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Summary 

The divalent cation requirement for mitochondrial cardiolipin biosynthe- 
sis has been further investigated. The relative order of divalent cation activity 
was Co2+ > Mn2+ > Mg2+. 

Cardiolipin was not formed in the incubations with Zn”, Fe’+, Cu’+, 

Hg2+, and Ca”. Cardiolipin synthesis in the presence of optimal concentration 
of Co2+ was inhibited by Ca2+. 

A series of CDP-diglycerides was synthesized having differences in fatty 
acid chain length and degree of unsaturation. These compounds were tested in 
mitochondrial cardiolipin and phosphatidylglycerol synthesis. Although there 
were some minor differences between phosphatidylglycerol and cardiolipin 
synthesis, in general, saturated shorter chain CDP-diglycerides (dilauroyl and 
dimyristoyl) were better substrates than the longer chain dipalmitoyl and 
distearoyl homologues. Introduction of double bonds into distearoyl CDP- 
diglyceride resulted in more rapid rates of synthesis (e.g. dioleoyl and di- 
linoleoyl CDP-diglyceride). Significance of the results is discussed with regard 
to possible mechanisms of linoleic acid incorporation into rat liver cardiolipin. 

Introduction 

Previous studies have indicated that cardiolipin is formed in rat liver mito- 
chondria from phosphatidylglycerol and CDP-diglyceride [l-4] . In our earlier 
studies [1,2], the requirement for Mg2+, Mn2+, or Co’+ was demonstrated and 
these observations have now been extended. This paper presents kinetic studies 
of cardiolipin formation with various divalent cations and inhibition studies 
using Ca2+. 
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Another factor which might be expected to influence the rate of mito- 
chondrial cardiolipin formation is the fatty acid composition of its CDP-digly- 
ceride precursor. The previous studies of Bishop and Strickland [5] and Ben- 
jamins and Agranoff [6] of phosphatidylinositol formation by brain micro- 
somal preparations have shown the importance of the fatty acid composition of 
CDP-diglyceride. A series of CDP-diglycerides of specific fatty acid composition 
have been synthesized and tested as substrates for phosphatidylglycerol and 
cardiolipin synthesis. 

Methods 

(1) Preparation of subcellular fractions. Preparation of rat liver mitochon- 
dria or inner mitochondrial membranes was carried out as previously described 
[3] . Protein was determined by the method of Lowry et al. [7] and small 
aliquots in 0.25 M sucrose containing 0.005 M Tris buffer (pH 7.4) were frozen 
at -18” C until use. 

(2) Preparation of substrates. 
(a) Radiochemicals. sn-[2-3 H] Glycerol 3-phosphate was prepared enzy- 

matically from [ 2-3 H] glycerol by the method of Chang and Kennedy [8] . 
Phosphatidyl[2-” H] glycerol was prepared biosynthetically as described pre- 
viously [ 31. ’ 4 C-labeled phosphatidylglycerol was similarly prepared starting 
with sn-[1,3-l 4 CZ ] glycerol S-phosphate or sn-[l-l 4 C] glycerol 3-phosphate. 

(b) Synthesis of CDP-diglycerides. A series of phosphatidic acids were 
synthesized from sn-glycerol 3-phosphate (Calbiochem, La Jolla, Calif., U.S.A.) 
and the respective fatty acids according to Method B of Lapidot et al. [9] . The 
size of the reaction mixture was 0.4 times the proportions given by these 
authors. However, dilinoleoyl phosphatidic acid was synthesized by a modifica- 
tion of Method A of Lapidot et al. [9] in which the in vacua drying step was 
omitted and the reaction mixture was refluxed for 3 h under a Nz atmosphere; 
otherwise, the procedure was identical to Method A. The phosphatidic acids 
were purified by elution from a Sephadex LH 20 column (4 X 150 cm) with 
chloroform/methanol, (1 : 1, v/v), followed by column chromatography using 
silicic acid as described by Lapidot et al. [9] . 

Pure 1-palmitoyl, 2-oleoyl phosphatidylcholine was generously provided 
by Dr R. Demel, Utrecht, The Netherlands. This was converted to phosphatidic 
acid by the action of phospholipase D (Sigma Chemical Co., St. Louis) [lo], 
and the phosphatidic acid purified by silicic acid column chromatography. 

CDP-diglycerides were synthesized from the respective phosphatidic acids 
by the method of Agranoff and Suomi [ll] as modified by Prottey and Haw- 
thorne [12] . Purification was carried out by fractionation using silicic acid 
column chromatography [ 121. 

The compounds gave single spots when checked by thin-layer chromato- 
graphy described by Ter Schegget et al. [13] . Phosphorous was assayed by the 
method of Ames and Dubin [14] ; cytidine was determined by measurement of 
absorption at 280 nm as described by Bishop and Strickland [5] . In the puri- 
fied CDP-diglyceride series, the average phosphorous/cytidine ratio was 2.03 
(range 1.81-2.18). The fatty acid composition of the final CDP-diglyceride was 
checked by acid methanolysis, extraction of the methyl esters and gas-liquid 
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chromatography using a Packard gas chromatograph and columns of 10% 
ethylene glycol succinate on Gaschrom Q. The compounds were found to 
contain the respective fatty acids expected in greater than 96% purity in each 
case. 

(3) Assays of phospholipid synthesis. 
(a) Phosphatidylglycerol synthesis from .~n-[2-~ H] glycerol 3-phosphate 

and CDP-diglyceride was assayed using a filter paper disc assay as described 
previously [13] . Incubation details are noted in Fig. 3. 

(b) Cardiolipin biosynthesis from phosphatidyl[2-3 H] glycerol of phos- 
phatidyl[ 1,3-l ’ C2 ] glycerol and CDP-diglyceride was assayed as previously 
described [ 31. The basic incubation medium was a 50 mM Tris * HCl buffer (pH 
7.5) containing 2 mM EDTA unless otherwise noted; CDP-diglyceride, radioac- 
tive phosphatidylglycerol and mitochondrial protein in concentrations noted in 
the respective figures; divalent cations, as the chloride salts, were always the last 
addition. In some experiments total lipid extracts were done by the method of 
Bligh and Dyer [ 151 ; in other experiments total lipids were extracted by the 
method of Folch et al. [16], since this method afforded somewhat better 
recoveries of acidic phospholipids (cf. St. Palmer [17] ). Other incubation de- 
tails and method of extraction of the total lipids for chromatography are noted 
in the respective figures and tables. The entire total lipid extract was chromato- 
graphed on 0.5 mm thin-layer chromatographic plates of silica gel H (E. Merck, 
Darmstadt) impregnated with 0.4 M H, B03 using chloroform/methanol/water/ 
cont. ammonia (70 : 30 : 3 : 2, by vol.) and the areas of radioactivity were 
located by scanning with a Panax TLC Scanner (Panax Instruments, Redhill, 
Surrey, England). The radioactive peak corresponding to pure reference car- 
diolipin (Sigma Chemical Co. St. Louis, U.S.A.) was scraped into a liquid 
scintillation vial and counted using a toluene (containing 0.4% PPO and 0.05% 
POPOP)/Triton X-100 water system (2 : 1 : 0.2, by vol.) as previously described 
[3]. Corrections for quenching were made using an external standard. 

(4) Chemicals. Cytidine 5’-monophosphomorpholidate and adenosine tri- 
phosphate were obtained from Sigma Chemical Co., St. Louis, MO.; glycerol 
kinase from Boehringer, Mannheim; 99% pure fatty acids from E. Merck, Darm- 
stadt. Radioactive glycerols were obtained from New England Nuclear Corpora- 
tion, Boston, Mass., or the Radiochemical Centre, Amersham, England. 

Results 

Table I shows the influence of a group of divalent cations on mitochon- 
drial cardiolipin synthesis. Ca’+ Cu*+, Fe2’, Hg” and Zn2’ did not support 
cardiolipin synthesis. Co2+, Mn2’, and Mg2’ were all active in supporting car- 
diolipin synthesis and Fig. 1 shows velocity versus cation concentration plots 
for the active divalent cations Co’+, Mg2*, and Mn2’. Co2+ is clearly the most 
active divalent cation for cardiolipin biosynthesis with Mn2+ and Mg*+ being 
less active in that order. 

Fig. 2 shows the effect of Ca2’ on formation of cardiolipin from exoge- 
nously added ’ 4 C-labeled phosphatidylglycerol in the presence of optimal 
amounts of Co*+ (20 mM). Ca2’ was clearly inhibitory to cardiolipin formation 
and the inhibition was not due to enhanced degradation of the phsophatidyl- 



385 

TABLE I 

INFLUENCE OF DIVALENT CATIONS ON MITOCHONDRIAL CARDIOLIPIN SYNTHESIS 

Incubation conditions: 1 mg inner mitochondrial membrane protein, 5.5 . lo-” M phosphatidyl[l-‘4C]- 

glycerol (specific activity 10 Ci/mol) and 1 . 10e5 M CDP-diglyceride (egg lecithin source) were incubated 
with a 50 mM Tris . HCl buffer (pH 7.5); divalent cations were added last. After 1 h at 37°C a total lipid 

extract was prepared by the method of Bligh and Dyer f 151. 

Cation Concentration pm01 CL-/me: per h 
(mmol/l) 

NOlIe 0 
zn2+ 2.0 
Fez+ 2.0 
cu2+ 2.0 
Hg2+ 0.8 
Ca2+ 2.0 
Mg?+ 2.0 
Mg2+ 20.0 
Mn2+ 2.0 
co2+ 2.0 

<0.5 

0 
<l 

0 
0 

<l 
3 

35 
41 

150 

Fig. 1. Influence of divalent cation concentration on velocity of cardioiipin formation. Incubation condi- 
tions: 50 mM Tris (pH 7.5). 0.35 mg mitochondrial infger membrane protein, 6.6 . 10-6 M phosphati- 

dyl[ l-“C] glycerol (specific activity 10 Ciimol), 1 * 10 M CDP-diglyceride (Source: egg lecithin) in a 

final volume of 0.25 ml was incubated for 1 h at 37OC. Total lipids were extracted by the method of 
Folch et al. [ 161. DIPG, diphosphatidylglycerol. 

Fig. 2. Effect of Ca2+ on cardiolipin (CL) synthesis in the presence of optimal Co2+. Incubation condi- 
tions: 2 mg of mitochondrial protein was incubated in 50 mM Tris buffer (FH 7.5) with 2. lo-’ M 
GDP-diglyeeride, 3.9 * 10-6 M phosphatidy1[l,3-14C2] glycerol (PG) (specific activity, 24.3 Cilmol). 
EDTA was omitted from the mixture; 20 mM Co2+was added, mixed and Ca2+was the final addition in 
indicated concentrations in a total volume of 0.25 ml. After 1 h at 37OC the mixture was treated as in 
Fig. 1. 
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Fig. 3. Cardiolipin and phosphatidylglycerol synthesis from fatty acid-specific CDP-diglycerides. Incuba- 

tion conditions: (a) Cardiolipin synthesis (left panel), 50 mM Tris . HCl (PH 7.5) containing 2 mM EDTA, 

2.05 mg mitochondrial inner membrane protein. 6.6 . lop6 M phosphatidyl[l-‘4C] glycerol (22.7 Ci/mol), 

CDP-diglyceride as noted in a final volume of 0.25 ml was incubated for 1 h at 37’C. The incubation 

medium was extracted by the method of Bligh and Dyer [15]. (b) Phosphatidylglycerol synthesis (right 

panel). 100 mM Tris . HCl buffer (pH 7.4), 40 mM P_mercaptoethanol, 0.35 mg mitochondrial inner 

membrane protein, 4 10m5 M sn-[l-l 4 Cl glycerol 3-phosphate (20 Ci/mol) and CDP-diglyceride as noted 

in a final volume of 0.125 ml. After 1 h at 37’C the reaction was stopped and phosphatidylglycerol 

synthesis determined using filter paper assay [ 131. Since the entire experiment could not be done in a 

single day due to the large number of samples, cardiolipin and phosphatidylglycerol synthesis from the 

various liponucleotides has been expressed relative to the rate with dimyristoyl CDP-diglyceride, deter- 

mined on each day. Only slight daily variation was encountered in phosphatidylglycerol formation, but 
cardiolipin formation varied by plus or minus 10% from day to day. CDP-diglyceride for both types of 

incubation was prepared as follows: the liponucleotide in chloroform/methanol (2 : 1, v/v) was taken to 

dryness in a small tube with a N2 stream. Distilled water was added and the CDP-diglyceride was dispersed 

by two 5-s bursts at maximum output with a Branson sonifier with microtip. The final concentration was 

determined by measuring the absorbance at 280 nm as described by Bishop and Strickland [ 51 The usual 

concentration of the CDP-diglyceride stock solution dispersed in water was 2 )unol/ml. 

glycerol precursor since cardiolipin formation fell to 20% of the control at 20 
mM Ca” while the ’ 4 C-labeled phosphatidylglycerol remaining in the medium 
remained in the range of 80-9576 of control levels at all CaZC concentrations. 
5 mM Ca2+ resulted in 50% inhibition of cardiolipin formation. 

Fig. 3 shows results of cardiolipin and phosphatidylglycerol synthesis 
from fatty acid-specific CDP-diglycerides, exogenously added as sonicated 
micellar solutions. The initial rates of both phosphatidylglycerol and car- 
diolipin synthesis were more rapid with CDP-diglycerides containing short 
chain fatty acids (dilauroyl and dimyristoyl) than with dipalmitoyl or dis- 
tearoyl CDP-diglycerides. Dioleoyl and dilinoleoyl CDP-diglycerides were better 
substrates for both phosphatidylglycerol and cardiolipin synthesis than the 
distearoyl compound. No marked preference for exogenously-added dilinoleyl 
CDP-diglyceride was observed in either phosphatidylglycerol or cardiolipin 
formation by rat liver mitochondrial inner membranes. 

l-Palmitoyl, 2-oleoyl CDP-diglyceride, which represents a major molecular 
species in the CDP-diglyceride prepared from egg lecithin [ 181, was a good 
substrate for both phosphatidylglycerol and cardiolipin biosynthesis. It should 
also be noted that CDP-diglyceride prepared from purified egg lecithin ap- 
peared to be a better substrate for cardiolipin synthesis than the synthetic 
CDP-diglycerides shown in Fig. 3. This can be appreciated by comparing the 
velocities for cardiolipin biosynthesis in the presence of optimal Co*+ concen- 
trations (Fig. 1, 380 pmol/mg per h) with the rates obtained with the synthetic 
substrates, approx. 80 pmol/mg per h for dimyristoyl CDP-diglyceride at the 
equivalent 10 PM CDP-diglyceride concentration. Absolute comparison of these 
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values cannot be made however, as there were some differences in the incuba- 
tion mixtures and the methods used for extraction of the radioactive lipid 
products. 

Discussion 

Mitochondrial biosynthesis of cardiolipin has previously been shown to 
require either Mg”, Mn*’ [1,2,4,19,20] or Co*+ [3]. However, direct kinetic 
investigation of the effects of cation concentration on the rate of cardiolipin 
formation have not been previously reported. Domazet et al. [19] have recent- 
ly studied the effect of increasing Mg*+ and Mn*’ concentration on the percent 
composition of “polyglycerolphosphatides”, consisting of phosphatidic acid, 
phosphatidylglycerol, phosphatidylglycerol phosphate and cardiolipin. Al- 
though the absolute rates of polyglycerolphosphatide synthesis were reported, 
the studies on divalent cation concentration effects on polyglycerolphosphatide 
formation were expressed in terms of percent composition, making conclusions 
about absolute rates of cardiolipin synthesis difficult to draw. These authors 
reported that 160 mM Mn*+ was most favorable for cardiolipin formation. This 
is not in agreement with our data which show maximal cardiolipin formation 
with 20 to 40 mM Mn”. This could be partially due to the fact that representa- 
tion of cardiolipin formation as a percentage of total polyglycerolphosphatides 
may lead to artifacts, particularly if the rate of formation of total polyglycerol- 
phosphatides is decreased by very high cation concentrations. Since the abso- 
lute rate of polyglycerolphosphatide formation as a function of divalent cation 
concentration is not reported, the dependence of the rate of cardiolipin forma- 
tion on the metal ion concentration cannot be calculated. 

Ca*’ was found to be inhibitory to cardiolipin formation and this effect 
was shown not to be due to increased hydrolysis of phosphatidylglycerol to 
lysophosphatidylglycerol by a Ca*‘-activated mitochondrial phospholipase A 
since the rate of cardiolipin formation fell to 20% of the control while the 
amount of phosphatidylglycerol remaining fell to only 80-95s of control. The 
concentration of Ca*’ giving one half inhibition of cardiolipin synthesis was 
5 mM. Our data are in contrast to those of Domazet et al. [19] who concluded 
that Ca*+ did not stimulate or inhibit cardiolipin formation. However, these 
authors did not test the effect of Ca*+ in a system where maximal cardiolipin 
formation would be expected and once again the absolute rate of polyglycerol- 
phosphatide formation was not given [ 191 . 

It is not known which divalent cation serves as the principal cofactor for 
mitochondrial cardiolipin biosynthesis in vivo. Levels of divalent cations in 
mitochondria have been reported as follows: Mg*+, 20-25 nmol/mg [21] ; 
Mn*‘, 2.89 nmol/mg [22] ; Ca*‘, 5.0 nmol/mg [23] or 14.2 nmol/mg [24] . No 
data concerning Co*’ levels in mitichondria is currently available. Although one 
cannot extrapolate from these endogenous divalent cation concentrations to 
the kinetic studies of Figs 1 and 2, it seems quite possible that mitochondrial 
levels of Co*+, Mn*‘, and Mg*+ relative to Ca*’ might partially regulate the rate 
of cardiolipin formation. 

The fatty acid composition of CDP-diglyceride also affected the rate of 
phosphatidylglycerol and cardiolipin formation. Our finding that dilauroyl and 
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dimyristoyl CDP-diglyceride were better substrates than dipalmitoyl or diste- 
aroyl CDP-diglyceride for both phosphatidylglycerol and cardiolipin formation 
is in agreement with the data of Benjamins and Agranoff [6] for phosphati- 
dylinositol formation in brain microsomes. Bishop and Strickland [ 51 found 
that dioleoyl CDP-diglyceride was a better substrate for brain phosphatidylino- 
sitol formation than distearoyl CDP-diglyceride. Our results for phosphatidyl- 
glycerol and cardiolipin formation are in agreement with their finding since 
both dioleoyl and dilinoleoyl CDP-diglyceride were better substrates than 
distearoyl CDP-diglyceride. Finally, it should be noted that the apparent pre- 
ference for certain molecular species of CDP-diglyceride observed in these 
studies can be due either to differences in the physical state of the micellar 
dispersions or less likely, to a true enzymatic specificity. 

The experiments with fatty acid-specific substrates did not reveal the 
cause for the high linoleic acid content of liver mitochondri~ cardiolipin 
[25,26] . Exogenously added dilinoleoyl CDP-diglyceride was not found to be 
especially preferred for cardiolipin synthesis, although it was a better substrate 
than dipalmitoyl and distearoyl CDP-diglyceride. Another possible mechanism 
for the introduction of linoleic acid into cardiolipin would be the preferential 
reacylation of lysocardiolipin(di [ 1-acyl lysophosphatidyl] glycerol) by linoleoyl- 
CoA. However, experiments on the acylation of di-( l-acyl lysophosphatidyI)- 
glycerol, prepared by phospholipase A Z degradation of rat liver cardiolipin, 
with various acyl-CoA thioesters by mitochondria did not reveal a selective 
incorporation of linoleate over other fatty acids such a palmitate, stearate or 
oleate. A more extensive study of this acylation process, recently published by 
Eichberg [27] led to the same conclusions. Acylation of di(l-acyl lysophospha- 
tidyl)glycerol was reported to be at least three times more rapid with stearoyl- 
CoA and oleoyl-CoA than with linoleoyl-CoA. The extent of the reaction in 
mitochondria was only about one-fifth that in microsomes, but a similar acyl 
specificity was found for microsomes and mitochondria. In addition Eichberg 
[27] reported that considerable incorporation of labeled fatty acids, especially 
stearate, occurred into the l-position of the glycerol moieties, despite the use 
of di( l-acyl-1ysophosphatidyl)glycerol as acceptor. Thus, the high quantities of 
Iinoleate present in rat liver cardiolipin cannot easily be explained at present, 
either on the basis of the observed in vitro selectivities during the synthesis of 
cardiolipin from phosphatidylglycerol and CDP-diglyceride (this paper) or on 
the basis of the selectivities of the reacylating enzymes 1271. Currently, the 
fatty acid composition of endogenous CDP-di~yceride in rat liver is not known, 
but if it contains a high proportion of the dilinoleoyl molecular species this 
could explain the high linoleic acid content in cardiolipin 
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