 27.8% sealed IO vesicles, 
Addition of EDTA In the absence of magnesium in the binding buffer reduced ouabaln binding to 204 + 7.7 
and 11.7-4-3.5 pmol/mg protein in control and SDS-treated preparations, respectively, These findings 
suggest that this sareolemnm preparation consists of 43.6% sealed rlght-slde-out (Re )  vesicles which contain 
sufficient endogenous divalent cation trapped in the intravesicular space, to support ouabain binding. The 
correspondence between the percentage of onabain binding that remains in the presence of EDTA and the 
percentage of nitrendipine binding observed under the same conditions is consistent with the bypothesis that 
divalent cations support nitrendipine binding by interaction with a site of sites accessible only from the 
cytoplasmic membrane smface and that niffendipine and ouabaln binding sites occur in the same vesicles 
(i.e., the ni~andipine binding site is of sarcolemma origin). 

Introduction 

Calcium channels present in the surface mem- 
brane of the myocardial cell are responsible for 
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the triggered influx of calcium ions during the 
cardiac action potential, Based on voltage,-scnsitiv- 
ity and pharmacological responsiveness 1hero now 
appear *,o be at least two different types of cardiac 
calcium channels [1]. The most widely studied 
calcium channd and the channel responsible for 
the majority of the calcium influx during the 
cardiac action potential is sensilivv to the 1,4-di- 
hydropyridine calcium channel modulator druss. 
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These drugs bind with high affinity to sarcolcnuna 
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 becrl a consistent 
finding [3-7]. In addition, early studies revealed 
that tb.e inorganic cation blockers of calcium 
channel current (e.g., La 3*, Cd 2+) could inhibit 
dihydropyridine binding in isolazed membrane 
preparations. However, studies on the sensitivity 
of nitrendipin¢ binding to divalent cations in 
membrane preparations from 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 ileum and 
only a 7.5~ loss of binding occurred in membranes 
isolated from heart [5]. Dihydropyridine blinding 
could be restored by addition of calcium to mem- 
branes previously treated with EDTA. These re- 
suits suggest that isolated membranes 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 255 in ileal muscle microsomes by 1 
mM EDTA, a 90-959~ loss of binding was ob- 
served if the membranes were exposed to EDTA 
during the isolation procedure [6]. Thus, while it is 
possible that the differentlal effect of EDTA on 
dihydropyridine binding may reflect the presence 
of divalent cation-insensitive binding sites, an al- 
ternative possibility is that EDTA cannot effec- 
tively chelate all of the contaminating divalent 
cations present in these preparations. 

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

that divalent cations trapped within sealed, right- 
side-out (Re)  vesicles can support dihydropyri- 
dine binding suggesting that divalent cations are 
required at the cytoplasmic membrane surface. No 
evidence was ~btained to suggest that divalent 
cation insensi;ive sites were present in these pre- 
p,~tions.  Kinedc binding studies suggested that 
the divalent cation binding site and the dihydro- 
pyridin¢~ bLadh-tg site may be allosterically ii.-sked. 
Finally, evaluation of dihydropyridine binding at 
various pH values revealed that the loss of dihy- 
dropyridine binding belo~v pH 7.0 and above pH 
8.0 results indirectly from a change in divalent 
cation binding rather than a direct effect of pH on 
dihydropyridin¢ binding per sc. 

Materials and Methods 

Materials 
[SH]Nitrendipine, (+)-[3H]PN200-110 and 

[SH']onabain were obtained from New England 
Nuclear (Boston, MA). Unlabeled nilrendipine was 
generously supplied by Dr. Alexander Scriabine 
(Miles Laboratories, New Haven, CT), A23187 
and saFonix: were obta/ncd 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 
VanAhtyne [8] with the following modifications 
[9]: (1) medium A was 15 mM sodium bicarbonate 
(pH 7.0) and (2) the heart (approx. 100 8 wet 
weight) was minced in a Cuisinart tissue processor 
in approx. 25 mi of medium A; one 20-s pulse 
followed by a 10-s pulse" The remainder of the 
procedure was identical to that previously m- 
ported. The final pt.ilet was resuspended in 10 
mM Tfis-HCI (pH 7.4 for 22°C). The prepaxation 
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: ouabain binding, 
Na-/K÷-ATPase activity, beta.receptor-coupled 
adenylate cyc.las¢ activity and dihydroalprenolol 
bi~,ding [8]. In addition, this preparation consists 
oi osmoticatly responsive membrane vesicles which 
exhibit calcium flux consistent with the presence 
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of sodium/calcium exchange and calcium/ 
calcium exchange mechanisms [10,11]. Estimates 
of endogenous c~dcium associated with the sarco- 
lemma preparation following isolation, de- 
tt,~rTnined by atomic absorption spectroscopy su 8- 
gest that the calcium concentrations within the 
intravesieular space could be as high as 200/ tM 
[11]. This preparation has been shown to exhibit 
specific high affinity nitrendipine binding with a 
dissociation constant of 0.09 nM and a maximum 
binding capacity of 800-1000 fmol/mg protein at 
22e C [2]. 

Measurement of specific ouabain binding 
Total [3H]ouabain binding was determined 

according to lnagaki et al. [12] in the presence of 5 
mM HsPO 4 adjusted to pH 7.4 with Tris-base, 5 
mM MgCI 2, 50 mM Tris-HCI (pH 7.4) and 2 .10-6  
M ouabain with [~Hlouabain (specific aelivity 
100 epm/pmol) or in the presence of 50 mM 
Tris.HCl (pH 7.4) without Mg 2÷ or inorgallie 
phosphate. In some experiments EDTA adjusted 
to pH 7.4 with Tris-base, wa.~ added to the bind- 
ins buffer without Mg 2+ or inorganic phosphate. 
The binding reactions were terminated after 30 
rain at 37°C by fdtration through Millipore 
uitr~eUulo~e fdters (Type HA; pore size 0.45 #m) 
on a Hoefer fdtration apparatus. The filters were 
washed five timc, s with 5 ml aliquots of ice-cold 
distilled H20. Radioactivity associated with the 
filter was determined by standard fiquid 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/rnd. Protein concentrations during incuba- 
tion with SDS was 0.3 mg/ml. These conditions 
were found to be optimua-n in tl:A~ preparation for 
stimulation of ouabain binding and ouabain-sensi- 
five Na÷/K÷-ATPase activity by SDS [2]. Aliquots 
of the SDS-treated preparations were subse- 
quently employed for measurement of speelfic 
[3H]ouabain binding as described above. 

Measurement of eqzdlibrium dihydropyridine binding 
Dihydropyridine binding was measured accord- 

ing to methods described previously [2]. Aliquots 
of the sarcolemma preparation were salt-'loadcd' 
by incubation of the preparation with buffered 
salt solutions of various ionic compositions for 
15-18 h at 2°C, Binding buffer consisted of 140 
mM KCI, 10 m_M Tris-HC! (pH 7A for 22°C). 
Aliquots of loaded preparation (approx. 25 /,g 
protein) were added to binding buffer (4 ml) in 
~ass tub~  containing [3H]nitrendipine or (+ ) -  
[ H]PN200.110 (specific activity 80-100 c p m /  
fmol). The reactions at 22°C were terminated 
after 75-120 rain (i.e., at equilibrium) by filtration 
through glass fiber filters (G-elman type A/E)  on a 
Heeler filtration apparatus, The filters were 
washed seven times with 5-ml aliquots of ice eold 
H20. The filters were removed from the filtration 
manifold immediately after washing, placed in 
8¢intillation vials, and counted by standard liquid 
scintillation technique. Non-specific binding was 
determined by including 100 nM unlabeled 
rlitrendipine in the binding buffer. All experi- 
ments were performed in duplicate. N equals the 
number of preparations examined. 

Aleasure, nent of nltrendipine d!ssoeiatio~ rate 
Dissociation of nitrendipine was determined as 

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

Measurement of dihydr~pyrtdiae b~nding c'ersus ptl  
Equilibrium (+)-[aH]PN200-110 binding was 

determined as described above at variou~ pH val- 
ues. The (+)-[3H]PN200-110 concentration em- 
ployed was close to the K a value (20 pM), Total 
buffer concentration was 20 raM; 10 raM Tris, 10 
mM Mes, was used for pH 6.0 to pH 8.0 and 10 
mM Tfis, 10 ram 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. 
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Dam analysis 
Curve fitting computer programs ,,vhi~.'h employ 

the Marquardt algorilhm for fitth~g ~on.linear 
models were used for analysis of cq+aillbrlum and 
kinetic binding data. Specific dehails of the fi£tin 8 
procedure have been described [2]. Data presenta- 
tion is in the form of Scatchard plots, 

Results 

Effect of divalem cation chelation on nitrend[p~ne 
and ( + )-PN200-110 binding 

Dihydropyridine bi~ding in the isolated cardiac 
sarcolemma preparation is only partially inhibited 
by EDTA (Figs. 1-3). Assay of nitrendipine bind- 
in 8 in the presence of EDTA revealed a signifioant 
(P  < 0.001) decrease in the apparent ~ from 
997 ~ 103 to 419:1:42 fmol /mg protein (mean ± 

I 
: Ii 

~ D,4 o.e ~ +.o t,2 
Bound N Itrend bplne (pmol/mg) 

Fig. 1. Effect of  EDTA on bigh-alTmity nitrendipine binding in 
the p ~ c e  and abr,~tce of the ctlcittm tmmphor¢, 7~.2318";'. 
Aliquots of sarcolcmma prcparatlOa wea'e salt loaded by in. 
cubatiua at $°C for 15-18 h with a s0htdc~ containing 140 
mM KCI, and 10 mM Tda-HCI (pH 7A for 20°C) (t; binding 
buffer) or binding buffer plus 1 mM ED'rA (o). Aliquots of 
[reded preparation were added IO reac~m media at 22°C 
containing salts identical to those in the loading media and 
concentrations of [3Hbxltrendipin¢ ransin$ Irom 0,03 to 1.0 
aM. Specific binding was dniemdaed as deu~bed in Mater~ts 
and Methods..~ach point represents the average of duplicate 
determinations at each concantraticm of nitnmdipine. The i~¢t 
shows the results o b l J h ~  for prepangion loaded with biading 
buffet plus 1 mM ED'fA and assaye~ for aitrendipine binding 
in reaction media oc, nt~lh~, bidding buffer plus I It$/ral 
A23187. In this, and all subsequent figures, units of 

Bound/Free are pmol/mg l~otein per nM. 

3O 

70 ~ o 4t 

5 

G2 G4 0.S G8 1.0 
Bo~Jnd PNL~-110 (pmollmfl} 

FiB, 2, Compar i~ of the ~fects of ED'rA with EGTA 0a 
(+)-PN2GO-]10 bindi~ 8. Specific (+ H3HIPN200-110 bindmB 
was determined as descanted in the legend to Fig. I ia ~e 
pf-~,~ence of I mM EGTA (O). 1 mM EDTA (11) or in the 
absence of chelator (e). The (+)-[3H}1~200-110 concentra- 

tion tanged from 3 to 500 pM. 

S.E+; n ffi 5). This rcpresems 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 at. [13] have 
suggested that divalent cation chelation in isolated 
membranes from chick heart resells in conversion 
be tw~n high and low affinity forms of the 
nitreadiplne binding site with dissociation con- 
slant of 0.1 and 2-5 aM, respectively. Only a 
small, but significant chan~e (P  < 0.025) in K d 
from 0.0779 :!: 0.009 to 0.132 + 0.017 nM was ob- 
served upon chelation of divalent cations with 
EDTA in the isolated sarcolcmma 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 
p~cparations. An obvious location for divalent 
cations, inaccessible to F_.DTA, would be trapped 
within the intravesicular space of 'sealed' sarco- 
lemma vesicles. To test this hypothesis, nitrendl- 
pine binding was examined in the presence of 
both EDTA and the divalent ionophore, A23187 



224 

(inset Fig. 1). Under these conditions, nitrcndipine 
binding was very low and at the li~,Jt of detection 
for the amount of protein employed in this ~ssay. 
In the presence of excess added diwalent cations (1 
mM MgCIz), binding was unaffected by the pres- 
ence of A23187. 

In previous studies, results were obtained which 
suggested that consecutive freeze-thaw cycles could 
rende~ the sarcolemma vesicles transiently leaky 
thus alluwin 8 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 hir, ding in the absence of extravesicular 
divalent cations, nitrendipine binding was mea- 
sures1 hefore and after freezing and thawing in the 
presence and absence of EDTA. Five freeze-thaw 
cycles in the presence of EDTA was found to have 
the same effect on nitrendipine binding as A23187 

1D D,= 
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0.2 04 0.~ 0~8 1.t) 12 
Bound Nitrendipine (pmol/mg) 

Fig. 3. Eft,~t of EDTA ~a high affinity [3HJnitrendipine 
binding before and after five COnsecomive freeze-thaw cycles_ 
Aliquo'.s of sarcolemma preparation wera ssh-lnaded and as- 
sayed for S~i[lO nitrendipir.© binding as described in the 
Legend to Fig. 1; control (0) and in th." pres¢~ ot EDTA (o). 
The inset shows the. results obtained after live consecutive 
f[et:z~-tkaw ¢2/C]1~S, in the pre~enr.¢ of EDTA. This was accom- 
plished as follows: a~ uliquot of the s a r c o l m  preparation 
loaded with binding buffer p]~ l mM EDTA was frozen in a 
glass tube in a solid CO2/acetone bathl The ix'cpalatioa wa5 
then immedlat¢ly thawed by placing the tube in a water bath at 
20°C This freeze-thaw l~ocerlure was performed five mimes. 
Aiiquo~ of this preparation were then assayed for nitre~dipine 

binding. 

0.4 O I  1 2 16 
Bound N~tmndlpWle (pmol/mD) 

Fig. 4. Effect of EDTA on nitrendipine binding in the pl~esence 
and  ~,bsence of  saponin. Specific [3H]atitrendtpine bindin 8 was 
determined as deserlbed ha the legend to Fig. i in the prescoc¢ 
of I0/tM CaCl 2 (0) or I mM EDTA (o). Tbe inset shows the 
results obtained for sarcolerrmm preparation salt-loaded by 
incubatlor* in binding buffer with I mg/m[ tmponin and as- 
sayed for nitrendipine binding in the pre.mnce of I mM EDTA. 
Prate.in concentration during the saponin pre-treatmem was 1 

m~/ml. 

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

In preparations treated with EDTA, binding 
could be restored by addition of Ca 2÷ or M82+ 
with ED~0 values of 0.2 and 4 #M, respectively 
(Fig, 5). Thus the effect of EDTA is xeversibl¢ and 
results from the chelation of divalent cations asso- 
ciatexl with the preparation. 

In order to further characterize the effect of 
divalent cation chelation on dihydropyrldine 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 2+ and MB z+ on 1~tt~adipin¢ binding in 
sar¢olemma pt~*pafation pf,.z.$fea~z~ '0¢ith EDTA. Sareolemma 
pretmralinn ,,vas salt-load~l by incubation in binding buffer 
contaiain8 1 mM EDTA. Specific 131-I]rfitt~adipine binding 
was determined a t  a free niltendipine concentration of 0.2 nM 
in binding buffer containing 1 mM EDTA and suffigient Ca 2~" 
(IP) or M82+ (O) to yldd the ifldicat=d f l ~  divnl¢'~t callus 
¢one.enlratine. The free divalent cation concentration was 
calealamd assuming EDTA dissociation ¢onslanl~ of 0.005 #M 
and 0.63 I~M for Ca 2+ and MS a*, tespeeli'v~y [25]. An solu- 

tions were l~Jffered to pH 7,4. 

preparation into buffer containing excess un- 
labeled nitreudipine was monoexponential with 
time and yielded an average dissociate rate con- 
stant  of  7 .3 .10  -4  s - L  Dilution of pre-labeled 
preparation into buffer containing excess un- 
labeled nitreaadipine and EDTA resulted in a 2.6- 

1 ,00  

.-.. 0 . .50  

0 ,20  

"~. D~IQ 

o.os 

D.02  

O,G1 
I0 ~5 20 25 Z0 '15 

TIME ( minutes ) 

Fi~ 6. Effect of EDTA oR the dissociation rate of rdtrealdipine. 
Sarc~lemma preparation (1 mg/n.Lr) was saltqoc.ded by ir~cub:z.. 
t ies with binding buffer containing | mg/ml saponin. After 
15-18 h at 2~'C, 40 #1 of 0.5 pM [SH]nitrandipine was added 
an(l the preparation was if~abated at 22°(2' for 2 h. Dissocia- 
ti0n was initiated by addition of the pre, Zabeled p t ~a t i on  
(220-fokl dilutic~) to binding buffer conlaining eilher 100 nM 
unlabeted nitsendlpine (o) or IOI3 aM unlabeled nittendipine 
plus 2 mM EDTA (e). Duplicate aliquats of the reaction 
mixlut¢ were v~moved al the indicated ~ and the bound 
nimmdipine determined as de, scribed in Materials an(] Meth- 
ods. Each point represents the average or duplicate exi~ri- 

merits performed on two satcolemma preparations. 

fold increase in the dissociation ra*e to 1 .9 .10  -3 
s - 1  In a second set of paired kinmie experiments, 
saponin-treated preparation was pre-labeled to 
equi l ibr ium in the  presence  of  0.2 nM 
[SH]nitrendipine. Dissociation was initiated by ad- 
dition of (a) unlabeled nitrendipine, (b) unlabeled 
nitrendipine plus EDTA (2 mM), or (c) EDTA 
only. The mean dissociation rate constants ( f S.E.) 
were 9.6 • 1 0 - a +  6.3+ 10 -s ,  2.4- 10 -3 ~ 1.7.10- '*,  
and 3A • 10-34 - 5 .4 .10  -4 s -1 for each condition; 
respectively. In the presence of EDTA (both con- 
ditions), the dissociation rate was sigRificant]y {P 
< 0.01) increase versus the nitrendipine only con- 
dition, However, there was no significant dif- 
ference between the EDTA only and the 
nit.mndipine plus EDTA conditions. Thus, chela- 
tion of divalent cations by EDTA instantaneously 
increases the dissociation fate of drug from its 
receptor suggesting that divalent cation binding 
alostericaliy regulates the dihydropyridine binding 
site. 

Effect of divalent cation chelation on ouabain bind- 
ing 

The results presented thus far clearly d©mon- 
strafe that contaminating divalent cations (pre- 
sumably C a  2+ o r  ME, 2+ ) trapped "~u the intravesie- 
ular space of approx. 42% of the total vesicle 
population can ~upporl 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). If we could 
document  that divalent cations were trapped 
within vesicles of  a particular orientation (i.e. either 
RO or IO vesicles), the IocaliT~tion of this divalent 
cation interaction to a particular membrane 
surface might be possible. 

Previous studies ~evealed that a substantial 
amount  of  ouabain binding was observed in the 
complete absence of Mg 2.  (i.e., in the presence of 
1 or 10 m M  EDTA} [2,16]. Since Mg 2+ is required 
at sites on the cytoplasmic membrane s~rface for 
the expression of ouabain binding, MS z+ trapped 
within RO vesicles may support both ouabain and 
dihydropyrldlne binding. If this is true, ouabaln 
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. Ouaba in  b ind ing  was 
measured in the presence and  absence of A23187 
and before and  af ter  t reatment  of the prepara t ion  
with SDS (Table I). The  ionophore,  A23187, had  
no effect on  ouabain  b ind ing  in the absence or  
presence of  SDS when Mg 2+ was  present  in the 
assay medium. In the absence of added  Mg2+~ a 
substant ia l  amoun t  of ouabain  b ind ing  was  ob-  
served, even in the presence of added  EDTA.  
However,  the presence of A23187 under  these 
condi t ions  produced a decrease in ouaba in  bind-  
ing to a level comparable  to that  ob ta ined  wi th  
SDS. This effect was more  p ronounced  i f  E D T A  
was added to the assay med ium to chela te  the 
divalent  cat ions t ransported out  of the vesicles by  
the ionophore.  These f indings suggest  tha t  ouaha in  
b ind ing  in buffer  only  (i.e., in the absence  of 
extravesieular  divalent  cat ions)  occurs in R O  
vesicles that  have a sufficient intravesicular  con- 
centra t ion of Mg 2.  to suppor t  ouaba in  binding.  
As noted  above, otmbain b ind ing  was essential ly 
the same in buffer on ly  plus or minus EDTA.  This  
result  suggests that  the R O  vesicles con ta in ing  
intravesieular  divalent  cat ions are essential ly im- 
permeable  to these divalent  cat ions (i.e., sufficient  

divalent  ca t ion remains  to suppor t  full  ouaba in  
b ind ing  even after incuba t ion  a t  3 7 0 C  for 30 rain 
in the presence of  EDTA).  in  paral lel  expchmen t s  
i t  was de termined  that  full  ouaba in  b ind ing  was 
ob ta ined  in the presence of excess Mg  ~+ even in  
the absence  of  added  inorganic  phosphate .  Thus, 
the  results  ob ta ined  re, la te  to  the vesicle permeabi l -  
i ty  for Mg  2 .  and  no t  inorganic  phosphate .  

The  values  of ouaba ln  b ind ing  in Tab le  I can  
be  used to calcula te  the  percen tage  of  l eaky  versus 
sealed vesicles in the p repara t ion  and  the sided- 
hess character is t ics  of the vesicles. A summary  of 
these ca lcula t ions  is given in  the bo t t om hal f  of 
Tab le  l. The  a m o u n t  of  ouaba in  b ind ing  in  the 
presence  of  M g  I+  and  inorganic  phosphate ,  in 
e i ther  the presence or absence of E D T A  repre- 
sents  R O  plus  leaky  vesicles, The  average value for 
the p repara t ions  tested was  340 p m o l / m g  protein.  
The  b ind ing  under  these condi t ions  af ter  treat-  
men t  of the  p repara t ions  wi th  SDS represents  
to ta l  b ind ing  (i.e., R O  plus  IO plus  leaky).  Tota l  
b ind ing  for  these p repa ra t ions  averaged 468 
p m o l / m g  prote in .  The  difference be tween these 
two values represents  IO vesicles (128 p m o l / m g  
protein).  The  value of b ind ing  wi thout  $D$,  in  
buffer  only,  in the presence  of  E D T A ,  represents  

TABLE I 

OUABAIN BINDING IN THE ISOLATED CARDIAC SARC"OLEMMA PREPARATION 

Ouabaia binding was dctm'min~d at 37°C as d~seribed in Materials and Methods, und©r four different assay conditions: (a) 5 mM 
MgCI2, 5 mM Tris-HjPO 4 and 50 mM Tris-HCI (pH 7.4); (b) 50 mM Tris, HO (pH 7.4); (e) 5 mM MgCI 2, 5 Tris,HjPO¢, 1 mM 
Tris-EDTA and 50 mM Tds-HC1 (pH 7.4); and (d) 1 ram TrIs-EDTA and 50 mM Tfis-HCI (pH 7.4). Assays were performed in the 
abstract and presence of "1 pg/ml A23157 arid on control preparations or preparation~ Ire.atad with 0.3 mg/ml SDS for 90 rain at 
20°C. Total and ann.specific bir, ding were determined in duplicate on each preparation tested and for each condition. The values 
represent the trieart+ S.E. determined on three preparations. 

Specific ouabaln bound (pm01/mg protdn) 

Basal SDS-t.mated 

A23187 - + - + 

fa) MbPj 340+ 7,4 349 4-14 471 4-27 467:1:40 
Ibi Buffer only 236± 10 71.3__.18 78.3± 6.6 63.3± 7~2 
(c)Mg, P,,EDTA 332±17 337 -4-1'~ 473 ±30 461 ±23 
(d) Buffer oaly, ED'rA 2044- 7.7 ,3.3+ 3.2 11.74- 3.5 4.0-- 0.6 

l O ,  RO + leaky -~esleles = (471 + ~67 + 4734 461) + 4 = 44,8 - tl~l~g 
KO vesicles * leaky vesicle~ = (340 + 349+ 332 + 337)÷4 = 340 
RO vesiclem = 204 + 468 × t00 ~ 43.6~ 
Leaky vesicles = ((340- 20,1) + 468) × 100 ~ 29~, 
tO ve~ieles = ({468 - 340) + 468) × 100 ~ 27.4t£ 
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binding to sealed R e  vesicles (204 pmol /mg  pro- 
tein) and the difference between the binding in 
buffer only plus EDTA and that observed with 
Mg 2+ and phosphate represents leaky vesicles (136 
pmol /mg  protein). Thus these preparations con- 
lain 43.6% Re ,  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) dihydropyfi- 
dine and ouabain 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 dihydropyridine binding 
To examine the possibility that p H  could alter 

the effect of calcium on dihydropyridinc binding, 
pH was varied from 6.0 to 10.0 at two different 
CaCI2 concentrations. In the presence o¢ 10 t~M 
CaCI v the binding of (+) -PN2~-110  increased 
from pH 6.0 to 7.3 and then decreased as pH was 
increased from pH 8.0 to 10.0 (Fig. 7). However, 
in the presence of 10 mM CaCI2~ essentially no 
effect of pH on (+)-PN200-110 binding was ob- 
served. Inhibition of binding at pH 6.0 and 10.0 in 
the presence of 10/~M CaC12 could be reversed by 
addition of 10 mM CaCIz indicating that the loss 
of  binding at the pH extremes did not reflect 

t o n  

Z ~ e u  
n . , -  

N i~ .o 

2~ 

~ t ( ~  1 / £j 

pH 
Fi s. 7. Effect or pH on (+)-PN200-110 bmdln s at two tact  z 
con~.ttratinn. Specific (+)~3HIPIq200-U0 binding w~ 
determined in saponin pte-tw.ated preparation as described in 
the legend to Fig, 4 and in Materials and Methods, at various 
pH values in the pres~ee of 1O taM CaCI 2 (1) or 10 mM 
CaCl 2 (o). All values retnesent the mean-t-S.E, of dupficate 

e~periments performed on four surcolemma prepm'atiem. 

degradation of the protein or of th:  ligand. The 
results of paired equilibrium binding experiments 
performed at pH 6.0, "L4, and 10,0 revealed that 
the change in binding with pH reflects a change in 
B ~  rather than K a (data not shown). 

Discussion 

The t~ults  of the present study confirm that 
divalent cations are required for dihydropyridine 
binding-in highly enriched sarcolemrna prepara- 
tions. Both calcium and magnesium at micromolar 
concentrations can support high affinity dihydro- 
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 ]arge and highly signifi- 
cant change in Bm~ with only a small but signifi- 
cant change in K d. This suggests that the dihydro- 
pyrldlne binding slt¢ is either absent in divalent 
cation depleted solutions or of very tow affinity. 
No evidence was obtained to suggeat 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 free concentration (the maxi- 
mum concentration used in the present study) was 
always > 90% of Bm~ and binding was best fit by 
a single site model. Curvitinear Scatchard plots 
would be expected over the concentration range 
employed if a population of sites with K d on the 
order of 3 nM were presen*, as observed by 
Ptasienski et at [13]. Yet as can b~ 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 from 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- 
lure (SR) and sarcolemma origin. Membrane frac- 
tions enriched in SR have been shovaz to have a 
high specific dihydropyrldine binding when com- 
pared to sarcolemma-enriehed fractions [20 I. Thus 
the difference observed between the present study 
in highly enriched canine saxcolemma 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 memb,-~ane 
fractions. 

It has been demonstrated that certain divalent 
cations are required for dihydropyridine binding 
in isolated membrane preparations from brain and 
musete [3-7]. Mo~t reports 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 [fi]. Using three different ap- 
pro,aches 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 vesicles. 
Second, a freeze-thaw procedure was used m allow 
EDTA to 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 Jess 
than 1(1~ of control. Each procedure had little or 
no effect on di~aydropyridiae binding in the ab- 
sence of EDTA (i.e., in the presence of excess 
divalent cations), Thus, the binding that remains 
in the presence of EDTA without these treatments 
reflects the impermeability of the sarcoiernma 
vesicles ;o 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 sidednegs 
fashion, i.e., with either the cytoplasmic or the 
extracellular membrane surface but not both. 

In an effort to determine if these divalent cat- 
ions were trapped within sealed KO or sealed IO 
vesicles, advantage was made of the finding that 
high-affinity ouabain binding to the Na+/K +- 
ATPase pump requires divalent cations at the 
cytoplasmic membrane surface. As shown in Ta- 
ble 1, ouabain binding in the sareolemma 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 to per- 
meabilize the membrane. Neither treatment had 
any effect in the abscR¢~ of EDTA and presence 

of divalent cations. This result clearly demon- 
strates that divalent cations trapped within sealed 
RO vesicles support ouabaln binding. The per- 
centage of sealed RO vesicles determined in the 
presence of EDTA (43~; Table I) was essentially 
identical to the percentage of diltydropyridine 
binding site obtained in the presence of EDTA 
(42%). This result suggests that (1) divalent cations 
interact with the cytoplasmic membrane surface to 
support dihydropytidine binding and (2) the dihy- 
dropyridine bind/rig protein is associated with 
vesicles that also contain the Na+/K+-ATPaso 
pump. Thus, the dlhydropyrldine binding protein 
is of sarcolemma origin. 

To explore the interaction between the divalent 
cation binding site and that for the d~ydropyti- 
dine, dissociation of nitrcndipine 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 binding at 
the drug site, It is interesting that EDTA can 
initiate dissociation in the absc~ace of excess un- 
labeled nitrendipine. This would suggest that two 
conformational changes take place during the dis. 
sociation experiment. The first eonformational 
change occurs when divalent cations are initially 
chelated by EDTA, This results in the increase in 
dissociation rate constanL A second conforma- 
tional change occurs following nitrendipine dis- 
sociation. This later ¢onformational change must 
result in a decrease in the association rate constant 
essentially to zero, since binding can be com- 
plete]y displaced by the addition of EDTA alone. 

In an attempt to understand the functional 
significance of the divalent cation binding site to 
calcium channel function, the effect of pH on 
dihydropyridine binding in high and low calcium 
was examined. In a recent patch clamp study of 
calcium channels in single ventricular myoeytes 
from guinea pig, Irisawa and Sate [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 cytos01ic pH suggesting that 
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protons do n~L affect the channel kinetics. In 
Paramecium, results were obtained suggesting that 
open calcium channels could be blocked by pro]o- 
nation of a single titratable site with a pK 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 interact with 
calcium to produce inactivation of the channel In 
• e present study it is clear that the effect of pH 
on dilaydropyridine binding is dependent on the 
divalent cation concentration. At low calcium (10 
/~M) dihydropyridine bindhag 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 ~an  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 raM) 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 to occur without significant al- 
teration in the dihydropyridine binding site since 
little affect of high calcium o n  K d o r  Bma x 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~m , and 
not K6, a result similar to the effects of divalent 
cation chelation with EDTA. 

In summary, divalent cations interact with the 
cytoplasmic membrane surface of the myocardial 
ceil and through an allosteric mechanism regulate 
the availability and/or  affinity elf the dibydro- 
pyridine binding site of the voltage-sensitive 
calcium channel. Affinity of the divalem cation 
binding site may be affected by pH and thus 
cyclic 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 lane]lea of the channel thereby 
affecting contractile force and the sensitivity to 
drugs, While additional experimentation is needed 
to understand the complex interaction between 

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 divalem 
cations and protons must be considered in future 
experimental design and interp, retations. 

Acknowledgements 

T h i s  r e s e a r c h  w a s  s u p p o r t e d  b y  g r a n t s  f r o m  the  
United States Public Health Service. HL37044 
and the American Heart Association, Texas Af- 
filiate` 85G657. The technical assistance of Mr. 
William Wear and Mr. Norman Risinger is grate- 
fully acknowledged,. 

References 

1 Hess, P., Lan~w.an, J.B, and Tsien, R.W, (198.5.) Nalure 316, 
~t3-446. 

2 SchiLling. W.F. and Drewe, J.A. (1986) J. Biol. Chem, 261, 
2750-2753. 

3 Gould. R.J,, Murphy, K.M.M. and Shyster, S.H, (1982) 
P'roe. Nail. Aead. Sci. USA "/9, 3656-31~:,0. 

4 Ehlerl, F.$,, Roesk~. W,R,, Itoga, E. and Yamamura, H.[. 
(1932) Life Sci, 30. 2 t91-220l  

5 Gould, R.J.. Murphy, K.M.M. and Sayder. S-H. (1984) 
Mal. Pharmacol. 25, 235-24L 

6 Luehowski, E.M.. Yousif, F., TrigS]e, D,J'., Maurer. S.C,., 
Sanniento, $.G, and Janirn R.A, (1984) J~ Pharmacol. Exp. 
Ther. 230, 607-6]3. 

7 Janis, R.A., Sarmi~alo, J.O,, Maurer, S.C., I~lger, G.T. ~md 
Td88]e, D J ,  (1984) 1 Pharmacol. Exp, "]'her. 231.8-19~ 

8 Van A]styne. E., Rurdk R.M.. Knickelbein, R.G., Hunger- 
ford, R,T., Gewer, E.£, Webb, £O., Poe, S.L. and Linden- 
mayer, O.E. (t9801 Bi~chim. Biophys. Acta 602, 131-143. 

9 Franki~, M.B~ and Lirtdeamayer, G.E. (1984) Circ, Re~_ 5~. 
676-688. 

I0 Hungerferd, R.T. Lindeamayer, G.E., Schil]ing, W.P. and 
Van Alstyne, E. (1984) in Eleetrogenic Transpoct; Funda- 
m~I,~l Pfineiple~ and Physiological implications { Blaus~eln, 
M.P~ and Lieberman, M.L., eds.), pp. 239-251, Raven 
Press, New York. 

11 Bart,~hat. D.K. ~md Lindenmayer. G.E. (tS80) I, Biol. 
Charm 255, 9626-9634. 

12 Inasnkl, C., Lindenmayef, G.E. ~nd Schwartz, .A. (1974) J, 
BioL Chem. 249, 5135-5140. 

13 I~asienslo, J.. McMahon. K.K, and Hosey. M.M. (19851 
Bioehem, Biophys, Res, Comnaun, 129, 910-917. 

]4 Sehltling, W.P. and Lindenmayer. G.E. (tg~,) J. Membr~ 
Biol..~, 163-t73. 

15 ]airlaovich, E, Don0~, P.  Liberona, J,L. and Hidat~o, C. 
(]986) Bio~him. Biophys. Acta 855, 89-98;. 

16 WeUsmith, N.V. and L[ndenmayer. G.E. (1980) Cite, Res, 
47, 710-72U, 



230 

17 Pnlimeni, P.l. and P. . . . . .  (1973) Circ. Res. 33, 367-374. 
]8 Tsien, ILY. (1983) An~ ¢~ev. Biophys. Bi~cn 8. 12, 92-]]6,  
]9 Rengasamy, A., Ptasienski, J. and Hosey, M.M. (1985) 

Biochem. Biophys. Res. Con'anun. 126, 1-'/. 
20 Williams, L.T. and Jones, L.R. (1987.) J. Biol. Cheru. 258, 

53~-5347. 
2I Irisawa, H, and Sato, R, (1986) Circ. R~. 59, 345-355. 

22 Umbach, J.A. (1982) Proc. R. Soc. Lond. B 216, 209-224. 
23 Gercia, M.L., King, V.F., Siegl, P.K.S., Reuben, J.P. and 

Ka~__orowski, OJ ,  (1986) J. Biol, Chem. 261, 8146-8157. 
24 B.odenkirchen, R.. Bayer, R. and Mannhold, R. (1982) 

Prog. Pharmacol. 5, 9-23. 
25 V:allick, ~T. ,  Allen~ J.C. and Schwartz, A. (19"/3) Arch. 

Biochem, g~ophys. 1.58, 149-153÷ 


