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SUMMARY
Skeletal muscle L-type channels are the pharmacological re-
ceptors for Ca2� channel antagonists, including dihydropyri-
dines (DHP5). High affinity DHP binding to these channels in
skeletal muscle membranes has been reported to be indepen-
dent of Ca2� addition and to become dependent on Ca2� after
solubilization. The channel is a multimeric complex composed
of ai , 13, “� and a26, Of which ai is the pore-forming and
DHP-binding component. In this study we coexpressed non-ai
components with ai in L and COS cells and investigated their
roles in the regulation of high affinity DHP binding by Mg2� and
Ca2�. No DHP binding to membranes of cells expressing aij3
alone was detected in the absence of Ca2� or Mg2�. Addition
of Mg2� revealed the presence of (+)-PN200-i i 0 (DHP) bind-
ing sites with a Kd of i �M. This affinity was 4-fold lower than

that of skeletal muscle membrane binding sites (Kd = 0.25 nM).
Addition of Ca2� increased the affinity for DHP in membranes
from ai a-expressing cells to that seen in skeletal muscle mem-
branes (Kd _0.2-0.3 nM; EC50 of 0.2 p.M). Ca2� did not affect
DHP binding to skeletal muscle membranes. Coexpression of
all of the subunits completely recapitulated the high affinity
DHP binding seen with skeletal muscle membranes in the ab-
sence of Ca2� and Mg2� (Kd = 0.i 5 nM). This affinity was
unaffected by addition of Ca2� or Mg2�. Coexpression of ai �3
with either a2� or y alone resulted in DHP binding intermediate
between levels seen with cei j3 and ai j3a2�y. Thus, this study
demonstrates that a2� and y are essential for full reconstitution
of the DHP binding characteristics of the skeletal muscle L-type
Ca2� channel/DHP receptor.

L-type voltage-dependent calcium channels are expressed
in neurons, endocrine cells, and cardiac, smooth, and skeletal

muscle cells. They are targets of a variety of clinically used
Ca2� channel antagonists, including DHPs, and are thus

referred to as DHP receptors. High affinity binding of DHPs
to these receptors is subject to complex allosteric regulation
by other Ca2� channel antagonists, such as phenylalky-

lamines and benzothiazepines, as well as by divalent cations.
The allosteric regulation by divalent cations appears to vary
with tissue and hence with the subtype of the L-type chan-

nels. Thus, in cardiac and brain membranes, DHP binding is
inhibited by EDTA and restored by addition of Ca2� or Mg��

(1, 2). In skeletal muscle membranes, DHP binding is insen-

sitive to EDTA or EGTA as long as the membranes are intact
but becomes sensitive to inhibition by the chelators and de-
pendent on addition of divalent cations after disruption of

membrane integrity with agents such as the calcium iono-
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phore A23187 or detergents such as digitonin or CHAPS (3).
The skeletal muscle DHP receptors reside mainly in T-tubule

membranes, which for the most part are isolated as sealed
inside-out vesicles (4). The insensitivity of DHP binding to

the addition of chelators and the resulting lack of require-

ment for divalent cations for high affinity DHP binding have

been largely ascribed to the presence of entrapped Ca2�

interacting with a site located on the extracellular aspect of

the receptor complex. As assessed in reconstituted digitonin
vesicles, this extracellular site has an affinity in the 2-5 jtM

range (5). In those studies, the effects of Ca2� on DHP bind-

ing to purified receptors or to the Ca2�-depleted membranes

were detected in Scatchard plots as changes in the total

number of binding sites, without a change in affinity, mdi-
cating that Ca2� stabilizes the high affinity form of the

receptor.

The skeletal muscle DHP receptor was purified a� a mul-

ticomponent complex composed of al, ce2�, j3, and y (6). It is

now recognized that L-type Ca2� channels in heart, smooth

muscle, endocrine cells, and brain are composed of the same

ABBREVIATIONS: DHP, dihydropyridine; EGTA, ethylene glycol bis(�3-aminoethyl ether)-N,N,N’,N’-tetraacetic acid; D600, 2-(3,4,5-trimethoxy-
phenyl)-2-isopropyl-5-[(3,4-dimethoxyphenyl)methylamino]valeronitrile hydrochloride; G41 8, geneticin sulfate; BAPTA, 1 ,2-bis(2-aminophe-
noxy)ethane-N,N,N’,N’-tetraacetic acid; MOPS, 3-(N-morpholino)propanesulfonic acid; CHAPS, 3-[(3-cholamidopropyl)dimethylammo-
niojpropanesulfonic acid.
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a28 subunit, one of several distinct but homologous al sub-
units, and one of several distinct 13subunits. A y subunit has
thus far been detected only in skeletal muscle (7).

The skeletal muscle al alone constitutes both a Ca2� chan-
nel pore and a receptor for DHPs and other Ca2� channel

antagonists (8, 9). However, both the kinetics of the Ca2�

channel currents and the allosteric regulation of DHP bind-
ing by a phenylalkylamine antagonist, (-)-D600, are abnor-

mal in cells expressing al alone (10), indicating regulatory

roles for the missing /3, a26 and y components. Coexpression

of �3 with cel normalizes the activation kinetics of al (11).
Here we investigated the allosteric regulation by Ca2� of
DHP binding in membranes from cells expressing alf3 and

found that, in contrast to binding to T-tubule membranes,
binding to alf3 is fully inhibited by divalent cation chelators

and is absolutely dependent on the addition of divalent cat-
ions (Mg� or Ca2�). As will be reported elsewhere, in mem-

branes from cells expressing alj3 alone, DHP binding (Kd = 1

nM) was increased by addition of the phenylalkylamine (-)-

D600, and this effect was occluded upon coexpression of all

four components of the DHP receptor (1 la). We found that
coexpression of all of the skeletal muscle Ca2 � channel sub-

units also made high affinity DHP binding independent of
divalent cation addition. This led us to study the divalent

cation dependence ofhigh affinity DHP binding as a function

of subunit composition.

Materials and Methods

cDNAs and expression plasmids. Expression plasmids for skel-

etal muscle subunits alS (GenBank accession number M23919), �31A

(GenBank accession number M25817), a2� (a kind gift from Dr.

Shosaku Numa, University ofTokyo, Japan), and �‘ (GenBank acces-

sion number M32231) and the pSV�Gal plasmid have been described
(11, 12). Negative control plasmids were prepared either by deleting
their inserts or by subcloning the inserts in the antisense orienta-
tion.

Culture and transfection of L cells. L cells were grown in

minimum essential medium a (GIBCO, Grand Island, NY) with 100

units/ml penicillin and 100 pg/ml streptomycin, in the presence of
10% fetal bovine serum, and were transfected by the calcium phos-

phate method, as described by Graham and Van der Eb (13). Ltk
cells were transfected with the al expression vector containing the
neomycin resistance gene and were plated in 96-well plates at a

density that, on average, yielded one G418-resistant cell clone every
two or three fells. After selection with 300-400 .tg/ml G418, cells

from single colonies were expanded and analyzed electrophysiologi-
cally for Ca2� currents (13). LCaNa1 cells that gave consistent

currents were chosen for the subsequent transfections. To obtain L
cells expressing al and other Ca2� channel subunits, the thymidine

kinase-deficient LCaNa1 cells were transfected with expression

plasmids for 13 in p91023(B) and y in pcD, together with limiting

amounts of the herpes simplex virus thymidine kinase gene in

pHSV-106 (BRL, Grand Island, NY). Cell clones surviving in the
presence of 100 MM hypoxanthine, 0.4 �.tM aminopterin, 160 �LM thy-

midine, and 300-400 j.�g/ml G418 were expanded and subjected to
Northern analysis for the expression of j3 andlor y. At least two L cell

lines, each derived from an independent transfection event as con-
firmed by Southern analysis, were isolated for each of the subunit
combinations tested. Transfections of COS cells were carried out as

described previously (12).
Preparation of membranes. L cells, grown to confluence in

100-mm dishes, or COS.M6 cells, 60 hr after transfection, were used
to prepare crude membranes as described (12). Membranes enriched

in T-tubules with a DHP receptor density between 3 and 6 pmol/mg

of membrane protein were prepared at 4#{176}from frozen rabbit skeletal

muscle, as described (14).

(+)-[3H]PN200-110 binding assays. Binding reactions were car-

ried out in duplicate in a final volume of 1 ml, at pH 7.5, containing
800 pJ of membrane suspension (100-200 �g of protein in 1.25 mM

MgC12, 1.0 fliM EGTA, 50 mM Tris-HC1), 100 jil ofvarying concentra-
tions ofCaCl2 in 50 mM TrisHC1, and 100 pJ of(+)-[3H]PN200-110

in 50 mM TrisHCl. Binding to rabbit skeletal muscle membranes

was determined under the same conditions, except that membrane

protein was only 10-20 .tg/assay. Nonspecific binding was deter-

mined in the presence of 2.5 jiM unlabeled nitrendipine. Unless
indicated otherwise, the binding reactions were initiated by addition

of the membrane suspensions. Incubations were for 90 mm at room

temperature and were terminated by filtration though Whatman

GF/B glass fiber filters using a Brandel cell harvester. Filters were
washed four times with 5 ml of ice-cold 25 mM Ths�HCl, pH 7.5, and

counted in 5 ml of scintillation cocktail in a liquid scintillation

counter. Specific binding to membranes with an abundance of DHP
binding sites (40-50 fmollmg of protein) was typically 50% of total

binding at 300-400 pM (+)-[3HIPN200-110. For analysis of binding

according to the method of Scatchard, “free” ligand was calculated as

the difference between the amount of (+)-I3HIPN200-110 added to
each assay and the total (+)-[3H]PN200-110 bound.

Preparation of Ca21EGTA buffers. Free Ca2� and Mg�� con-

centrations were calculated using the apparent stability constants
for CaEGTA and MgEGTA at pH 7.5 of 2.473 x iO� M � and 127
M �, respectively. Calculations were performed on an IBM-compati-

ble desktop computer using the software described by Fabiato (15).
The actual concentrations of free Ca2� in the mixtures were con-
firmed spectrophotometrically at 254 nm with 50 �M levels of the

calcium-sensitive indicator dye BAPTA (Sigma Chemical Co., St.

Louis, MO), as described by Tsien (1980) (16), using as standards the

CaC12IEGTA reference solutions made in 100 mM KC1, 50 mM MOPS,

pH 7.4 (Molecular Probes, Eugene, OR).

Results

Stimulation by Ca2� ofDHP binding to a1�3. The effect

of Ca2� on DHP binding to ce1�3 was investigated in the
presence of 1 mM MgCl2 in membranes from L cells stably
transformed with the skeletal muscle al and J3 subunits

(LCaNa1� cells). Fig. 1 shows that DHP binding to a1�3 was

increased by Ca2� in a concentration-dependent manner,

whereas under the same conditions DHP binding to rabbit

skeletal muscle membranes was hardly affected by addition

of Ca2�. The increase in binding produced by Ca2� was

saturable, with a half-maximal effect at 0.2 �tM. In the ab-
sence ofCa2�, specific DHP binding to alf3 was about 30% of
the maximum. Fig. 2 shows the experiments carried out in a

similar way except that Mg�� was omitted from the reaction.
Without both Ca2� and � , no significant DHP binding
could be detected with LCaNalf3 membranes. Specific DHP
binding was thus absolutely dependent on Ca2�, which pro-

moted half-maximal binding at concentrations not different
from those seen in the presence of Mg� � . The remainder of
the experiments reported in this article were performed in
the presence of 1.0 m�s Mg�� unless specifically indicated

otherwise.
Identification of DHP binding parameters affected

by divalent cations. Equilibrium binding assays were car-

ried out without and with 0.2 nms Ca2 � and were subjected to

Scatchard analysis. DHP binding to a1�3 in L cell membranes
(Fig. 3A) gave binding affinities (Kd) in the absence and

presence of Ca2� of 1.2 nM and 0.30 ni�t, respectively, a dif-

ference of 4-fold. In contrast, the affinity of the DHP receptor
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Fig. 1. Estimation of EC50 with which Ca2� enhances the affinity of the
high affinity state of the alj3 DHP binding complex. Binding assays

were carried out in the presence of 1 mM MgCI2, 0.8 m� EGTA, and
varying concentrations of CaCI2 to give the concentrations of free Ca2�
indicated. Data are presented as percentage of (+)-[�H]PN200-110
bound at each of the concentrations of Ca2 � , relative to specific bind-
ing obtained at 0.1 mM Ca2�. The data are mean ± standard error of
three independent experiments.
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Fig. 2. Effect of Ca2� on (+)-PN200-1 10 binding to membranes from
a1j3-expressing L cells in the absence of Mg2�. Binding assays were
carried out in the presence of 0.8 m� EGTA and varying concentrations

of CaCI2 to give the concentrations of free Ca2� indicated. Data are
presented as percentage of (+)-rH]PN200-1 10 bound at each of the
concentrations of Ca2�, relative to specific binding obtained at 0.1 mr�i
Ca2t Results are means of two independent experiments.

in skeletal muscle membranes for (+)-PN200-11O was 0.27

nM in the absence of Ca2� and was unaffected by addition of
Ca2� . The total number of binding sites in the a1�-express-
ing L cells was about 130 fmollmg, compared with 3000

fmollmg in skeletal muscle membranes, and this number was

not significantly altered by Ca2� . The results showed that

the enhancement by Ca2� of DHP binding observed at sub-
saturating concentrations of (+)-{3H]PN200-110 in mem-

branes from LCaNalfJ cells was the result of an increase in

affinity, without significant changes in the total number of

detectable binding sites, i.e., without apparent changes in the

equilibrium between high (detectable) and low (undetectable)
affinity states of the DHP-binding unit. These results also

indicated that Ca2� was required for high affinity DHP bind-
ing to cslf3 and that Mg�� alone only partially satisfied the

divalent cation requirement for DHP binding. This inability

-8 -7 -6 -5 -4

0.5 10

i�E
� 0.1 2
m

0.0 0
0 50 100 150 0 1000 2000 3000 4000

(+)[3H]PN200-1 10 Bound (fmollmg)

Fig. 3. Effect of Ca2� on (+)-PN200-1 10 binding to membranes from
al /3-expressing L cells (A) and to rabbit skeletal muscle microsomes
(B). Assays were carried out without (control) or with 1 m� CaCl2 (0.2
mM Ca2�), in the presence of 1 m� MgCI2 and 0.8 m�i EGTA. The data
are representative of similar results obtained for each type of mem-
branes in three independent experiments.

ofMg� to fully induce the high affinity binding conformation

of the a1� complexes was overcome by Ca2t

The difference between LCaNa1� membranes and skeletal
muscle membranes may be explained in several ways. First,

the skeletal muscle membranes may carry sufficient en-
trapped Ca2� to induce the high affinity binding state of DHP

receptors. Because the fibroblast-like L cells do not contain

deep plasma membrane invagination, such entrapment
would not be expected to occur, leading to dependence on

Ca2� addition. Second, the a1�3 complex may have a confor-

mation different from the a1f3-ya2� complex of the skeletal

muscle receptor because of the lack of a2� and ‘y. Third, the

a1� complex may be thermolabile, so that stimulation of
binding could be a reflection of the stabilizing effect of Ca2�.

In this case the difference would not represent a regulatory

effect of Ca2� on DHP binding but would instead reflect an

irreversible conformational change ofthe binding sites in the
absence of Ca2� . It has been reported that the purified skel-
etal muscle Ca2� channels are irreversibly converted to a
lower affinity state for DHP in the absence of Ca2� at 30#{176}

(17).

To test the third possibility, we first omitted Ca2 � from the

DHP binding assay, to allow putative thermal inactivation to

occur, and then added Ca2� and proceeded with the DHP

binding reaction for an additional 1 hr. AdditionofCa2� after
a 60-mm incubation of membranes without Ca2� increased
DHP binding to LCaNa1�3 membranes to the same level

obtained in control incubations to which Ca2� had been
added at time 0 (Fig. 4). Thus, the loss of stability in the

absence of Ca2� was not the reason for obtaining a higher
affinity in the presence of Ca2� . To test the second possibil-

ity, we first attempted to raise stable cell lines that would
express all ofthe DHP receptor subunits, but we were unable

to do so. Thus, we sought to gain additional information by
analyzing the DHP-binding properties of cells expressing
these subunits transiently, as seen in COS cells.

Stoichiometry of multicomponent complexes ex-

pressed in COS cells. COS cells are monkey kidney cells

producing the large T antigen, which allows high expression
of exogenous genes carried in plasmids containing the simian
virus 40 viral origin of replication (18). When four separate

plasmids are transiently transfected, heterogeneous pools of

1332 Suh-KimetaL
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Fig. 5. Disappearance of Ca2� dependence for high affinity binding by coexpression of alf3 with y and a2� in COS cells. Shown are the effects
of increasing amounts of y DNA (A) or a2� DNA (B) on the DHP binding to membranes from cells cotransfected with al plus �3 DNAs, either alone

(0) or in combination with 1 �g of a2� DNA (A, S) or 1 �.tg of ‘y DNA (B, #{149}).Insets, changes in absolute (+)-rH]PN200-1 10 binding (fmol/mg of
membrane protein) for control incubations, i.e., without Ca2�. Main panels, changes in the ratios of DHP bound in the presence of 0.2 mM Ca2�
to control values. Assays were carried out in 1 mM MgCI2, 0.8 m� EGTA, 50 mM Tris#{149}HCI,pH 7.5, with 0.30-0.35 nM (+)-rH]PN200-1 10. The data
are mean ± standard error of three independent experiments.
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Fig. 4. Stimulation by Ca2� of (+)-PN200-110 binding in LCaNa1�3-4
cells. Assays were carried out in the presence of 1 m� MgCI2 and 0.8
mM EGTA. The concentration of (+)-[�H]PN2OO-1 10 was 0.4 nM. In this

two-step binding assay with a total of 120 mm of incubation, CaCl2 (1
mM) was added at the beginning (Ca2� at t = 0) or after a 60-mm
incubation without Ca2� (Ca2� at t = 60). Before the addition of Ca2�
at 60 mm, an aliquot of the binding mixture was removed and the
reaction was terminated (60 mm, no Ca�), to serve as an internal
control for Ca2� at t = 60 mm. Data are expressed as mean ± standard
error of three experiments.

multicomponent complexes can form. To minimize the heter-

ogeneity of the stoichiometry of the DHP-binding complexes,
i.e., the complexes that contain al, and to ensure the inter-

action of all of the peptides, we designed the experiments as
follows. First, we limited the al expression plasmid (al DNA)

to a subsaturating amount. Second, we used an excess of the
plasmid carrying the �3 subunit cDNA (�3 DNA), in relation to
al DNA, so that all al molecules would form complexes with

13. We found that under our conditions 0.3 �g of al DNA and
1 �g of 13 DNA satisfied this condition (data not shown).
Finally, to assess the interaction of y and/or a2� with alf3, we

COS.M6 (O.3�ga1DNA, 1�g $DNA)

A �,�#{176}#{176}i

�200

) .� 1 00

. 0 �‘ I
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0 0.1 0.3 1.0
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varied the amounts of both y and a2� DNA during the trans-

fection.

Effects of � and a26 on the binding properties of the
alIJ complex. COS cells were transfected with 0.3 pg of al

DNA, 1 j.tg of J3 DNA, and increasing amounts of a2� DNA or

‘I’ DNA. Membranes were prepared 60 hr after transfection

and DHP binding assays were performed with 300-350 �M

(+)-[3HJPN200-110 in the absence and presence ofCa2�. The

changes in regulation by Ca2� of DHP binding are shown in
Fig. 5 as the ratios of(+)-PN200-1 10 binding in the presence

of Ca2� to that in its absence. In interpreting the data, we

assumed that a homogeneous pool of DHP-binding complexes

would be assembled when additional increases in DNA at the

time of transfection led to no additional changes in the vari-

able that was being analyzed. Fig. 5 (insets) shows the abso-

lute DHP binding values obtained with varying amounts of y

or a26 DNA in the absence ofCa2�. Both a2S and y increased
DHP binding to COS cell membranes in a concentration-

dependent manner. A decrease in the ratio indicates an oc-

clusion of the stimulatory effect of Ca2� on DHP binding

despite the increase in the absolute binding (as shown in Fig.

5, insets).

When only al and f3 DNAS were used (Fig. 5), (+)-PN200-

110 binding had the same characteristics as binding to mem-

branes from alj3-expressing L cells. Ca2� increased DHP

binding to a1� by 2.5-fold. This ratio was markedly reduced

by the additional expression of y [compare binding ratios
without and with 1 �tg of y DNA at 0 p.g of a2� DNA (Fig.

SB)]. This effect was dependent on the amount of y DNA used

in the transfection, reaching a plateau at 0.1 �.tg/dish (Fig.

5A). Like .y, a2� partially reduced the stimulatory effect of
Ca2�. This effect was also dependent on the amount of a2�

DNA, reaching a plateau at 0.3 �tg/dish.

In parallel assays with skeletal muscle membranes, the
ratio was 1.0, confirming that Ca2� does not affect DHP

binding to these membranes. When all four cDNAs (al, �3, ‘y,

and cr2�) were cotransfected, DHP binding with respect to its

allosteric regulation by Ca2� was most similar to that seen in

skeletal muscle membranes. We noted that the presence of y

DNA lowered the amount of a2� DNA required for normal-

ization ofbinding and vice versa; less y DNA was required to
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obtain the same occlusion of the effect of Ca2 � in the presence
of a2� DNA. Transfection with the expression plasmids lack-
ing the DHP receptor subunit cDNAs or with the plasmids

carrying the cDNAs in the reverse orientation did not alter
the binding ratio, indicating that the effects of y or a2� are
specific (data not shown).

Stimulation by Ca2� of DHP binding to a1�3 in COS
cells. To further substantiate the effect of y and a2� in the
regulation of DHP binding, the binding assays were carried

out with various concentrations of Ca2� (Fig. 6). Ca2� in-
creased DHP binding to a1�3 in COS cells in a concentration-

dependent manner, as it had done in membranes from L cells
expressing a1f3. In the absence ofCa2�, specific DHP binding

to a1� was about 50% of the maximum, and Ca2� caused a
half-maximal effect at 0.2 �LM. Importantly, when all of the

subunits were expressed, DHP binding was hardly affected

by Ca2 � , as seen with skeletal muscle membranes. This
result demonstrated that coexpression of ‘y and a2� with alj3

eliminated the dependence of high affinity DHP binding on

addition of micromolar concentrations of Ca2 �.

Binding parameters affected in COS cells by coex-

pression of all DHP receptor components. Equilibrium
binding assays were carried out to determine whether the

increase in binding caused by Ca2� was the result ofa change

in the affinity of the binding site or the number of detectable

binding sites (Fig. 7). Fig. 7A shows that alj3 expressed in

COS cells has an affinity for DHP (Kd = 1.0 ni�i). Addition of
0.2 mr�s Ca2� increased affinity by 3-4-fold (Kd = 0.3 nibs).
This affinity is close to that observed in skeletal muscle

membranes. As was the case with membranes from a1�-

expressing L cells, Mg�� was only partially effective in in-
ducing high affinity DHP binding to a1�3 complexes in COS
cell membranes. Thus, stimulation by Ca2� at subsaturating

concentrations of(+ )-PN200-1 10 (as shown in Fig. 6) was the

result of an increase in the affinity of the alf3 complex with-
out significant changes in the total number of binding sites.
In contrast, the a1f3-ya2� receptor complex expressed in COS

cells showed a high affinity for DHP in the absence of added

Ca2 � that was not increased by the addition of Ca2� . A

Fig. 6. Comparison of a1�3 and a1j3ycs2� in COS cell membranes for
the effect of Ca2�. COS cells were transfected with 0.3 j.tg of ul DNA
and 1 ;.Lg each of j3, -y, and a2 DNA. Binding assays were carried out in
the presence of 1 mM MgCl2, 0.8 m�vi EGTA, and varying concentrations

of CaCl2 to give the indicated concentrations of free Ca2�. Data are
presented as percent binding, relative to specific binding obtained at
0.1 mM Ca2� . The data are mean ± standard error of three independent
experiments.

Fig. 7. Scatchard analysis of the effects of Ca2� on DHP binding to
a1� (A) and al f3ya2� (B) in COS cell membranes. DNA amounts were
0.3 �g for al DNA and 1 �g each for j3, y, and a2� DNAs. Binding
assays were carried out in 1 m� MgCl2, 0.8 m� EGTA, 50 mr�i TrisHCl,
pH 7.5. The data are representative of similar results from three inde-
pendent experiments.

summary of the results obtained with various types of mem-
branes is presented in Table 1. The data are the averages of

three or four experiments with membranes from a1�3-ex-

pressing L cells (LCaNa1�3-4), rabbit skeletal muscle, COS

cells transfected with only al and f3 DNAS (COS-cslf3), and

COS cells transfected with al, f3, y, and a2� DNAS (COS-
a1f3ya2�). The similarity of the binding properties of mem-
branes from COS cells transiently expressing a1�3 to those of

L cells expressing a1�3 in a stable manner validates the use of
transient expression to explore multicomponent interactions.

Conversion of alfi to a low affinity form in the ab-

sence of Ca2�. The results of Fig. 4 showed that the lower

binding of DHP to a1� in L cell membranes in the absence of

Ca2� compared with its presence, was not the result of

increased thermolability of the alf3 complex. To further test

whether this is also the case in the context of COS cell

membranes, binding studies were performed as a function of

time, with preformed receptor-DHP complexes (Fig. 8). (+)-

[3H]PN200-110 at a subsaturating concentration was al-
lowed to bind to the membranes from COS cells expressing
a113 or a1f3ya2�, in the presence ofCa2� and � overnight
at 4#{176}.Dissociation was then initiated at room temperature by

addition of 2.5 mM EGTA, and the reactions were terminated

at the indicated times by dilution and filtration. In parallel
assays, after 1 or 2 hr ofincubation with 2.5 m�i EGTA, 3 nmi
CaC12 was added and the reaction was allowed to continue for
an additional 1 hr. The results are presented as binding at
the indicated times, relative to binding at the time of EGTA

addition (time 0). For COS cells expressing the alf3 complex,
DHP dissociated from the complex upon addition of EGTA.
Addition of Ca2� allowed for rebinding without significant
loss of sites. In contrast, for COS cells expressing a113-ycr26,

addition of EGTA did not result in a significant release of

DHP from its receptor in the time studied. This result elim-
mates the possibility that the a1�3 is irreversibly inactivated

in the absence of Ca2� ions and that the effect of Ca2� is

merely to prevent thermal inactivation. Instead, a1J3 has a

conformation from which both the Ca2� ions and DHP can
easily dissociate.
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TABLE 1

Summary of data on equilibrium binding of (+)-PN200-1 10 to membranes with partial and complete complements of skeletal muscle
DHP receptor subunits
Values were derived from Scatchard analyses of equilibrium binding assays and represent the means ± standard errors of three independent experiments for each
type of membrane. Binding assays were performed in 50 m�i Tris . HCI, pH 7.5, 1 m�i MgCI2, 0.8 m� EGTA, in the absence or presence of 1 mM CaCI2 (Ca2� = 0.2

mM). La1�3 denotes clone LCaN-o1f34; COS cell transfections were with 0.3 j.�g of ol DNA and 1 �g each of f3, y, and a25 DNA. For additional details, see Figs.
3 and 7.

Binding parameter Assay conditions
Source of membranes

Lu1�3 Skeletal muscle COS a113 COS o1�yo25

Kd (nM) Control

Ca2�
0.94 � 0.14�

0.22 ± 004b

0.25 ± 0.05
0.23 ± 0.03

1.03 ± o.13�
0.31 ± 002b

0.15 ± 0.02
0.14 ± 0.02

Bm�,, (fmol1’mg) Control
Ca2�

1 38 ± 23

128 � 3
291 0 ± 446

2940 ± 509
1 57 ± 7
140 ± 32

204 ± 31
228 � 38aDifferent from values obtained with membranes from either rabbit skeletal muscle or COS ul �ya2S cells, at a level of significance of at least p < 0.005.

b Different from the respective controls, at a significance level of at least p < 0.01.

Incubation Time (mm)

Fig. 8. Dissociation kinetics of DHP from al /3 and al �3ya2� in COS

cell membranes. COS cells were transfected with 0.3 j.tg of al DNA and
1 �.tg each of �3, ‘y, and ca2 DNA. Binding assays were carried out in the
presence of 0.2 mM CaCl2 and 0.8 mrvi MgCI2 at 4#{176}overnight. Dissoci-
ation was initiated by addition of 2.5 m� EGTA to the binding reaction,
and mixtures were incubated at room temperature for the indicated
periods of time. One and 2 hr later, 3 m� CaCl2 was added to the
reaction. Incubations were then continued for another 60 mm and
stopped. The bound radioactivity was measured after removal of free
ligands. The results were normalized to the binding level at time 0. The

data are representative of similar results from two independent exper-
iments.

Binding of (+)-PN200-11O in the absence of divalent

cations. As mentioned above, the experiments described

thus far were all performed in the presence of 1.0 mM �
because omission of Mg�� from binding assays with mem-
branes from cells expressing a1� led to total loss of binding.

In contrast, with membranes from COS cells expressing
a1�3’ya2�, omission ofMg� resulted in a loss ofonly 20-30%

ofthe specific binding. As shown in Fig. 9, Scatchard analysis

showed that this loss of binding was the result of a reduction

in the Bm� without a change in the affinity of the a1�ya2�
complex for (+)-PN200-1 10.

Discussion

Purification of the skeletal muscle DHP receptor/Ca2�

channel yields an a1�-ya2� complex. A complex of only a1�3

expressed in L cells yields Ca2� currents that resemble those
found in skeletal muscle, but with an allosteric regulation of

its DHP binding that does not fully recapitulate that of intact

skeletal muscle membranes, in that 1) DHP binding to iso-

lated membranes is absolutely dependent on addition of a

Fig. 9. Scatchard analysis of DHP binding to al �ya2� in COS cell
membranes in the absence of divalent cations. Amounts of DNA were
0.3 �g for al DNA and 1 �g each for �3, y, and a2� DNAs. Membranes
were prepared in 50 mM Tris, pH 7.5, 2.5 m� EDTA, and binding assays

were carried out in 50 mM Tris, 2.5 mr�i EDTA, with or without 3.5 mM

MgCl2. The data are representative of similar results from two indepen-
dent experiments.

divalent cation (Mg� or Ca2� ); 2) the affinity of the DHP

antagonist ( +)-PN200-1 10 measured in the presence of Mg�
is about 4-fold lower than that seen in skeletal muscle mem-

branes; and 3) high, skeletal muscle-like affinity for DHP can
be restored either by the phenylalkylamine (-)-D600 (1 la) or

by Ca2�. The effects of (-)-D600 and Ca2� are nonadditive
and occlude each other, indicating that the binding sites for

phenylalkylamines and Ca2� are tightly coupled to regulate

DHP binding.

In the present report, we tested whether the difference in

dependence on divalent cations of DHP binding seen for

skeletal muscle membranes and a1�3 complexes formed in L
or COS cells by recombinant means is the result oflack of the
other regulatory subunits, such as y and a2�, by studying the

properties of complexes formed in COS cells expressing all

subunits. As shown in Results, the alj3ya2� complexes

formed in COS cells behaved like the receptors in skeletal

muscle membranes, in that they adopted the high affinity
DHP-binding conformation and were insensitive to omission

(or chelation) of Ca2�.
As shown in the DHP dissociation study carried out in the

presence of Mg� � depletion of Ca2 � by addition of EGTA

decreased DHP binding to a13, whereas it had a marginal
effect on DHP binding to a1�-ya2& The loss of DHP from alf3
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was the result of conversion of the crlf3 complex from a state

with high affinity stabilized by Ca2� to one with lower affin-
ity stabilized by Mg�� . The transition between these two

states is reversible, because addition of Ca2� restored DHP
binding to the level observed before addition of EGTA. These
results indicated that alf3 adopts a conformation from which

Ca2� can be easily removed by addition of EGTA. These

results also showed that alf3 can distinguish between Ca2�

and Mg�� , raising the possibility that the free cations may be
interacting with different sides of a1�. In the absence of both

divalent cations, DHP binding was not detectable. In con-
trast, in membranes with a1�yce2�, the high affinity state of

the DHP receptor formed spontaneously in the absence of
divalent cations, and both Ca2� and Mg�� stabilized the
same high affinity state of the receptor. Whether this is

because the receptor is independent of divalent cations or

because it has Ca2� tightly bound to it is not known (see
below).

Recently, Peterson and Catterall (19) reconstituted DHP
receptors composed of a1f3a2� by transient expression in

ts-A201 cells, a T antigen-expressing variant of human em-
bryonic kidney 293 cells. Although the stoichiometry of ex-

pressed subunits was not specifically addressed in their ex-

periments, the results obtained agreed with ours in that cells
transfected with al, /3, and a2� formed complexes requiring

addition of Ca2� to exhibit high affinity DHP binding. The
requirement for Ca2� (EC50 = 0.56 �M) was similar to values
that we obtained with alf3 expressed in COS cell membranes.
Analysis of point mutations of al located the Ca2� binding
site responsible for induction of high affinity DHP binding to

the pore region of the channel.
As mentioned earlier, DHP binding to skeletal muscle

membranes has been known to be insensitive to Ca2� omis-

sion or addition of divalent cation-chelating agents. It was

postulated that Ca2� ions entrapped in inside-out sealed
vesicles stabilized DHP receptors in the high affinity state

and that disruption of membrane integrity released Ca2�
ions and caused DHP binding to be dependent on Ca2� (3,

20). These results led to the conclusion that high affinity
DHP binding to the DHP receptor in its natural environment

is dependent on Ca2�. This conclusion is at variance with
what we would conclude from our data with membranes from
COS cells expressing all DHP receptor subunits, in which we

see no evidence for a requirement for Ca2�. This lack of
requirement for Ca2� seems unlikely to be the result of

entrapment of Ca2� by COS cell membranes, because it
seems unlikely that membranes from COS cells expressing

only a1�3 would not entrap Ca2� and show a requirement for
divalent cation addition for high affinity DHP binding,
whereas membranes from COS cells with a1/3ya2� would

entrap the ion and render a receptor that does not require
divalent cation addition. Thus, although it recapitulates

most of the properties of the skeletal muscle DHP receptor,
the a1f3ya2� complex expressed in COS cells may differ in at

least one aspect. It either retains Ca2� bound to the channel

itself, conferring to it high affinity for DHP, or it is still

lacking another subunit or channel-interacting protein that

is required for reconstitution ofthe Ca2� dependence seen in

permeabilized skeletal muscle membranes. The possibility of
additional molecules interacting with and modulating volt-

age-dependent Ca2� channels was distinctly raised by Cat-

terall and colleagues (21), who showed that syntaxin, a pre-

synaptic plasma membrane protein, has the ability to

interact with a defined segment of the N-type Ca2� channel
al subunit. It is possible that the DHP receptor complexes,

when expressed in nonexcitable COS cells, may undergo

post-translational modifications different from those that oc-
cur in skeletal muscle, which may affect the destination and

interactions of receptor subunits. The actual proportion of

plasma membranes in crude membranes and the stoichiom-

etry of DHP receptor complexes in plasma membranes were

not tested in this study. On the other hand, the study in

which the treatment of skeletal muscle membranes with the
ionophore A23187 and EDTA rendered the DHP receptor
dependent on Ca2� for high affinity binding did not evaluate

whether membrane structure and/or Ca2� channel subunit

interactions were altered by the treatment. Thus, it may be
that the Ca2� requirement for high affinity DHP binding
after this treatment may have reflected disruption of normal

subunit interactions.

To date, six al genes and four 3 genes have been cloned
(22) and the regulatory roles of a2� and y in channel activity

have been extensively studied with isoforms of non-skeletal
muscle cr1. Whereas a26 has been detected in other excitable

tissues, thus far the existence of y has been reported only in
skeletal muscle. Thus, the present study is the first to dem-

onstrate a role of y in reconstituting high affinity DHP bind-
ing of skeletal muscle DHP receptors.

Acknowledgments

We thank Dr. Ligia Toro (Department of Anesthesiology, Univer-

sity of California, Los Angeles, Medical School) for helping with the

determination of free Ca2� concentrations. We thank Drs. Toni
Schneider (Department of Physiology, University of Cologne, Koeln,

Germany) and Edward Perez-Reyes (Department ofPhysiology, Loy-

ola University Medical Center, Chicago, IL) for the helpful discus-

sion of the results and Su Pan for contributions to this paper.

References

1. Glossmann, H., D. R. Ferry, A. Goll, J. Striessnig, and G. Zernig. Calcium
channels and calcium channel drugs: recent biochemical and biophysical

findings. Arzneim. Forsch. 35:1917-1935 (1985).
2. Schilling, W. P. Effect of divalent cation chelation on dihydropyridine

binding in isolated cardiac sarcolemma vesicles. Biochim. Biophys. Acta

943:220-230 (1988).

3. Ebata, H., J. S. Mills, K. Nemcek, and J. D. Johnson. Calcium binding to
extracellular sites of skeletal muscle calcium channels regulates dihydro-
pyricline binding. J. Biol. Chem. 265:177-182 (1990).

4. Hidalgo, C., C. Parra, G. Riquelme, and E. Jaimovich. Transverse tubules
from frog skeletal muscle: purification and properties of vesicles sealed
with the inside-out orientation. Biochim. Biophys. Acta 855:79-88 (1986).

5. Kanngiesser, U., and 0. Pongs. Binding Ca2� to intracellular or to extra-
cellular sites ofdihydropyridine receptor of rabbit skeletal muscle discrim-
mates between in vitro binding of Ca2�-channel agonist and antagonist.

Eur. J. Biochem. 181:467-473 (1989).
6. Campbell, K. P., A. T. Leung, and A. H. Sharp. The biochemistry and

molecular biology of the dihydropyridine-sensitive calcium channel.
Trends Neurosci. 11:425-430 (1988).

7. Perez-Reyes, E., H. S. Kim, A. E. Lacerda, w. Home, X. Wei, D. Rampe, K.
P. Campbell, A. M. Brown, and L. Birnbaumer. Induction of calcium
currents by the expression of the a1-subunit of the dihydropyridine recep-
tor from skeletal muscle. Nature (Load.) 340:233-236 (1989).

8. Perez-Reyes, E., and T. Schneider. Calcium channels: structure, function,
and classification. Drug Dev. Res. 33:295-318 (1994).

9. Kim, H. S., X. Wei, P. Ruth, E. Perez-Reyes, F. Hofmann, and L. Birn-
baumer. Studies on the structural requirements for the activity of the

skeletal muscle dihydropyridine receptor/slow Ca2� channel: allosteric
regulation of dihydropyridine binding in the absence of the a� and J3
components of the purified protein complex. J. Biol. Chem. 285:11858.-
11863 (1990) [published erratum appears in J. Biol. Chem. 267:2114
(1992)].

10. Rampe, D., H. S. Kim, A. E. Lacerda, L. Birnbaumer, and A. M. Brown.
[3H]PN200-110 binding in a fibroblast cell line transformed with an a1

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


Subunit Requirement for High Affinity DHP Binding 1337

subunit of the skeletal muscle L-type Ca2� channel. Biochem. Biophys.

Res. Commun. 169:825-831 (1990).
11. Lacerda, A. E., H. Kim, P. Ruth, E. Perez-Reyes, V. Flockerzi, F. Hofmann,

L. Birnbaumer, and A. M. Brown. Normalization of current kinetics by

interaction between the a1 and 3 subunits of the skeletal muscle dihydro-

pyridinu�on�itivo Ca2� channel,Nature (Lond�)352l�27��#{246}3O(1091).
lla.Suh-Kim, H., X. Wei, A. Klos, S. Pan, P. Ruth, V. Flockerzxi, F. Hofmann,

E. Perez-Reyes, and L. Birnbaumer. Reconstitution ofthe skeletal muscle

dihydropyridine receptor. Functional interaction among a1, j3, y and a26

subunits. Recept. Channels, in press.
12. Wei, X., S. Pan, W. Lang, H. Kim, T. Schneider, E. Perez-Reyes, and L.

Birnbaumer. Structural determinants ofcardiac Ca2� channel pharmacol-
ogy: subunit requirement for the high affinity and allosteric regulation of

dihydropyridine binding. J. Biol. Chem. 270:27106-27111 (1995).
13. Graham, F. L., and A. J. Van der Eb. A new technique for the assay of

infectivity of human adenovirus S DNA. Virology 52:456-467 (1973).
14. Hamilton, S. L., M. J. Hawkes, K. Brush, R. Cook, R. J. Chang, and H. M.

Smilowitz. Subunit composition of the purified dihydropyridine binding
protein from skeletal muscle. Biochemistry 28:7820-7828 (1989).

15. Fabiato, A. Computer programs for calculating total from specified free or
free from specified total ionic concentrations in aqueous solutions contain-
ing multiple metals and ligands. Methods Enzymol. 157:378-417 (1988).

16. Tsien, R. Y. New calcium indicators and buffers with high selectivity
against magnesium and protons: design, synthesis, and properties of pro-
totype structures. Biochemistry 19:2396-2404 (1980).

17. Schneider, T., S. Regulla, and F. Hofinann. The devapomil-binding site of

the purified skeletal muscle receptor for organic-calcium channel blockers

is modulated by micromolar and millimolar concentrations of Ca2 � . Eur.

J. Biochem. 200:245-253 (1991).

18. Gluzman, Y. SV4O-transformed simian cells support the replication of

early SV4O mutants. Cell 23:175-182 (1981).

th. Pef.erson, 1�.2., ant! W.A.CaUeral!. Caichim h�ndling �n �he pore o� L-type
calcium channels modulates high affinity dihydropyridine binding. J. Biol.
Chem. 270:18201-18204 (1995).

20. Knaus, H. G., T. Moshammer, H. C. Kang, R. P. Haugland, and H. Gloss-
mann. A unique fluorescent phenylalkylamine probe for L-type Ca2� chan-
nels: coupling of phenylalkylamine receptors to Ca2 � and dihydropyridine
binding sites. J. Biol. Chem. 267:2179-2189 (1992).

21. Sheng, Z. H., J. Rettig, M. Takahashi, and W. A. Catterall. Identification

of a syntaxin-binding site on N-type calcium channels. Neuron 13:1303-
1313 (1994).

22. Birnbaumer, L., K. P. Campbell, W. A. Catterall, M. M. Harpold, F.

Hofmann, W. A. Home, Y. Mori, A. Schwartz, T. P. Snutch, T. Tanabe, and

R. W. Tsien. The naming of voltage-gated calcium channels. Neuron 13:
505-506 (1994).

Send reprint requests to: Lutz Birnbaumer, Department of Anesthesiology,

BH-612 CHS, UCLA School ofMedicine, 10833 LeConte Ave., Los Angeles, CA
90095-1778.

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/



