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The interaction of cardiolipin with Ca 2+ was assessed by measuring the cardiolipin-mediated extraction of 
45Ca2+ from an aqueous to an organic (methylene chloride) phase. Cardiolipin binds Ca 2+ with high affinity 
[Kd(apparent)=0.70+0.17 IxM (S.D.)]. Cation-cardiolipin interactions are selective. Interaction of 
cardiolipin with Ca 2+ is insensitive to Na +, but is inhibited by divalent cations with MnZ+> Zn2+> Mg z+. In 
addition La 3+ and Ruthenium red are particularly potent inhibitors of Ca 2+ binding by cardiolipin. 
Cardiolipin-mediated extraction of Ca 2+ into an aqueous phase is also inhibited by phosphatidylcholine. 
Inhibition of Ca2+-cardiolipin interaction by phosphatidylcholine (a phospholipid known to stabilize the 
bilayer conformation) may implicate inverted, non-bilayer lipid structures in the binding. 

Introduction 

The transport of calcium across biological 
membranes is central to the function of numerous 
cellular systems. In some cases, such as the 
sarcoplasmic reticulum of skeletal muscle, the agent 
that mediates calcium movement has been isolated 
and identified. A 100 kDa ATPase protein is the 
functional transporter in sarcoplasmic reticulum 
(for a review, see Ref. 1). In mitochondria, al- 
though several distinct Ca 2+ fluxes, including Ca 2÷ 
uptake in response to an inward negative mem- 
brane potential, have been defined [2] a specific 
calcium transport protein has yet to be unequivo- 

* Current address: Department of Pharmacology and Experi- 
mental Therapeutics, University of Maryland School of 
Medicine, Baltimore, MD 21201, U.S.A. 

** To whom reprint requests should be addressed. 
Abbreviat ions:  Hepes, N-2-hydroxyethylpiperazine-N'-2- 
ethanesulfonic acid; PC, phosphatidylcholine. 

cally demonstrated to function in situ [3-5]. 
It has been suggested that phospholipids, which 

are major components of all biological mem- 
branes, might be capable of calcium transport [6]. 
Naturally occurring phosphatidylethanolamines 
adopt inverted nonbilayer structures. Both the 
hexagonal H~I phase, consisting of cylindrical 
arrays with the lipid headgroups facing inward, 
and inverted micelles contain an aqueous core 
suitable for sequestering calcium. Furthermore, the 
acidic phospholipids, phosphatidic acid and 
cardiolipin, can be induced by calcium to form 
inverted structures (for a review, see Ref. 7). 

Attempts to add phospholipids to naturally oc- 
curring membranes have suggested that cardiolipin 
may stimulate calcium entry into platelets [8]. 
Phosphatidate has been reported both to mimic 
depolarization-induced calcium uptake by syn- 
aptosomes [9] and to facilitate Ca 2+ uptake by 
hepatocytes [10]. The behavior of phospholipids in 
a model system has been studied extensively by 
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Tyson et al. [11]. Using a Pressman cell [12], they 
demonstrated that cardiolipin and phosphatidic 
acid both facilitate the movement of calcium from 
one aqueous phase to another through a stirred 
organic phase. Extraction of calcium from an 
aqueous into an organic phase by cardiolipin has 
also been reported [13]. More recently, Serhan et 
al. [14] have proposed that phosphatidate may 
facilitate calcium influx into liposomes. 

Because previous studies have, in general, been 
concerned with the ability of phospholipids to 
translocate Ca 2 ÷ across the plasma membrane, the 
Ca z÷ concentrations utilized have been >/ 1 mM. 
In the experiments of Tyson et al. [11], for exam- 
ple, lipid and Ca 2+ concentrations were 0.42 and 
10 mM, respectively. In contrast, intracellular Ca 2÷ 
concentrations are exceedingly low (0.1-10.00/~M) 
[15,16]. Thus, if a phospholipid were to mediate 
Ca 2+ transport across an intracellular membrane, 
it would require very high affinity for the ion. 

We report here an examination of the interac- 
tion of cardiolipin, a major component of the 
inner mitochondrial membrane, with Ca 2+. Using 
a model system, in this case, the ability of the 
phospholipid to extract Ca 2+ from an aqueous to 
an organic phase, and Ca 2+ and cardiolipin con- 
centrations in the micromolar range, we have found 
that the apparent affinity of cardiolipin for Ca 2 ÷ is 
much higher than anticipated (K d < 1 btM). Fur- 
thermore, competition studies using a variety 
cations suggest that cardiolipin-cation interactions 
in this model system are selective. 

Methods 

Extraction of Ca 2÷ into an organic phase was 
measured by the method described by Jeng and 
Shamoo [5]. Lipid samples were placed in polypro- 
pylene test tubes and the solvents evaporated un- 
der nitrogen. The organic phase, 1.0 ml methylene 
chloride, was added to each tube and the tube 
vortexed briefly. A 0.5 ml aqueous phase con- 
taining 5 mM Hepes-Tris, pH 8.0, and 45CAC12, 
was then added. The tubes were stoppered and 
vortexed for 2 min. The phases were separated by 
centrifugation, and duplicate samples of the aque- 
ous and organic phases were counted. (The organic 
phase was collected by puncturing the bottom of 
the tube.) Controls were run for all Ca 2+ con- 

centrations used. In the absence of lipids no Ca 2 + 
could be detected in the organic phase. The data 
shown are representative of multiple replicate ex- 
periments. 

Bovine brain phosphatidylcholine and the 
sodium salt of bovine heart cardiolipin were 
purchased from Sigma. Ruthenium red was re- 
crystallized according to Luft [17]. Solutions were 
made fresh on the .day of use and the concentra- 
tion determined spectrophotometrically. 

Phospholipid concentrations were determined 
by the method of Chen et al. [18]. 

Results and Discussion 

The organic extraction technique measures the 
ability of a compound to interact with an ion, in 
this case Ca 2+, in such a manner that the resulting 
complex is soluble in the organic phase. A 
Scatchard plot for the interaction of cardiolipin 
with calcium, determined by organic extraction 
from aqueous phases containing 5-60/~M Ca 2+, is 
shown in Fig. 1. An apparent dissociation constant 
of 0.76 /~M can be calculated from the plot. Five 
separate determinations, using cardiolipin con- 
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Fig. 1. A Scatchard plot for Ca 2+ binding by cardiolipin 
measured by the organic extraction method. Each tube con- 
tained 9.6 nmol cardiolipin; Ca 2+ concentrations were 5-60 
p.M in the aqueous phase. The line shown is a linear least- 
squares fit of the data. An apparent dissociation constant of 
0.76 t~M is computed from - (1 / s lope) ,  and the x-intercept 
indicates the presence of 6.2 nmol of binding sites in the 1.0 ml 
organic phase. 



centrations from 9.6 to 57.6/~M (assuming all the 
lipid to be present in the methylene chloride 
organic phase) yielded an apparent K a of 0.70 + 
0 .17 / ,M (S.D.). When toluene (dielectric constant 
= 2.4) was substituted for methylene chloride (di- 
electric constant 9.1), the apparent K d increased to 
3.4 _+ 1.0 /~M (three determinations). Clearly, at 
least in this assay system, the affinity of cardioli- 
pin for calcium is high. 

The dependence of Ca 2+ extraction on 
cardiolipin concentration is demonstrated in Fig. 2 
for a range of concentrations from 4.8 to 57.6 #M. 

Tyson et al. [I I] reported that, in the presence 
of excess Ca 2 +, a mole ratio of Ca 2 ÷ to cardiolipin 
of 1 : 1 could be attained in the organic phase of 
their Pressman cell. If  bulk extraction of Ca 2÷ in 
the absence of a lipophilic anion is observed, 
formation of such an uncharged complex is predic- 
ted. The same stoichiometry was determined by 
means of organic extraction (Fig. 3). Data are 
presented for two separate determinations carried 
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Fig. 2. Dependence o f  Ca 2 + b ind ing  on card io l ip in  concentra-  

t ion,  deterndned by  organic extract ion.  Tubes conta ined 4.8 
( © ) ,  9.6 (e) ,  19.2 (z~), or  57.6 (A) nmo l  card io l ip in .  N o  detec- 
table Ca 2+ appeared in the organic phase when card io l ip in  was 

omi t ted.  
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Fig.  3. A p p a r e n t  s t o i ch iome t ry  o f  C a  2 + b i n d i n g  b y  ca rd io l ip in .  

Results are shown for two Ca 2÷ concentrations: 40/~M (©) 
and 50/tM (O). The solid lines are least-squares fits of the data 
points they connect and extrapolate to stoichiometries of 0.97 
and 1.06 cardiolipin per Ca 2÷ bound at infinite cardiolipin 
dilution, respectively. The broken curves connecting the points 
at higher cardiolipin concentrations were drawn by eye. They 
are consistent with observations at other Ca 2+ concentrations 
(not shown). The single point (e) at approx. 2.4 2 nmol 
cardiolipin bound per Ca 2 ÷ in the 1.0 ml organic phase was not 
used in curve fitting. 

out at 40 /~M and 50 #M Ca 2+. The amount of 
Ca 2+ bound is plotted as a function of the 
cardiolipin concentration. Extrapolation to infinite 
cardiolipin dilution yields cardiolipin to Ca z+ 
stoichiometries of 0.97 and 1.06, respectively. The 
accuracy of these stoichiometries will depend on 
the completeness of cardiolipin partitioning into 
the organic phase. Direct measurements of the 
phospholipid content of the two phases, made at 
7-35 btM cardiolipin and 0-100 ~tM Ca 2+, dem- 
onstrated that less than 2% of the input cardiolipin 
was present in the aqueous phase. Under the con- 
ditions of Fig. 3, i.e., 50 /~M Ca 2÷ and varying 
cardiolipin concentration, more than 90% of the 
cardiolipin was recovered in the organic phase 
(data not shown). Interfacial accumulation of 
cardiolipin is apparently a minor factor in this 
experimental system. (A stoichiometry of 1.55 
cardiolipins per Ca z+ can be calculated from the 
intercept of the Scatchard plot in Fig. 1.) 
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Serhan et al. [14] have reported the sequence 
M n  2+ > C a  2+ > Sr  2+ > Ba 2+ > Mg z+ for cation 
translocation by phosphatidic acid in multilamel- 
lar vesicles. Selectivity of cardiolipin-cation inter- 
action under conditions of low lipid and ligand 
concentration was measured by testing the ability 
of a variety of cations (10-100 #M) to inhibit 
extraction of Ca 2+, from an aqueous phase 50/~M 
in Ca 2+, into an organic phase (Fig. 4). It can be 
seen that Na + is essentially without effect. Mn 2+, 
which is translocated into mitochondria by the 
Ca2+-uptake system [19,20], inhibits Ca z+ extrac- 

(~ 100~ 

g 

- 50 C 

U 

n 

0 

Ruthenium Red Conc 

100 ~ 
Na 

g 

"~ 50 

8 
5 
C 
O 

~.=_~t henium Red 
0 o t • i 

50 100  

Concentration of Competing Cation (pM) 

Fig. 4. Inhibition by cations of cardiolipin-mediated extraction 
of Ca 2+ into an organic phase. Each tube contained 19.2 nmol 
cardiolipin. Ca 2÷ concentration in the aqueous phase was 50 
~M. Controls bound 8.38_+0.46 nmol Ca 2÷. Cations tested 
were, in order of increasing ability to inhibit, Na + (11), Mg 2÷ 
(D), Zn 2+ (,~), Mn 2+ (A), La 3+ (e), and Ruthenium red (O). 
Inhibition by Ruthenium red is shown in expanded form in the 
insert. 

tion more strongly than Mg 2+, which is not trans- 
located [19,20]. La 3+ and Ruthenium red are par- 
ticularly potent inhibitors of Ca 2 + extraction. Fifty 
percent inhibition is observed at approx. 13 and 
0.8 ~M, respectively. Complete inhibition by 
ruthenium red appeared at < 3 /~M or approxi- 
mately one Ruthenium red per 13 cardiolipin. 
Under the conditions of this experiment, the con- 
trols bound 8.38 + 0.46 nmol Ca 2+. Complete in- 
hibition by Ruthenium red thus occurred at ap- 
proximately one Ruthenium red per 5.6 Ca 2 +. This 
stoichiometry suggests that each of the six positive 
charges on Ruthenium red can interfere with the 
binding of a calcium ion. 

Tyson and co-workers [11] failed to observe 
cation selectivity when cardiolipin-mediated cation 
translocation was measured in a Pressman cell. In 
fact, when cations were present in the donor phase 
at 10 mM, cardiolipin transported Rb + at a rate in 
excess of the rate measured for Ca 2+. Rb + was, 
however, unable to compete with Ca 2 + for translo- 
cation. Rb + was also an ineffective competitor in 
the organic extraction system described here. In 
two experiments, Rb + and Mn z+ (100 /~M) re- 
duced Ca 2+ extraction to an average of 85% and 
30% of the control values, respectively, under the 
conditions of Fig. 4. 

Cardiolipin is reported to form the hexagonal 
Hll phase in the presence of Ca 2+, and an iso- 
tropic 3~p-NMR signal, possibly indicative of in- 
verted micelles, can be detected using Ca 2+- 
cardiolipin mixtures [21,22]. Furthermore, t4N- 
N M R  studies [23] suggest that lipids in water- 
organic solvent systems are organized into inverted 
micelles in the organic phase. The cardiolipin-Ca 2 + 
complexes found in the methylene chloride phase 
of these organic extraction experiments may thus 
be inverted micelles with Ca 2+ sequestered in an 
aqueous interior. A preliminary test of this hy- 
pothesis was carried out by examining the effect of 
phosphatidylcholine (PC) o n  C a  2+  extraction by 
cardiolipin. PC is reported to stabilize bilayers and 
to inhibit formation of inverted structures [24]. 
From the observation that PC is required for the 
head groups of cardiolipin to be antigenic [25], it 
can be inferred that PC disrupts inverted struc- 
tures formed by cardiolipin. 

The effect of PC concentration on Ca 2 + extrac- 
tion by 9.6 nmol cardiolipin is shown in Fig. 5. 
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Fig. 5. Inhibition of cardiolipin-mediated Ca 2 + extraction by 
phosphatidylcholine. Each tube contained 9.6 nrnol cardiolipin. 
Ca 2+ concentration in the aqueous phase was 50 #M. The 
controls bound 4.72 + 0.36 nmol Ca 2+. 

Measurable inhibition was observed at a P C /  
cardiolipin mole ratio of 1, and 50% inhibition 
occurred at PC/cardiol ip in  = 2.5 (using 750 as the 
molecular weight of PC). The apparent affinity of 
cardiolipin for Ca 2+ was unaltered by PC. In 
experiments using the protocol of Fig. 5, the effect 
of PC concentration on cardiolipin-mediated Ca: + 
extraction was determined for cardiolipin con- 
centrations from 9.6 to 58 nmol per tube. Inhibi- 
tion was not a simple function of either PC con- 
centration or PC/cardiol ip in  ratio. No discontinu- 
ities in the curves were observed at the critical 
micelle concentration for PC in solvents of low 
dielectric constant (200 /~g/ml for benzene [26]). 
The trivial explanation for the inhibitory effect of 
PC, namely that it tended to exclude cardiolipin 
from the organic phase, was eliminated by direct 
TLC analysis of the organic phase. PC concentra- 
tions sufficient to inhibit Ca 2+ extraction > 90% 
did not visibly alter the cardiolipin content of the 
organic phase. Note that extraction of Ca :+ into 
the organic phase by PC also is of minimal con- 
cern. At 50 ~M Ca 2+, even the highest PC con- 
centration tested bound < 0.2 nmol Ca z + whereas 
the cardiolipin control value for Fig. 5 was 4.72 + 
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0.36 nmol Ca 2+ bound. Extraction of Ca 2+ by PC 
itself may, however, explain the residual Ca 2+ 
binding observed at high PC concentrations. 

Conclusions 

We have demonstrated in a model system that 
interactions of cardiolipin with Ca 2. can occur at 
physiological intracellular Ca 2 ÷ concentrations and 
micromolar phospholipid concentrations. The ap- 
parent K d for the interaction ( <  1 #M) is com- 
parable to that of the mitochondrial Ca2+-uptake 
system determined from initial-rate studies [19] 
and to that of the N a ÷ / C a  2+ exchanger [2]. The 
interaction of cardiolipin with Ca 2÷ is further 
characterized by a differential sensitivity to other 
cations and pronounced sensitivity to Ruthenium 
red and lanthanum. 

Calcium uptake by the mitochondrial uniporter 
is electrophoretic [19,20], yet the 1 : 1 stoichiome- 
try of calcium-cardiolipin interaction suggests that 
the complex is electrically neutral. Similarly, stud- 
ies of cardiolipin effects on artificial black lipid 
membranes formed from PC, PE and varying 
amounts of cardiolipin up to 25% showed no 
ionophoretic activity to calcium or potassium 
(Drzymala and Shamoo, unpublished observa- 
tions). A primary role for cardiolipin in the func- 
tion of the uniporter thus seems unlikely. Calcium 
also crosses the mitochondrial inner membrane by 
several mechanisms that are independent of mem- 
brane potential: N a + / C a  2+ exchange, H + / C a  2+ 
exchange, and Ca2+-triggered Ca z+ release (for a 
review, see Ref. 2). The possibility thus exists that 
cardiolipin may be involved in the binding step of 
one of these transport functions. 

We have considered the possibility that the 
cardiolipin utilized in these experiments might 
contain residual protein. 100 #g cardiolipin gave a 
Lowry-positive response equivalent to 1.5 /~g 
bovine serum albumin. No amino acids could be 
detected when an equivalent sample was subjected 
to amino acid analysis. The observed capacity of 
the cardiolipin to bind Ca 2 + with 1 : 1 stoichiome- 
try, when Ca 2 + is in excess, thus vastly exceeds the 
capacity of the contaminant protein. 

The experiments reported here deal only with 
binding and sequestration of Ca 2 ÷ by cardiolipin. 
Serhan et al. [14,27] have incorporated cardiolipin 
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in to  mul t i lamel la r  vesicles in more  rat ios up to 5%. 
U n d e r  these condi t ions ,  no Ca 2+ ent ry  into the 
l iposomes  was de tec ted .  This  suggests  that  
card io l ip in  does not  funct ion as a classical iono-  
phore.  We have, however,  looked  at Ca  2+ b ind ing  
to uni lamel lar  vesicles con ta in ing  varying amount s  
of  cardiol ip in .  Only  when card io l ip in  is present  in 
a mole  rat io  in excess of 5% is s ignif icant  Ca 2+ 
b ind ing  observed  (Brenza and Shamoo,  unpub-  
l ished observat ion) .  Card io l ip in  accounts  for 20% 
of the total  mi tochondr ia l  phospho l ip id  by  weight  
[28] or approx.  10 mol%. 

Ex t rapo la t ion  f rom exper iments  with model  
systems to biological  membranes  must  be made  
with  care. The fo rmat ion  of  inver ted structures,  for 
example ,  may  be observed with a synthet ic  l ipid,  
bu t  not  with the na tura l ly  occurr ing  forms of  the 
l ip id  [29]. The  behavior  of any one par t i cu la r  l ip id  
will be inf luenced by  the o ther  l ipids present .  The 
cy top lasmic  m e m b r a n e  of  Escherichia coil" K12 
strain CE1163 (which lacks phospho l ipase  A in the 
outer  membrane )  shows evidence of an i so t ropic  
phase  at 37°C [30], but  an E. coli mutan t  s train 
(T2GP)  deficient  in the synthesis  of card io l ip in  
and  auxot roph ic  for fat ty  acids shows no signs of 
non-b i l ayer  phases  be tween 30 and 40°C [29]. 
Similarly,  the pro te in  const i tuents  of  biological  
membranes  alter the behavior  of the m e m b r a n e  
l ip ids  in ways that  cannot  be  easily predic ted .  
Thus,  the l ipids ex t rac ted  f rom liver endop lasmic  
re t iculum form only bi layers  whereas  the spec t rum 
of  the membranes  themselves has a p ronounced  
isotropic  c o m p o n e n t  [31]. In contras t ,  the isola ted 
l ip ids  of rod  outer  segments d i sp lay  spect ra  char-  
acterist ic  of the hexagonal  H H phase  and  an iso- 
t ropic  phase  while the l ipids  of  the intact  pho to -  
receptor  m e m b r a n e  adop t  a b i layer  conf igura t ion  
[32]. Par t icular ly  relevant  to the exper iments  dis- 
cussed here, the spect ra  of bo th  the inner  
mi tochondr ia l  m e m b r a n e  and its cons t i tu tent  l ipids 
indicate  the presence of  a Ca 2 +-enhanced iso t ropic  
componen t ,  but  the componen t  is not  de tec ted  in 
intact  mi tochondr i a  [33]. 
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