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SUMMARY
The inner mitochondrial membrane contains specific Ca2� antag-

onist binding sites unrelated to the L-type Ca2� channel. The
mitochondrial 1 ,4-dihydropyridine (DHP) and phenylalkylamine
sites are reciprocally allosterically coupled, require anions (e.g.,
Cl, No3) for optimal binding, and are inhibited by purine and
pyrimidine nucleotides in a noncompetitive manner. In mitochon-
drial swelling experiments, a concentration-dependent inhibition
of an inner mitochondrial membrane anion channel (IMAC) by
Ca2� antagonists from different chemical classes can be dem-
onstrated. Under the conditions of the swelling experiments,
affinity of different Ca2� antagonists and amiodarone, a known
IMAC inhibitor, for the mitochondnal (±)-[3H]nitrendipine binding
site (Kd, 7.2 ± 2.0 ; Bmas, 1 .03 ± 0.37 nmol/mg of protein)

strongly correlated with their inhibitory potency for the IMAC.
Linear regression of plC50 values for IMAC-induced swelling
versus plC� values for (±)-[3H]nitrendipine binding inhibition
yielded a correlation coefficient of 0.91 for all tested DHPs (n =

12, p < 0.001). Amiodarone inhibited (±)-[3Hjnitrendipine binding
and IMAC-induced swelling with plC50 values of 6.1 1 and 5.93,
respectively. The correlation coefficient between binding and
inhibition of IMAC-induced swelling for amiodarone and all tested

Ca2� antagonists (including non-DHP compounds) was 0.76 (n
= 20, p < 0.001), with the slopes approaching unity. These
results suggest the association of the mitochondrial Ca2� antag-
onist binding sites with an IMAC.

In addition to their stereoselective interactions with the a,

subunit of the L-type Ca2� channels (for recent reviews, see

Refs. 1-6), certain Ca2� antagonists from the DHP, PAA, and

BTZ classes modulate a variety of cellular systems, causing a

multitude of effects that cannot be explained by Ca2� channel

inhibition (for review, see Ref. 7). For example, Ca2� antagonist

interaction with the multidrug resistance-related P-glycopro-

tein (8) has already been employed for the therapy of anticancer

drug resistance in malignant lymphoma patients (9).

Non-L-type channel DHP binding sites have also been re-

ported in mitochondria (10-12). DHPs have been shown to

regulate [:;H]Ro54864 binding to the peripheral benzodiaze-

pine receptor (10), which is located on the outer mitochondrial

membrane (13). However, only the DHP sites located on the

inner mitochondrial membrane have been partially purified
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after solubilization (14) and they contain binding domains for

DHPs (12) and PAAs (14, 15), which are coupled to each other

in a negative heterotropic allosteric manner and are allosteri-

cally inhibited by purine and pyrimidine nucleotides (16). The

DHP site characterized by our group is most likely identical to

the mitochondrial DHP site described by Brush et al. (11),

although these authors reported a lack of DHP binding regu-

lation by PAAs.

In animal studies, Ca2� antagonists can prevent mitochon-

drial Ca2� overload and preserve mitochondrial ultrastructure
and function under ischemic stress (for reviews, see Refs. 1, 4,

17, and 18). These effects cannot be explained solely by an

inhibition of the plasmalemmal L-type Ca2� channel (19). Al-

though several mitochondrial Ca2tregulating systems (e.g.,

energy-driven Ca2� uptake or the mitochondrial Na�/Ca2� ex-

change) have been shown to be modulated by Ca2� antagonists

(see Ref. 7 for a review), the molecular basis for the “anti-

ischemic” effects has not yet been provided.

ABBREVIATIONS: DHP, 1 ,4-dihydropyridine; B�5, maximal density of receptor sites; Bay K 8644, 3-methyl-i ,4-dihydro-2,6-dimethyl-5-nitro-4-(2-

trifluoromethylphenyl)-pyridine-5-carboxylate; Bay M5579, 3-ethyl-i ,4�ihydro-2,6-dimethyl4-(3-nitrophenyl)-3,5-pyridine dicarboxylate; CCCP, car-
bonylcyanide m-chlorophenylhydrazone; D600, methoxyverapamil (gallopamil); D6i 9, 2-methyl-3-cyano-3-(3’ ,4’-dimethoxyphenyl)-6-dimethylami-
nohexane; D888, desmethoxyverapamil; DMSO, dimethyl sulfoxide; IMAC, inner mitochondnal membrane anion channel; lCse, concentration causing
50% of maximal inhibition; k+, , association rate constant; k1 , dissociation rate constant; Kd, equilibrium dissociation constant; K,, inhibition constant;
(±)-LU47781 , (±)-5-[(3-azidophenethyl)methylamino]-2-(3,4,5-trimethoxyphenyl)-2-isopropylvaleronitnle; (±)-LU5O1 06, 1 -(3-aminophenyl)-3-methy-
laza-7-cyano-7-(3,4,5-trimethoxyphenyl)-8-methyl-nonane; PAA, phenylalkylamine; BTZ, benzothiazepine; EGTA, ethylene glycol bis((3-aminoethyl

ether)-N,N,N’ ,N’-tetraacetic acid; HEPES, 4-(2-hydroxyethyl)-i -piperazineethanesulfonic acid.
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We were prompted to search for effects of Ca2� antagonists

on anion-related functions because binding of certain DHPs to

non-L-type Ca2� channel-linked sites in various tissues was
stimulated by anions (20, 21). We later found that inorganic
anions stimulated DHP binding to the mitochondrial inner

membrane sites (12). With the aid of radioligand binding as

well as functional experiments, we provide evidence that the
mitochondrial Ca2� antagonist binding site may be associated
with an inner mitochondrial membrane anion channel. Prelim-

mary results have been presented at a recent meeting (22).

Experimental Procedures

Materials. Nigericin, A23187, CCCP, and amiodarone were from

Sigma (Munich, FRG). (±)-[3H]Nitrendipine [(±)-[5-methyl-3H]3,5-

ethylmethyl-1,4-dihydro-2,6-dimethyl-4-(3-nitrophenyl)-3,5-pyridine
dicarboxylate; specific activity 84-87 Ci/mmol] was obtained from New

England Nuclear (Vienna, Austria). DHPs were gifts from Bayer AG
(Wuppertal, FRG) and PAAs from Knoll AG (Ludwigshafen, FRG).

Ca2� antagonists were from sources given elsewhere (12, 23). Guinea
pig liver mitochondrial membranes for binding studies were prepared,

as described previously (12), from mitochondria isolated by differential

centrifugation (24). Intact mitochondria from guinea pig liver for
swelling assays were isolated from nonfasting animals of either sex

according to the method of Broekemeier et al. (25), with the following

modifications. During homogenization and the first 5-mm 1000 X g

centrifugation step, mannitol-sucrose buffer (210 mM mannitol, 70 mM

sucrose, 3 mM Tris-HEPES, pH 7.4, 0.2 mM Tris-EDTA) supplemented

with 0.4 mg/ml bovine serum albumin (fatty acid-free; Sigma, Munich,

FRG) was used. After sedimentation of the mitochondria for 5 mm at

8000 x g, the pellet was washed in mannitol-sucrose buffer, recentri-

fuged, and stored in K buffer (55 mM KCI, 5 mM Tris.HC1, pH 7.4, 0.2

mM Tris-EGTA, 0.2 mM Tris-EDTA) at a concentration of 4-8 mg of

protein/ml, on ice, up to 4 hr before the swelling assay.

Assay of anion transport by osmotic swelling studies. The net
salt transport associated with anion permeation leads to swelling of the

mitochondria (26, 27), allowing quantitation of ion intake by measure-

ment of the degree of swelling (28, 29). The degree of swelling was
followed by photometric measurement of the associated decrease in
absorbance of the mitochondrial suspension after activation of (a) the

IMAC or (b) the phosphate and dicarboxylate transporters, according
to the method of Garlid and Beavis (26, 30) (see also Fig. 2 for details).

Unless indicated otherwise, mitochondria [equivalent to 80-362 �g

ofprotein, determined according to the method Lowry et al. (31)] were

incubated in 1.35 ml of K buffer, supplemented with 0.8 �g/ml rotenone,

either alone (control blank) or in presence of various drug concentra-
tions for 7 mm at 25’ . After this suspension was transferred into a
stirred six-position photometric cell kept at 25’ , absorbance measure-
ment at 520 nm was started at 0 sec and repeated every 20 sec with a
Hitachi U2000 photometer. Fifty microliters of 4 MM nigericin at 20 sec

and 50 ,�l of 80 �M CCCP at 80 sec were added to neutralize the charge

movement through the IMAC (all additions in K buffer). Addition of

50 Ml of 80 MM A23187 at 140 sec (final assay volume, 1.5 ml) together

with the chelators present in the incubation medium led to a removal
of matrix divalent cations, thus activating the IMAC (for a schematic

representation, see Ref. 26). Blank values were determined by adding
the respective volumes (i.e., 3 times 50 Ml) of K buffer only (instead of
nigericine, CCCP, and A23187). For each 20-sec measurement cycle,

the decrease in A520 nm/20 sec was determined and expressed as a

percentage of control, according to the following formula:

� swelling = ([�.A020nm/20 secidrug _ [.�.As2onm/20 sec]b,aflk)/([.�.Av2�nm/

20 sec]c�n,m, [.�.A520 nm/20 secbI8�k) x 100

Because of the distorting artifacts due to the opening of the chamber,
values of the first cycle were discarded and only data from the second

to the fourth cycles were used. Drugs were prepared from 1-100 m�i
stock solutions in DMSO. Because DMSO affected mitochondrial

swelling at concentrations greater than 1% (v/v; not shown), the final

DMSO concentration was never allowed to exceed 0.5%.

Radioligand binding assays. Reversible binding of (±)-[H]ni-

trendipine to mitochondrial membranes was measured essentially as
described (12, 23), with the following modifications. To simulate the

conditions of the mitochondrial swelling experiments, mitochondrial

membranes (80-318 �zg of protein/ml) were incubated with 0.9-4.3 nM

(±)-[H]nitrendipine, in 250 or 500 Ml of the K buffer (as used in the

swelling experiments; see Materials), at 25� for the times indicated

(kinetic experiments). A steady state for saturable binding of (±)-I’HJ
nitrendipine was reached after 30 mm and binding remained stable for

at least another 120 mm (not shown). Consequently, equilibrium bind-

ing was measured after 120-mm incubation time. Under the above

conditions, total (±)-[�HJnitrendipine binding to mitochondrial mem-

branes ranged from 0.04 to 0.6 pmol/mg of protein, depending on

radioligand and membrane concentration. Nonspecific binding was

determined in the presence of either 100 �M unlabeled nitrendipine

(57% of total binding; Fig. 3 and Table 2) or 30 �zM nicardipine (58%

of total binding). For equilibrium saturation analysis, the specific
activity of (±)-[3Hjnitrendipine was varied from 84 to 0.02 Ci/mmol

by addition of unlabeled (±)-nitrendipine. In kinetic experiments,

dissociation of the (±)-[‘Hjnitrendipine-receptor complex was initiated

either by addition of 10 or 100 MM unlabeled (±)-nitrendipine or,

yielding the same result, by 25- or 50-fold dilution of the assay in 25’

K buffer. Specific (i.e., saturable) binding for equilibrium saturation

analysis and kinetic experiments was calculated by subtraction of

nonspecific from total binding. To determine (±)-13H)nitrendipine

binding under more favorable conditions (12), radioligand and mem-

branes (for concentrations, see above) were incubated for 120 mm at

37’ in NO3 buffer containing 300 mM NaNo3, 5 mM MgC12, and 5 mM

Tris-HC1 (pH 7.0). Under these conditions, equilibrium binding with

1.8-4.3 nM (±)-[3H�nitrendipine ranged from 0.6 to 1.5 pmol/mg of
protein, with nonspecific binding amounting to 15% of total binding in

the presence of 30 �sM unlabeled nitrendipine (Fig. 3, Table 3) or 17%

of total binding in the presence of 30 �M nicardipine. For (±)-[HJ
nitrendipine binding inhibition experiments, drugs were prepared from

10 or 100 mM stock solutions in DMSO. Because DMSO was inhibitory

at concentration greater than 1% (v/v; not shown), the DMSO concen-
tration was never allowed to exceed this value.

To determine the “free” drug concentration in the aqueous medium
in the swelling experiment or the binding assay, 0.1-10 MM (±)-[HJ
nitrendipine, (+)�[tHlisradipine or (±)-[HJBay K 8644 (specific activ-
ity, 0.005-0.012 Ci/mmol) were incubated with mitochondrial mem-

branes under the conditions of either the swelling experiment (470 �.sg
of protein, 1.5-ml assay volume, 10-mm incubation at 25’) or the

binding assay (39.9 �g of protein, 25O-Ml assay volume, 120-mm incu-

bation at 25’). After the incubation, the mitochondrial membrane
suspensions were put on ice and centrifuged, and aliquots of the

supernatants were counted for radioactivity.
For binding inhibition experiments and calculation of IC0 values,

nonspecific binding was not subtracted. Instead, using the algorithm

of Ref. 32, the data were computer fitted to yield the best parameters

for the IC� values, maximal inhibition, and pseudo-Hill slope. Data

are given as means ± standard errors of n determinations.

Results

The traces contained in Fig. 1 exemplify that the DHP Ca2�
antagonist niludipine inhibits the mitochondrial swelling in-

duced by the activation of an IMAC by about 70% at a concen-
tration of 30 �tM. Table 1 summarizes the 1CM) values and
pseudo-Hill slopes for IMAC inhibition by a variety of DHP,

PAA, and BTZ Ca2� antagonists and compares them with

amiodarone, a known IMAC blocker (26, 33). The Ca2� channel

activator Bay K 8644 also inhibited the IMAC, albeit at high

concentrations (Table 1). The IC�) value and pseudo-Hill slope

for amiodarone under our experimental conditions (1.2 MM and
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Fig. 1. Inhibition of IMAC-induced swelling of mitochondria by 30 �M
niludipine. Guinea pig mitochondria(34i -378 �zg of protein)were assayed
for IMAC-induced swelling, as described in Experimental Procedures.
Tracings show the effect on absorbance (27) caused by mitochondrial
swelling after addition of nigericin, CCCP, and A23i 87 alone (control) or
in the presence of 30 �sM niludipine. The blank sample received only
equivalent volumes of K buffer instead of nigencin, CCCP, and A23i 87
additions.

TABLE 1

Inhibition of the IMAC-induced swelling of mitochondna by various
Ca2� antagonists and amiodarone
Assay conditions are described in Experimental Procedures. Data are means ±

estimated standard errors of pooled data from n determinations. The numbers in
parentheses (see also Tables 2 and 3) refer to Fig. 4. h, pseudo-Hill coefficient.
Values in parenthesis refer to the highest concentrations employed.

Compound ICa � h n

MM

DHPs
I (±)-Nicardipine 8.4 ± 0.4 86 1.55 ± 0.10 10
2 (±)-Nitrendipine 20.2 ± 5.9 80 1 .75 ± 0.53 8
3 (+)-lsradipine 38.5 ± 3.8 62 (100 �sM) 1.36 ± 0.19 8
4 (-)-lsradipine 1 07 ± 27 61 (1 00 MM) 1.57 ± 0.83 4
5 (±)-Bay K 8644 181 ± 1 72 61 1 .38 ± 1 .93 6

6 Niludipine 8.7 ± 0.8 89 2.32 ± 0.52 4
7(±)-BayM5579 207 ±47 33(100MM) 0.65±0.11 6
8 (±)-Nisoldipine 12.0 ± 2.7 87 1.13 ± 0.34 4
9 (±)-Nimodipine 19.3 ± 2.1 80 3.16 ± 1 .02 4

10 Nifedipine 64.8 ± 18.1 26 (50 �M) 2.91 ± 2.71 6
11 (±)-Niguldipine 3.5 ± 0.2 93 1.85 ± 0.15 13
12 (±)-Amlodipine 2.0 ± 0.2 92 2.29 ± 0.48 9

PAAs
13 (±)-LU47781 6.1 ± 1 .0 92 2.02 ± 0.67 6
14 (±)-LU50106 60.3 ± 8.9 96 0.88 ± 0.13 10
15 (±)-D888 17.6 ± 3.1 96 1 .07 ± 0.23 8
16 (±)-Verapamil 1 29 ± 37 96 1 .61 ± 0.60 4
17 (±)-D600 69.5 ± 4.9 88 2.36 ± 0.37 8

(±)-D6i9 339 ± 132 53 (500 ,zM) 0.49 ± 0.18 4
BTZs

18 (+)-(cis)-Dilti- 61 .3 ± 24.0 85 1 .1 6 ± 0.33 6
azem

16 (-)-(cis)-Dilti- 58.2 ± 2.3 85 0.86 ± 0.04 4
azem

Anion channel inhibitor
17 Amiodarone 1 .2 ± 0.3 86 1 .58 ± 0.82 8

1.58, respectively) closely corresponded to those reported by

Beavis [0.6 �iM and 1.51, respectively (33)]. Ca2� antagonists

inhibited swelling only if the anion permeated through the

anion channel; if anion permeation involved the phosphate and

dicarboxylate transporters, the same drugs were without effect

(Fig. 2).

Under conditions simulating the mitochondrial swelling ex-

periment (i.e. , low ionic strength of K buffer and an incubation

temperature of 25’), (±)-[3H]nitrendipine saturably bound to

hepatic mitochondrial membranes with a Kd of 7.2 ± 2.0 �tM

Fig. 2. Ca2� antagonists inhibit mitochondnal swelling induced by the
IMAC but not by activation of the phosphate and dicarboxylate trans-
porters. Guinea pig liver mitochondria were preincubated for 7 mm at

25#{176}either without or in presence of (±)-nitrendipine (A), (±)-nicardipine
(B), (±)-verapamil (C), or (+)-(cis)-diltiazem (D), in 1 .4 ml of buffer con-
taming 37 mM malic acid-KOH (pH 7.4), 20 mp,i KCI, 1 .8 mp�i Tris . HCI (pH
7.4), 0.07 mM Tris-EDTA, and 0.07 m�i Tris-EGTA, before absorbance
measurements were started, as described in Experimental Procedures.
Drug concentrations are given in �M. Malate was used as the permeant
anion for either the dicarboxylate transporter (under concomitant acti-
vation of the phosphate transporter, see Ref. 27 for a schematic descnp-
tion) or the IMAC (see Experimental Procedures for details). To test the
dicarboxylate and phosphate transporters, to intact mitochondria (equiv-
alent to 82-242 �g of protein), 50 MI of 4 MM nigericin were added after
20 sec and 50 MI of 150 mM KH2PO4/K2HP04 (pH 7.4) after 80 sec (1.5
ml final assay volume). To determine IMAC activity, intact mitochondria
(80-242 �zg of protein) were assayed as described in Experimental
Procedures. Shown are means ± standard errors of three to eight
determinations from three different mitochondrial preparations. 0, Mito-

chondrial swelling induced by the dicarboxylate and the phosphate
transporters; #{149},swelling induced by activation of the IMAC.

and a Bmax of 1.03 ± 0.37 nmol/mg of protein (n = 5). Kinetic

experiments revealed a k#{247}1of 1.84 ± 0.68 x i0� M’ x min’

(n = 4) and a k.1 of 0.102 ± 0.024 min’ (n = 4), regardless of
whether receptor-ligand complex dissociation was initiated by
addition of high concentrations of unlabeled nitrendipine or by
dilution (not shown). The kinetically derived Kd (k_1/k+1) of
5.5 �M corresponded well to the Kd determined by equilibrium

binding experiments (i.e., 7.2 zM). Under the swelling experi-

ment conditions, DHP and PAA Ca2� antagonists as well as

the BTZs (+)- and (-)-(cis)-diltiazem inhibited (±)-[3H]nitren-
dipine binding (Table 2, Fig. 3). Amiodarone also partially

inhibited (±)-[3H]nitrendipine binding with a very steep

pseudo-Hill slope (Table 2), both characteristics indicative of

noncompetitive interaction with the mitochondrial DHP bind-
ing site. Fig. 4 shows that (±)-[3H]nitrendipine binding inhi-

bition potency for DHP, PAA, and BTZ Ca2� antagonists as

well as amiodarone correlates well with their inhibitory potency

for the IMAC when the conditions of the binding assay imitate

the swelling experiments. For all tested DHPs (drugs 1-12 of

Tables 1 and 2), the correlation coefficient was 0.91 (n = 12; p

< 0.001), the overall relationship being:

PICso,MAc�d�� .,,,,I,�g -0.39 + 0.96 x PIC5O,,,�d,�S

Thus, on average, the DHPs displayed a 2.5-fold lower affinity

for the IMAC than for the mitochondrial binding site, the

difference being larger for DHPs of higher affinity (e.g., nilu-
dipine, nitrendipine) and lower for weakly acting DHPs (e.g.,
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TABLE 2
Inhibition of mitochondnal (±)-[3H]nitrendipine binding under
swelling conditions by DHPs, PAA5, BTZs, and amiodarone
(±)-[3H]Nitrendipine binding to mitochondnal membranes was measured under the
conditions of the swelling experiment, as described in Experimental Procedures.
Shown are means ± estimated standard errors of pooled data from n determina-
tions. Maximal inhibition is given as percentage of total (±)-[3H]nitrendipine binding
(no subtraction of nonspecific binding). h, pseudo-Hill coefficient. Values in paren-

thesis refer to the highest concentrations employed.

Com� lC,� = h n

MM %

DHPs
I (±)-Nicardipine 2.1 ± 1 .0 42 1 .04 ± 0.52 22
2 (±)-Nitrendipine 2.2 ± 0.6 43 0.99 ± 0.21 16
3 (+)-Isradipine 6.6 ± 1.5 53 (100 �M) 0.82 ± 0.16 6
4 (-)-lsradipine 1 0.3 ± 1 .3 43 (1 00 MM) 0.54 ± 0.05 8
5 (±)-Bay K 8644 28.1 ± 8.0 46 (100 MM) 1 .25 ± 0.28 10
6 Niludipine 1 .3 ± 0.6 37 1 .70 ± 1 .32 6
7 (±)-Bay M 5579 121 ± 33 26 (100 MM) 0.76 ± 0.17 8
8 (±)-Nisoldipine 4.7 ± 0.7 41 (20 �M) 0.87 ± 0.12 4
9 (±)-Nimodipine 7.6 ± 3.9 24 1 .90 ± 1 .97 4

10 Nifedipine 12.9 ± 11.1 41 0.67 ± 0.36 3

11 (±)-Niguldipine 0.9 ± 0.1 43 0.68 ± 0.08 16
12 (±)-Amlodipine 1 .5 ± 0.2 23 1 .98 ± 0.46 10

PAAs
13 (±)-LU47781 22.6 ± 7.3 45 1 .34 ± 0.45 8
14 (±)-LU5O1 06 1 57 ± 50 55 1 .27 ± 0.29 12
15(±)-D888 43.6±38.1 34 1.03±0.84 10
16 (±)-Verapamil 14.7 ± 5.9 23 1.43 ± 0.69 10
17 (±)-D600 36.5 ± 17.0 41 0.82 ± 0.28 10

(±)-D619 NEe(100MM) 10
BTZs

18 (+)-(cis)-Dilti- 60.0 ± 49.0 38 0.84 ± 0.60 7
azem

19 (-)-(cis)-Dilti- 66.3 ± 17.8 38 0.58 ± 0.15 9
azem

Anion channel inhibitor
20 Amiodarone 0.8 ± 0.2 18 4.40 ± 3.42 6

a NE, no effect at the highest drug concentration employed.

Bay K 8644, Bay M 5579). The correlation between (±)-[3H]

nitrendipine binding inhibition and functional potency was

excellent for the BTZ Ca2� antagonists but poor for the PAA

Ca2� antagonists (r = 0.07, n = 5;p > 0.1; drugs 13-17 of Tables

1 and 2), although they proved to be effective inhibitors of the

IMAC-induced swelling as well as (with the exception of D619)

mitochondrial (±)-[3H]nitrendipine binding. The overall cor-

relation coefficient for all DHP, PAA, and BTZ Ca2� antago-

nists and amiodarone (with the exception of D619) was 0.76 (n

= 20; p < .001; drugs 1-20 of Tables 1 and 2; relationship:

PICsoMAC,�d� .�,ll$,,K = 1.20 + 0.69 x pICsob�d�S).

We also tested (±)-[3H]nitrendipine binding to mitochon-

drial membranes in the presence of high concentrations of

nitrate, an anion that has been reported to be an excellent

permeator of the IMAC (34) and a potent stimulator of (±)-

[:IH]nitrendipine binding to mitochondrial sites (12). The dis-

sociation constant under these favorable experimental condi-

tions was 0.296 ± 0.054 zM and the Bmaz value was 0.09 ± 0.01

nmol/mg of protein (n = 4). Thus, the K,, for the radioligand

under swelling experiment conditions was 24-fold higher than

that in presence of nitrate but the number of sites accessible to

(±)-[3Hjnitrendipine was increased by a factor of 10. Thus,

overall saturable binding of the radioligand was approximately

3-fold higher under nitrate buffer conditions, compared with K

buffer. High concentrations of NaNO3 shifted the (±)-[3H]

nitrendipine binding inhibition potency for all DHP and PAA

Ca2� antagonists to a variable degree (Fig. 3); the correlation

coefficient for PIC50NO3 b�r5, versus pIC50� � was 0.55 for 11

drugs tested (p > 0.05; all drugs listed in Table 3). Notably,

amiodarone failed to affect mitochondrial (±)�EtH1nitrendipine

binding in the presence of nitrate, whereas niludipine and

nicardipine increased their binding inhibition potency 26- and
20-fold, respectively (compare data in Table 2 with Table 3).

However, the correlation between (±)-[3H]nitrendipine binding

inhibition in nitrate buffer and the inhibition potency for

IMAC-induced swelling (tested in K buffer) was very low (r =

0.12; n = 10; p >> 0.1; drugs 1, 2, 6, 7, 11, 13, 15-17 and 20 of

Tables 1 and 3).

Compared with the binding parameters obtained with cardiac

mitochondrial membranes in a 500 mM NaCl-containing buffer

at an incubation temperature of 37#{176}[where cardiac and hepatic

mitochondrial membranes displayed essentially the same (±)-

[3H]nitrendipine binding characteristics (12)], K buffer and an

incubation temperature of 25’ slowed down association of (±)-

[3Hjnitrendipine to its hepatic mitochondrial binding site by a
factor of 2 but increased the dissociation rate 6-fold. Accord-

ingly, the equilibrium binding dissociation constant was in-

creased 12-fold for hepatic mitochondrial membranes.

In conclusion, binding affinity for the mitochondrial Ca2�

antagonist binding sites depended on the experimental condi-
tions (ionic envionment and/or temperature) of the binding

assay, with large interindividual differences in affinity shifts

for the various drugs tested.
To determine the partitioning of the (hydrophobic) DHP

Ca2� antagonists into the mitochondrial membranes, 0.1-10 MM

(±)-[3Hjnitrendipine, (+)-[3H]isradipine and (±)-[3H]Bay K

8644 were incubated with mitochondrial membranes under

conditions simulating the binding or the swelling experiments,
and the actual free (i.e., not membrane-associated, available)

drug concentrations were measured (see Experimental Proce-
dures). Under the conditions of the binding assays, these free
DHP concentrations were always higher than under the con-

ditions of the swelling experiments (Table 4).

Discussion

An electrogenic uptake of anions across the inner mitochon-

drial membrane has been described by several groups (26, 27,

35), using indirect swelling (27, 28) or 36Cl uptake experiments

(36), and was tentatively assigned to a pore-forming structure

in the inner mitochondrial membrane (26, 37). Recently, with

the aid of patch-clamp studies, the existence of an anion
channel in the inner mitochondrial membrane was demon-

strated in giant mitochondria from cuprizone-fed mice (38).

The correlation between the inhibitory potency of DHP,
PAA, and BTZ Ca2� antagonists as well as amiodarone for the
mitochondrial swelling induced by the activation of the IMAC

and their affinity for the mitochondrial (±)-[3H]nitrendipine

binding site, simulating the ionic and temperature conditions
of the swelling experiments, suggests that the two structures

are closely associated. “Nonspecific” effects of the Ca2� antag-

onists on mitochondrial swelling in general can be excluded.

The antagonists proved to be inhibitory only when swelling

was induced by activation of the IMAC and not when it was

induced by activation ofthe dicarboxylate and phosphate trans-

porters (Fig. 2). The inability of DHP, PAA, or BTZ Ca2�

antagonists to inhibit mitochondrial swelling induced by the

addition of 5 mM phosphate under our experimental conditions
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DRUG [log, M]

6

5

4

TABLE 3

Inhibition of (±)-[3Hjnitrendipine binding by DHPs, PAAs, BTZs and
amiodarone in the presence of 300 m�.i NaNO3 and 5 m� MgCl2

Assay of conditions are given in Experimental Procedures. Shown are means ±

estimated standard errors of pooled data from n determinations. Maximal inhibition
is given as percentage of total (±)-[3H]nitrendipine binding (no subtraction of
nonspecific binding). h, pseudo-Hill coefficient. Values in parenthesis refer to the

highest concentrations employed.

Compound lCw �h=� h n

MM

DHPs

1 Nicardipine 0.1 07 ± 0.01 5 83 1 .02 ± 0.1 3 14
2 Nitrendipine 0.281 ± 0.025 85 1 .28 ± 0.14 8

6 Niludipine 0.050 ± 0.013 77 0.74 ± 0.14 4
7 Bay M 5579 NE (20 MM) 2

I I Niguldipine 3.630 ± 0.690 64 1 .75 ± 0.50 4
PAAs

13 (±)-LU47781 2.21 ± 0.26 84 0.70 ± 0.04 4
15 (±)-D888 37.6 ± 28.4 35 0.48 ± 0.27 4
16 (±)-Verapamil 32.2 ± 1 2.3 36 1 .51 ± 0.61 4
17(±)-D600 9.4 ±0.8 86 1.10±0.08 4

(±)-D619 NE(i00�M) 4
Anion channel inhibitor

20 Amiodarone NE (1 00 �M) 4

a NE, no effect at the highest drug concentration employed.
4 5 6

is in contrast to the findings of Vaghy et al. (39) and Matlib et

al. (40), who found an inhibitory effect of verapamil, diltiazem,

and several DHPs at similar concentrations. These researchers
measured phosphate-induced swelling in actively respiring mi-

tochondria [ADP and pyruvate added (39)]. However, in our

experiments mitochondrial respiration was inhibited by addi-

tion of rotenone (see Experimental Procedures). We suggest

that the different Ca2� antagonist effects are accounted for by
the different experimental conditions.

The close correlation between binding and effect could justify

the term drug receptor for the mitochondrial Ca2� antagonist
binding site. It fulfills the following criteria: (a) chemical
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Fig. 4. Correlation between affinity for the mitochondrial (±)-[3H]nitren-
dipine binding site and inhibitory potency for the IMAC. Plotted are pICse
values for (±)-[3H]nitrendipine binding inhibition under swelling expen-
ment conditions (abscissa) versus plC50 values for inhibition of mitochon-
drial swelling induced by the IMAC (ordinate). Numbers refer to the
substances listed in Tables 1 and 2. Linear regression for the DHPs
(substances 1 -1 2 of Tables 1 and 2) yielded a correlation coefficient of
0.91 (p < 0.001) with the following relationship (--): plCse,,,,� 0.39
+ 0.96 x � The overall correlation coefficient (. - . .) (DHPs,
PAAs, BTZs, and amiodarone; substances 1-20) was 0.76 (p < 0.001),

the relationship being: � = 1 .20 + 0.69 x pIC�a-.�. #{149},DHPs; 0,
PAAs and BTZs; L�, amiodarone.

_�-‘7 -6 -‘5 -‘4 -3

Fig. 3. Mitochondrial (±)-[3H]nitrendipine

binding inhibition by DHPs, PAAs, and
amiodarone under different ionic condi-
tions. Inhibition of reversible (±)-[3H]ni-
trendipine binding to mitochondrial mem-

branes was measured by incubating var-
ious concentrations of drugs (as
indicated) with (±)-[3H]nitrendipine, as de-

scribed in Experimental Procedures,
either in the buffer used for swelling ex-
penments (K buffer at 25#{176})(Lx) or in a
NaNO3-containing buffer (NO3 buffer at
37#{176})(0). The plotted data are normalized
with respect to total control (±)-[3H]nitren-
dipine binding (in the absence of added
unlabeled drugs) and are expressed as
percentages. Control binding ranged from
0.04 to 0.6 pmol/mg of protein under
swelling experiment conditions and varied
between 0.6 and 1 .5 pmol/mg of protein
in NO3 buffer. Data are means of 4-22
determinations. A, nitrendipine; B, nicar-
dipine; C, niludipine; D, amiodarone; E,
LU 47781 ; F, gallopamil; G, verapamil; H,
D619.
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TABLE 4

Partitioning of (±)-[3H]nitrendipine, (+)-[3H]isradipine, and (±)-[3H]

Bay K 8644 into the mitochondrial membrane compartment under
the conditions of the swelling and the binding experiments
Assay conditions are given in Experimental Procedures. The actual free (i.e., not
membrane-associated) drug concentration is expressed as a percentage of the

total drug concentration employed. Shown are means ± standard en’ors of three
determinations.

Compound
(tot� concentraton)

Actual free concentration under the

conditions of the

Bindrng�
experiment experiment

SCM % of total

(±)-[3H]Nitrendipine

0.1 ± � 65 ± 2
1 51±1 64±2

10 57±1 72±1
(+)-[3H]lsradipine

0.1 66 ± 4 80 ± 2
1 65±1 76±1

(±)-�HJBay K 8644
69±1 75±1

0.1 72 ± 1 87 ± 2
1 73±1 85±2

10 76±4 81±12

selectivity (12, 14), (b) reversible ligand binding (11, 12, 14, 15,

41), (c) allosteric regulation by endogeneous ligands [e.g., ATP

(16)], (d) correlation of binding parameters with phenomeno-
logical parameters under certain experimental conditions (this

study), and (e) localization on a complex of polypeptides that

can be solubilized and partially purified from mitochondrial

membranes (14).

There are two major arguments against proposing the asso-

ciation of the mitochondrial Ca2� antagonist sites with the

IMAC, based on our experimental evidence, which can be

answered as follows.
First, there is a discrepancy between binding inhibition and

functional potency, which is on average 2.5-fold. The discrep-

ancy is higher when overall potency is high and decreases when

overall potency is low (Tables 1 and 2). We offer the following

explanations. (a) Mitochondrial swelling had to be initiated

after preincubation times not allowing for equilibrium binding;

in the swelling experiments, at most 10 mm passed between
addition of the drugs and the A23187-induced activation of the

IMAC. It is reasonable to expect that high inhibition potency

is correlated with slower off kinetics of a drug. The expected

percentage of occupied sites at times far from equilibrium is,

therefore, inversely correlated with affinity and could explain

the larger difference between binding affinity and functional
potency for Ca2� antagonists with high overall potency and vice

versa (Tables 1 and 2). (b) In the case of alA-adrenoceptors and
L-type Ca2� channel radioligand binding experiments, parti-

tioning of hydrophobic DHP molecules (e.g., niguldipine) into

membrane compartments can often cause dramatic shifts in
binding inhibition parameters (42, 43). Table 4 shows that,
indeed, a consistently greater percentage of ligand partitioned

into the mitochondria under the conditions of the swelling

experiments than under the conditions of the binding experi-
ments. In our investigations, binding experiments with intact

mitochondria yielded unsatisfactory results (not shown) due to

a very large nonspecific uptake of (±)-[3H]nitrendipine. Thus,

partitioning of drugs into the mitochondrial matrix and una-
vailability for IMAC inhibition may also account for the ob-

served differences in affinity, depending on the hydrophobicity

of the drug.

Second, although they are interesting, we do not understand

the affinity changes for different DHPs (compare Tables 2 and
3) upon changes in the experimental conditions for binding.

Amiodarone, a known inhibitor of the IMAC (26, 33), affects

(±)-[‘Hjnitrendipine binding only in the presence of low con-

centrations of the permeant anion Cl. The incomplete inhibi-

tion [18% of total (±)�[CH]nitrendipine binding, which corre-

sponds to 43% of nicardipine- or 42% nitrendipine-displaceable

(i.e., specific) (±)-[3H]nitrendipine binding] and the steep

pseudo-Hill slope (Table 2) suggest a negative heterotropic

allosteric interaction with the mitochondrial DHP binding site.

On the other hand, amiodarone was without effect on
nitrendipine binding in the presence of high concentrations of

N03, another permeant anion of the IMAC (34). Apparently

nitrate, by occupation of an anion site, increases the affinity of
various Ca2� antagonists for the DHP sites but abolishes allo-

steric inhibition by amiodarone. Alternatively, all these changes

might be caused by the nonspecific chaotropic effect of NaNO:�

(44). In contrast, interaction of (+)- or (-)-(cis)-diltiazem with

the mitochondrial DHP binding site becomes measurable only

under the conditions of the swelling experiments, whereas these

BTZs had no effect in a Tris-based buffer containing 500 mM

NaCl (12). Thus, there was only a weak correlation between

the binding parameters obtained in K buffer and those obtained

in NO3 buffer; in addition, no correlation between the binding
parameters obtained with NO3 buffer and the IMAC inhibition
data (assessed in K buffer) was observed. One explanation

could be heterogeneity of the binding sites. One class, which is

absolutely dependent on certain anions for high affinity DHP

binding, has no relationship to the IMAC and the other class
is associated with the IMAC but cannot be differentiated from

the former with our binding methodology in NOt buffer; we

have no evidence to support or reject this argument. However,

we tend to favor an alternative view, because an apparent lack

of correlation between binding constants and functional data

for Ca2� antagonists is not unprecedented. For example, K,

values for Ca2� antagonist binding in depolarized membrane

preparations do not correlate with, for example, negative mo-

tropic effects on heart papillary muscle. The discrepancy is,

however, more apparent than real because there is “state-
dependent” binding of the drugs to the L-type Ca2� channel

(see Ref. 6 for a detailed discussion). Thus, by analogy, a single

class of interchangeable sites on the inner mitochondrial mem-

brane could be in different states, stabilized, for example, by

anions and/or temperature, and only the state induced under

the K buffer conditions reveals the association with the IMAC.

It is hoped that this question, as well as others, can be resolved

by functional reconstitution of the solubilized and partially

purified mitochondrial Ca2� antagonist binding sites. As re-
ported elsewhere, these preparations exhibit allosteric coupling

of PAA and DHP sites, ATP regulation, and anion stimulation
(14). With respect to the poor correlation of (±)-[‘HJnitrendi-

pine (DHP) binding inhibition and IMAC-induced swelling

inhibition by the PAA Ca2� antagonists, it should be noted that

allosteric inhibition constants of the PAAs at the mitochondrial

DHP binding site are compared with the PAA effects on IMAC

activity. Thus, poor correlation could be explained by loose

allosteric coupling of the two distinct Ca2� antagonist binding

domains, each, however, being tightly associated with the
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IMAC. Perhaps, direct labeling of the mitochondrial PAA sites

(see Ref. 14) will demonstrate correlations as good as shown by

us now for the DHP site.

Although the existence of an anion channel in the inner

mitochondrial membrane has been demonstrated by a variety

of functional assays (see above), neither has its

(patho)physiological role been established yet nor have there

been any reports of drugs that selectively interact with the

IMAC. Garlid and Beavis (26) discuss the IMAC as a possible

“physiological uncoupler” as well as a structure that can be

used by mitochondria upon recovery from (ischemic) stress to

free themselves from the accumulated ionic load and, conse-

quently, shrink to normal size. On the other hand, for signifi-

cant Ca2� accumulation to occur, overall electroneutrality (by

proton extrusion) must be maintained across the inner mito-

chondrial membrane (for recent reviews, see Refs. 45 and 46).

The accompanying proton extrusion imposes limits on the

amount of Ca2� that can be accumulated. Concomitant permea-

tion of anions into the mitochondrial matrix, however, removes

any (theoretical) restraint to Ca2� accumulation (45, 46). Inhi-

bition by Ca2� antagonists of a structure allowing the influx of

anions (i.e., the IMAC) could inhibit excessive Ca2� uptake by

mitochondria and prevent the resulting structural and func-

tional impairment. The latter are well documented Ca2� antag-

onist effects in a variety of animal studies (for reviews, see

Refs. 17 and 18). If Ca2� antagonists, as suggested by our

studies, bind to this hitherto only functionally characterized

channel, they may be exploited for structural characterization,

as exemplified for the L-type Ca2� channel.
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