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Cardiolipin (CL) synthase activity was characterized in mitochondrial extracts of the yeast Succharomyces cereuisiue 

and was shown for the first time to utilize CDP-diacylglycerol as a substrate. CL synthase exhibited a pH optimum of 
9.0. Maximal activity was obtained in the presence of 20 mM magnesium with a Triton X-100: phospholipid ratio of 
1: 1. The apparent K, values for phosphatidylglycerol and CDP-diacylglycerol were 1 mM and 36 PM, respectively. 
CL synthase activity was maximal at 45 Q C and heat inactivation studies showed that the enzyme retained greater than 
75% of its activity at temperatures up to 55 ’ C. To study the regulation of CL synthase, the enzyme was assayed in cells 
grown under conditions known to affect general phospholipid synthesis. Unlike many phospholipid biosynthetic enzymes 
including PGP synthase, which catalyzes the initial step in CL biosynthesis, CL synthase was not repressed in cells 
grown in the presence of the phospholipid precursor inositol. Detailed procedures for the enzymatic synthesis of 
32P-labelled substrates are de&bed: 

Introduction 

Cardiolipin (CL) is an anionic phospholipid found in 
prokaryotic cells [l] and in the inner mitochondrial 

membrane of eukaryotic cells [2,3]. Komberg and co- 

workers [4-61 have shown that the anionic phospho- 
lipids CL and phosphatidylglycerol (PG) play an im- 

portant role in DNA replication in E. coli by facilitat- 

ing the ADP-ATP exchange reaction of dnaA protein. 
In yeast, CL is required for cytochrome oxidase activity 

[7,8] and CL and/or PG may be involved in transloca- 
tion of proteins across the mitochondrial membrane 

[9,10]. Additionally, CL has been reported to be a 

potent effector of cytochrome P-450,,,-dependent 
cholesterol side chain cleavage activity in bovine adrenal 

mitochondria [11,12]. 
The biosynthesis of CL involves three sequential 

reactions [13-161. The first two steps (reactions 1 and 2) 

are similar in eukaryotes and prokaryotes. However, 
mammalian cells utilize CDP-diacylglycerol in the 
synthesis of CL (reaction 3), while in bacteria two 
molecules of PG condense to form CL (reaction 4) [17]. 
(1) glycerol 3-phosphate + CDP-diacylglycerol + PGP 

(phosphatidylglycerolphosphate) + CMP 

Correspondence: M.L. Greenberg, Dept. Biological Chemistry, The 
University of Michigan, Ann Arbor, MI, 48709-0606, U.S.A. 

(2) PGP + H,O --, PG (phosphatidylglycerol) + Pi 
(3) PG + CDP-diacylglycerol + CL + CMP 

(4) 2PG + CL + glycerol 
Substantial information on the synthesis of the major 

anionic phospholipids, PG and CL, has been obtained 

in E. coli. The enzymes that catalyze the synthesis of 
CL have been characterized biochemically and the genes 

encoding these enzymes have been cloned. To determine 
whether anionic phospholipids are essential for cell 

viability, gene disruption experiments were performed 
[18-211. Disruption of the cls (CL synthase) gene is not 
lethal, but strains disrupted in cls continue to make CL 

(presumably via another enzyme, phosphatidylserine 

synthase). However, strains bearing a disruption of the 

pgsA (PGP synthase) gene are inviable. These data 
suggest that in E. coli, the anionic phospholipids PG 
and/or CL are required for viability. 

Much less is known about the enzymes for CL 

synthesis in eukaryotes. CL biosynthetic enzymes have 
been only partially purified in a few mammalian sys- 
tems [22-241; however, nothing is known about the 
regulation of these enzymes or the genes that encode 
them. By studying the enzymes that catalyze the forma- 
tion of CL and isolating their respective genes, we can 
gain insight into the function of CL in eukaryotic 
organisms. Because yeast is more amenable to com- 
bined genetic, molecular and biochemical analysis than 
any other eukaryote, it is an excellent system in which 
to study CL synthesis and function. 
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The CL synthase reaction has never been analyzed in 
yeast. Thus the correct pathway for CL synthesis in this 
organism has not been previously determined. Although 
phospholipid synthesis in yeast is generally carried out 
by enzymes common to higher eukaryotes, at least one 
exception has been observed. Phosphatidylserine is 
synthesized in yeast and bacteria from CDP-di- 
acylglycerol and serine, while in higher eukaryotes PS is 
synthesized by an exchange reaction between phospha- 
tidylethanolamine and serine [14-161. We initiated this 
study of the yeast CL synthase in order to characterize 
the enzyme biochemically and to determine whether the 
reaction followed the prokaryotic or eukaryotic route. 
Characterization of the enzyme, furthermore, is essen- 
tial for further molecular analysis of the gene that 
encodes it. 

Yeast CL synthase activity was undetectable under 
assay conditions described for the bacterial and mam- 
malian enzymes [l&24]. Furthermore, these assays re- 
lied on preparation of the substrate [14C]PG, which is 
costly and less efficient than the 32P-labelled substrates 
used in our assays. In this report, we describe the 
biochemical characterization of yeast CL synthase and 
demonstrate for the first time that CDP-diacylglycerol 
is a substrate in the reaction. We also 
procedures for the preparation of both 3Y 

resent detailed 
P-labelled sub- 

strates PG and CDP-diacylglycerol. Finally, we show 
that, unlike most phospholipid biosynthetic enzymes 
(including PGP synthase which catalyzes the initial re- 
action in CL biosynthesis), CL synthase expression is 
not repressed by the phospholipid precursor inositol. 

Materials and Methods 

Materials 
Most of the chemicals including dioleoylglycerol, di- 

oleoyl phosphatidic acid, dioleoyl phosphatidylglycerol 
and E. coli cardiolipin were obtained from Sigma 
Chemical. [ Y-~~P]ATP was purchased from DuPont, 
New England Nuclear Research Products. Diacyl- 
glycerol kinase was obtained from Lipidex (Westfield, 
NJ). Egg CDP-diacylglycerol was purchased from Life 
Science Resources (Milwaukee, WI). Silica-gel 60 thin- 
layer plates (0.25 mm) were the products of E. Merck 
(Darmstadt, F.R.G.). Kodak XAR-5 film was used for 
autoradiogtaphy in conjunction with an intensifying 
screen (DuPont Lightening Plus). Ready Safe scintilla- 
tion cocktail was purchased from Beckman Instruments, 
Bio-safe II was purchased from Research Products In- 
ternational Corp. and BetaMax was obtained from ICN 
Schwartz/Mann. 

Bacterial strains, growth conditions and preparation of cell 
fractions 

An E. coli K12 strain DHl/pCDlOO which overpro- 
duces CDP-diacylglycerol synthase 53-fold [25] was the 
gift of Dr. Christian Raetz, Merck, Sharp and Dohme 

(Rahway, NJ) and was grown in LB medium plus 30 
pg/ml chloramphenicol at 3O’C. An E. coli CL syn- 
thase mutant HW55 [26] was the gift of Dr. Burton 
Tropp, Queens College, Flushing, New York and a 
plasmid containing the PGP synthase gene, pPGL3008 
[27] used to transform strain HW55 was the gift of Dr. 
William Dowhan, University of Texas, Houston, Texas. 
Strain HW55/pPGL3008 was grown in LB medium 
plus 12.5 pg/ml tetracycline at 37 o C. Crude extracts of 
cells were prepared by three passages through a French 
press after suspension in 100 mM Tris-HCl (pH 7.5); 
unbroken cells were removed by centrifugation at 3000 
x g. The membrane and cytosolic fractions were then 
separated by centrifugation at 100000 x g for 90 min 
and the supematant was discarded. The membrane frac- 
tion was resuspended in 100 mM Tris-HCl (pH 7.5) and 
stored at - 80 o C. 

Yeast strains, growth conditions and preparation of cell 
fractions 

The wild type strains used in this study were D273- 
10B (met6 MA Tar) and ade 5 (ade5 MATa). 

For the enzyme characterization studies, strain 
D273-10B was grown at 30°C in minimal media con- 
taining 0.27% vitamin-free yeast base (as described in 
the Difco Manual omitting dextrose, histidine, methio- 
nine and tryptophan), vitamins [28], 3% glycerol, 0.95% 
ethanol and 0.002% methionine, using the fermentation 
facility of the Department of Biological Chemistry, Uni- 
versity of Michigan, Ann Arbor. The cells were grown 
to log phase and harvested using a Sharples centrifuge 
and the cell paste was stored at - 80 O C. Mitochondria 
were isolated essentially as described by Carman and 
Belunis [29]. Approx. 75 g of cells were washed and 
resuspended in 100 ml of buffer containing 50 mM 
Tris-HCl (pH 7.5), 1 mM EDTA, 0.3 M sucrose and 10 
mM 2-mercaptoethanol. The cell suspension was mixed 
with 300 g of pre-chilled glass beads and disrupted by 
homogenization in a Biospec Products Bead Beater for 
five 1-min bursts, with a 4-min pause between bursts. 
The homogenate was then centrifuged twice at 4000 x g 

for 10 min in a GSA rotor to remove the glass beads 
and unbroken cells. The supematant was centrifuged at 
27 000 X g for 10 min in a Sorvall SS34 rotor to pellet 
mitochondria. The pellet was washed twice in homo- 
genization buffer and then resuspended in buffer con- 
taining 50 mM Tris-HCl (pH 7.5), 10 mM 2-mercapto- 
ethanol and 20% glycerol and stored at - 80’ C. 

For the regulation studies, ade 5 was grown at 30 O C 
in 2 1 Erlenmeyer flasks in minimal media as described 
above, except that 0.15 mM adenine was added for 
growth and 2% glucose replaced 3% glycerol/0.95% 
ethanol as the carbon source. In addition, 75 PM in- 
ositol was added where indicated. Cells were grown to 
log phase, harvested by centrifugation, and washed in 
buffer containing 50 mM Tris-HCl (pH 7.5), 10 mM 
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2-mercaptoethanol and 20% glycerol. The cell pellets 
were then resuspended at 1 g wet weight of cells per ml 
in the same buffer and mitochondria were isolated as 
described by Greenberg et al [30]. Cells were broken 
open by vortexing with pre-chilled glass beads for five 
l-mm bursts, cooling cells on ice between bursts. Ho- 
mogenates were then centrifuged for 5 mm in a Sorvall 
SS34 rotor at 3000 x g and the pellet discarded; the 
supematant was centrifuged twice more, each time dis- 
carding the pellet. The remaining supematant was then 
centrifuged for 10 min at 27000 X g to pellet mito- 
chondria, washed twice and resuspended in homogeni- 
zation buffer, and stored at - 80’ C. 

Synthesis of [32P]phosphatidylglycerol 

[ 32P]Phosphatidylglycerol (PG) was synthesized en- 
zymatically from [ y- 32P]ATP, dioleoylglycerol, CTP and 
glycerol 3-phosphate in three steps (Fig. 1). A method 
for labelling PG with 14C has been described [18,31]. 
However, we chose to prepare [32P]PG because it is at 
least 200-fold cheaper than [14C]PG and shortens auto- 
radiographic exposure time significantly. First, high 
specific activity [ 32 Plphosphatidic acid was synthesized 
from [ y- 32P]ATP and dioleoylglycerol by diacylglycerol 
kinase as described by Walsh and Bell [32] with minor 
modifications. The 100 ~1 reaction contained 51 mM 
octyl glucoside, 1 mM bovine cardiolipin, 60 mM im- 
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Fig. 1. Reaction scheme for the synthesis of [32P]PG. [32P]PG was synthesized from [Y-~*P]ATP, dioleoylglycerol, CTP and glycerol 3-phosphate 
as described. 
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idazole (pH 6.6), 50 mM NaCl, 12.5 mM MgCl,, 1 mM 
EGTA, 0.3 mM DTPA, 2 mM DTT, 2 mM dioleoyl- 
glycerol, 50 I_LM Na,ATP (2500 Ci/mol) and 50 pg of 
diacylglycerol kinase. The reaction proceeded for 1 h at 
room temperature. 

Next, to convert [32P]phosphatidic acid to [32P]- 
CDP-diacylglycerol, the diacylglycerol kinase reaction 
was diluted to a final volume of 1 ml consisting of 0.1 
M potassium phosphate (pH 7.4), 10 mM MgCl,, 3.2 
mM Triton X-100, 0.25 mM DTT, 5 mM CTP and 250 
pg of crude membrane protein from strain DHl- 
pCDlO0 which overproduces CDP-diacylglycerol syn- 
thase 53-fold [25]. Cold dioleoyl phosphatidic acid was 
omitted from the reaction to maintain a high specific 
activity. The reaction was incubated at 30 o C for 1 h. 

Finally, [ 32P]PG was synthesized from [ 32P]CDP-di- 
acylglycerol and glycerol 3-phosphate by PGP synthase 
and PGP phosphatase from an E. coli strain 
HW55/pPGL3008 which overproduced PGP synthase 
greater than 50-fold (unpublished data). This strain was 
constructed by transforming an E. cok CL synthase 
mutant HW55 [26] with a plasmid pPGL3008 contain- 
ing the PGP synthase gene [27]. High endogenous PGP 
phosphatase levels eliminated the need to overproduce 
this enzyme, while the CL synthase mutation minimized 
the conversion of [32P]PG to [32P]CL. The reaction 
components necessary for PGP synthase activity [33] 
with modifications were added directly to the CDP-di- 
acylglycerol synthase reaction mixture increasing the 
total volume to 5 ml. The reaction contained 0.1 M 
Tris-HCl (pH 8.0) 0.1 M MgCl,, 5 mM glycerol 3- 
phosphate and 2.2 mg of crude membrane protein from 
strain HW55/ 
for 4 h, the 3P 

PGL3008. Following incubation at 37 o C 
P-labelled lipid products were separated 

from unreacted [Y-~~P]ATP by the addition of 1 ml 0.1 
M HCl in methanol and 5 ml chloroform and further 
purified by Silica-gel 60 thin-layer chromatography in 
chloroform/methanol/water (65 : 25 : 8, v/v) [31]. The 
chromatogram was then briefly exposed to X-ray film, 
and the [32P]PG was identified by comigration with 
authentic dioleoyl PG, then scraped and eluted from the 
silica-gel with chloroform/O.1 M HCl in methanol/ 
water (1: 1 : 0.9, v/v) [34]. Typically, the conversion of 
[Y-~*P]ATP to [ 32P]PG was 40-50%. 

Synthesis of [ 32P]CDP-diacylglycerol 
[ 32P]CDP-diacylglycerol labelled in the phosphatidyl 

moiety was synthesized enzymatically in two reactions. 
High specific activity [ 32P]phosphatidic acid was 
synthesized exactly as described above. The diacyl- 
glycerol kinase reaction was then stopped with 100 ~1 of 
0.1 M HCl in methanol and [32P]phosphatidic acid was 
extracted by the addition of 0.5 ml chloroform and 0.5 
ml of 1 M NaCl. An aliquot of the chloroform layer was 
dried and counted in a Beckman Scintillation Counter. 
The specific radioactivity of the [32P]phosphatidic acid 

was adjusted to 10000 cpm/nmol with cold dioleoyl 
phosphatidic acid, and [32P]phosphatidic acid was con- 
verted to [ 32P]CDP-diacylglycerol essentially as de- 
scribed above except that the final phosphatidic acid 
concentration was 1 mM. After 1 h at 30°C, the reac- 
tion was stopped with 0.5 ml of 0.1 M HCl in methanol 
and lipids were extracted with 1 ml chloroform. The 
chloroform layer was then spotted onto a Silica-gel 60 
thin-layer chromatography plate and run in chloro- 
form/ methanol/glacial acetic acid (65 : 25 : 8, v/v). The 
chromatogram was briefly exposed to X-ray film and 
the [ 32P]CDP-diacylglycerol product was identified by 
comigration with authentic CDP-diacylglycerol. The 
band was scraped and eluted from silica-gel with chlo- 
roform/0.1 M HCl in methanol/water (1 : 1 : 0.9, v/v). 
The conversion of [ 32 Plphosphatidic acid to [ 32P]CDP- 
diacylglycerol under these conditions was approx. 60%. 

CL synthase enzyme assay 
Protein concentration was determined by the method 

of Bradford [35] using bovine serum albumin as the 
standard. An aliquot of high specific activity [ 32P]PG in 
chloroform was dried under N, and the specific radio- 
activity was adjusted to 5000-10000 cpm/nmol with 
cold dioleoyl phosphatidylglycerol in water and soni- 
cated. CL synthase activity was then measured at 45’C 
in mitochondrial extracts in the presence of 100 mM 
Tris-HCl (pH 9.0) 20 mM MgCl,, 0.1 mM CDP-diacyl- 
glycerol, 0.5 mM [32P]PG and 0.6 mM Triton X-100 in 
a total volume of 100 ~1. After 20 min, the reaction was 
stopped with 0.5 ml 0.1 M HCl in methanol and lipids 
were extracted with 1 ml chloroform and 1.5 ml 1 M 
MgCl,. The samples were then vortexed and the phases 
separated by centrifugation for 3 min at 100 x g. A 0.5 
ml aliquot of the chloroform layer was transferred to a 
1.5 ml Eppendorf tube and evaporated in air. The 
samples were rinsed with 100 ~1 of chloroform and 
evaporated again, and then spotted onto a Silica-gel 60 
TLC plate by rinsing the tubes four times with 12 ~1 of 
chloroform. The chromatogram was run in chloroform/ 
methanol/glacial acetic acid (65 : 25 : 8, v/v) and then 
exposed to X-ray film. The [32P]CL product was identi- 
fied by alkaline hydrolysis as described below; however, 
for routine assays, [32P]CL was identified by comigra- 
tion with E. coli CL, and the spots were then scraped 
into scintillation vials with 0.5 ml water and 5 ml Ready 
Safe or Biosafe II and counted in a Beckman Scintilla- 
tion Counter. The assay was linear with respect to time 
(lo-30 min) and protein concentration (lo-100 pg). A 
unit (U) of enzyme activity is defined as the number of 
nmol of product formed per min under the assay condi- 
tions described above. The specific activity is defined as 
units per mg of protein. A complete reaction mixture 
stopped at time zero was included with each assay and 
each sample was run in triplicate. 
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Deacylation of phospholipids 

To identify substrates and products, 32P-labelled 

phospholipids were subjected to deacylation by mild 
alkaline hydrolysis as described by Davidson and 

Stanacev [36]. Samples and standards in chloroform 

were dried down under a stream of N, and resuspended 

in 2.5 ml of chloroform/methanol (1 : 1, v/v). The 

samples were then made alkaline by the addition of 50 

1.11 of 4 M NaOH. After 10 min at room temperature, 

the reactions were stopped with 250 mg of Dowex 

AG-50W-X4 (acid form) and immediately extracted with 

1 ml of water. After centrifugation to separate the 

phases, the supernatants were saved, and the samples 
were re-extracted with another ml of water. The water 
extracts were combined, made alkaline by adding several 

drops of 0.5 M NH,OH (tested with pH paper), and 
evaporated to dryness in a Savant Speed Vat Con- 

centrator. The samples were then resuspended in 5-10 

~1 of water and spotted in duplicate onto Whatman No. 

1 paper chromatograms. The two chromatograms were 

run in different solvents: isopropanol/ water/ ammonia 

(7 : 2: 1, v/v) [37] and 1 M ammonium acetate (pH 

7.4)/absolute ethanol (35 : 65, v/v) [38]. The standards 
were then identified by the Hanes and Isherwood spray 

[39] which identifies water-soluble phosphate-containing 

compounds. The results in Fig. 7 show that the correct 
‘*P-labelled lipids were synthesized and that the 32P- 

labelled product from a CL synthase assay is CL. 

Results 

Properties of yeast CL synthase 

CL synthase activity was measured in 100 mM Tris 
buffer from pH 7.0 to 10.0. A pH optimum of 9.0 was 

observed (Fig. 2). The effect of various divalent cations 

was determined and maximal activity was obtained in 
the presence of 20 mM magnesium ions. Manganese, 

OOOc_ 5 65 75 

PH 

Fig. 2. Effect of pH on CL synthase activity. CL synthase activity 

was measured in 100 mM Tris buffer at the indicated pH values 
as described. 

1.25 , 

Divalent Cation (mM) 

Fig. 3. Effect of divalent cations on CL synthase activity. CL synthase 
activity was measured with the indicated concentrations of divalent 

cation as described. 

cobalt and calcium ions had little or no effect on CL 

synthase activity (Fig. 3). The concentration of Triton 

X-100 was varied to determine the optimal ratio of 
detergent to phospholipid substrate. Phospholipid con- 

centrations used in these experiments were 0.1 mM 

CDP-diacylglycerol and 0.5 mM PG. First, the ratio of 
Triton X-10 to CDP-diacylglycerol was kept constant 
while varying the ratio of Triton X-100 to PG. An 

optimal ratio of 1 : 1 Triton X-100 to PG was found 

(data not shown). Next, the ratio of Triton X-100 to 
CDP-diacylglycerol was varied while maintaining the 

Triton X-100 : PG ratio at 1 : 1. An optimal ratio of 1 : 1 

Triton X-100 to CDP-diacylglycerol was found (data 
not shown). Finally, the concentration of Triton X-100 

was varied to determine the optimal ratio of detergent 

to total phospholipid (Fig. 4). Activity appeared to 

plateau at ratios of 1: 1 to 5 : 1. However, at Triton 
X-100 : phospholipid ratios greater than 10 : 1, CL syn- 
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Fig. 4. Effect of Triton X-100 on CL synthase activity. CL synthase 
activity was measured with the indicated concentrations of Triton 

X-100 in the presence of 0.1 mM CDP-diacylglycerol and 0.5 mM PG 
as described. 
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activity was measured at the indicated temperatures as described. (B) 

Mitochondrial extracts were incubated for 20 min at the indicated 

temperatures in a controlled temperature water bath. The samples 

were then placed on ice for 20 min, reaction components added and 

CL synthase activity measured as described. 

thase was inhibited (data not shown), suggesting that 
the enzyme followed substrate dilution kinetics. 

CL synthase activity was measured from 30 to 65 o C 
in a controlled temperature water bath, and optimal 
activity was observed at 45°C (Fig. 5). Thermal stabil- 
ity analysis of CL synthase indicated that the enzyme is 
stable to 55°C. (Fig. 5B). 

Saturation kinetics were displayed with respect to 
both phospholipid substrates PG and CDP-diacyl- 
glycerol. Reciprocal plots show apparent K, values of 
1 mM and 36 PM for PG and CDP-diacylglycerol, 
respectively (Fig. 6). However, at high concentrations, 
both phospholipid substrates PG and CDP-diacyl- 
glycerol were inhibitory: concentrations of PG and 
CDP-diacylglycerol greater than 0.65 mM and 0.10 mM, 
respectively, inhibited CL synthase activity. 

Utilization of CDP-diacylglycerol as a substrate by yeast 
CL synthase. 

Direct proof that CDP-diacylglycerol is a substrate 
for CL synthase is shown in Figs. 7 and 8. Enzyme 
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assays were performed as described using as labelled 
substrates either [ 32P]CDP-diacylglycerol labelled in the 
phosphatidyl moiety, or [32P]PG. Lipids were extracted 
and chromatographed as described and in both cases a 
unique 32P-labelled spot comigrating with an E. cofi CL 
standard was observed (Fig. 7). This 32P-labelled lipid 
and phospholipid standards were subjected to mild al- 
kaline hydrolysis and chromatographed. The deacylated 
product of this lipid comigrated with the carbon back- 
bone of the CL standard (Fig. 8). Incorporation of the 
32P label from CDP-diacylglycerol into CL demon- 
strates directly that yeast CL synthase utilizes CDP-di- 
acylglycerol as a substrate. 

Regulation of CL synthase 
To study the regulation of CL synthase, wild type 

cells were grown under conditions known to affect 
general phospholipid synthesis. Cells were grown in the 
presence or absence of inositol, a phospholipid pre- 
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Fig. 6. Dependence of CL synthase activity on the concentration of 
PG and CDP-diacylglycerol. (A) The data are plotted as l/V (U/mg) 

versus the reciprocal of the PG concentration. The concentration of 

CDP-diacylglycerol was 0.10 mM and the molar ratio of Triton X-100 

to total phospholipid was maintained at 1: 1. (B) the data are plotted 

as l/V (U/mg) versus the reciprocal of the CDP-diacylglycerol 

concentration. The concentration of PG was 0.50 mM and the molar 

ratio of Triton X-100 to total phospholipid was maintained at 1 : 1. 
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Fig. 7. Demonstration of CDP-diacylgfycerol as a substrate for yeast 

CL synthase. 32P-labelled lipid products from a CL synthase reaction 

were extracted and separated by thin-layer chromatography in chloro- 

form/methanol/acetic acid (65 : 25 : 8, v/v) in Lanes a-c, [ 32P]CDP- 

diacylglycerol was used as the labelled substrate and in lanes d and e, 

[32P]PG was the labelled substrate. Lane a, 0 mm incubation, lanes 

b-e, 20 min incubation. Phospholipid standards were visualized by 

Dittmer-Lester spray and are indicated at the right. CL, cardiolipin; 

PA, phosphatidic acid; PG, phosphatidylglycerol; PE, phospha- 

tidylethanolamine; PS, phosphatidylserine; PI, phosphatidyl- 

inositol; CDP-DG, cytidine diphosphate diacylglycerol; PC, phos- 

phatidylcholine. 

cursor known to repress most of the enzymes involved 

in phospholipid biosynthesis in yeast [40]. Inositol had 

no effect on CL synthase activity, while PGP synthase 
activity was repressed in cells grown in the presence of 

inositol. 

Discussion 

We have demonstrated for the first time that CDP- 
diacylglycerol is a substrate in the yeast CL synthase 

reaction. When [ 32P]CDP-diacylglycerol labelled in the 
phosphatidyl moiety was incubated with mitochondrial 
extracts, the CL product was labelled with 32P. This 
proves directly that CDP-diacylglycerol acts as a phos- 
phatidyl donor for yeast CL synthase. In this regard, 
the yeast enzyme resembles more closely the mam- 
malian enzyme [41] than the E. coli enzyme. In E. coli, 
while CDP-diacylglycerol is an activator of the enzyme, 
it is not a substrate [8]. 

The properties of yeast CL synthase are unique when 
compared to CL synthase characterized in other sys- 

tems. The optimal pH of 9.0 (Fig. 2) is much higher 
than that of 6.5-7.8 reported for the E. coli enzyme 

[42]. E. cofi CL synthase is not affected by the addition 
of divalent cations or chelating agents, such as EDTA 
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Fig. 8. Identification of 32P-labelled substrates and products from a 

Cl synthase reaction by mild alkaline hydrolysis. 32P-labelled lipids 

from a CL synthase reaction (from the experiment in Fig. 7) were 

scraped from a TLC plate and eluted with chloroform/O.1 M HCl in 

methanol/water (1 : 1: 0.9, v/v). Deacylation by mild alkaline hydrol- 

ysis was carried out as described. Deacylated samples and standards 
were spotted onto Whatman No. 1 paper and chromatographed in (A) 

isopropanol/water/ammonia (7 : 2 : 1, v/v) and (B) 1 M ammonium 
acetate (pH 7.4)/absolute ethanol (35 : 65, v/v). Deacylated phospho- 

lipid standards were visualized by Hanes-Isherwood spray (48) and 
their location indicated at the right. Lane a, deacylated [ ‘*P]CDP-di- 

acylglycerol; lanes b and c, deacylated [32P]PG; lane d, product from 
a CL synthase reaction with [32P]CDP-diacylgfycerol as the labelled 

substrate; lane e, product from a CL synthase reaction with [‘2P]PG 

as the labelled substrate; lane f, glycerol 3j3*P]phosphate as a stan- 
dard for deacylated PA. d, deacylated; CDP-DG, cytidine diphos- 

phate diacylgfycerol; PG, phosphatidylglycerol; CL, cardiolipin; PA. 
phosphatidic acid. 



[42]. In contrast, yeast CL synthase has a strict require- 
ment for magnesium ions. Other divalent cations such 
as manganese, cobalt and calcium have little or no 
effect on activity (Fig. 3). The enzyme from rat and 
guinea pig liver mitochondria also requires divalent 
cations; however, cobalt, and to a lesser extent, 
manganese and magnesium all are effective in stimulat- 
ing activity [24,43]. CL synthase activity is stimulated 
by the detergent Triton X-100 in both yeast and E. coli 
[42] while the enzyme from rat liver mitochondria is 
strongly inhibited by Triton X-100 [44]. Detailed kinetic 
analysis of CL synthase has not been carried out, al- 
though Tunaitis and Cronan reported saturation at con- 
centrations as low as 3 PM PG for the bacterial enzyme 
[42]. In rat and guinea pig liver mitochondria, apparent 
K, values of 20 I_LM and 1 PM for PG and CDP-diacyl- 
glycerol, respectively, have been reported for CL syn- 
thase [24]. In contrast, our studies show much higher 
apparent K, values for both PG and CDP-diacyl- 
glycerol of 1 mM and 36 PM, respectively (Fig. 6). 
However, due to the inhibition of CL synthase activity 
by both substrates at high concentrations, it is difficult 
to interpret these values. Accurate determination of K, 
values and analysis of substrate inhibition awaits purifi- 
cation of the enzyme, an eventual goal of our labora- 
tory. The temperature optimum for CL synthase has not 
been reported in E. coli or in any mammalian sources. 
Yeast CL synthase activity was maximal at 45 Q C (Fig. 
5A). Thermal stability of CL synthase is much greater 
than that of most phospholipid biosynthetic enzymes 
characterized in yeast [29,45,46]; more than 75% of its 
activity is retained at temperatures up to 55” C (Fig. 
5B), whereas most phospholipid biosynthetic enzymes, 
except PI synthase [47] and PGP phosphatase [Kelly, B. 
and Greenberg, M., unpublished data] lose greater than 
75% of their activity above 50 o C. Thermal stability of 
bacterial and mammalian CL synthase has not been 
ascertained. 

Previously, we reported that the enzyme PGP syn- 
thase, the first enzyme in the CL biosynthetic pathway, 
is subject to cross pathway control along with the PI 
and PC branches, since the phospholipid precursor in- 
ositol was able to repress enzymes in all three pathways 
[30]. However, although PGP synthase was repressed in 
cells grown in inositol, this enzyme was under control 
by a different regulatory circuit since its activity was 
not affected by regulatory mutations known to affect 
the other pathways. In contrast, CL synthase expression 
is not affected by inositol. Additional experiments in 
our laboratory indicate that PGP phosphatase, like CL 
synthase, is not repressed in inositol-containing media 
[Kelly, B. and Greenberg, M., unpublished data]. These 
data suggest that the enzyme that catalyzes the com- 
mitted step in CL synthesis is regulated differently from 
the subsequent two steps of the pathway. 

The biochemical characterization of CL synthase lays 
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the necessary groundwork for genetic and molecular 
studies to characterize the gene encoding this enzyme. 
These studies are currently in progress. 
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