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The phospholipase D (PL DL which catalyzes the formation of phosphatidic acid (PA), was studied in rat myoeardium 
using t4C-lahelled phosphatidylcholine (PC) as an exogenous substrate. Subcellular distribution experiments indicated 
the pr~.-~.ence of PL D in i,articulate fractions only. Different procedures for the isolation of purified cardiac subcelinlar 
organelles showed the presence of PL D in sarcolemma (SL), sarcoplasmic retieulum (SR) and mitochondria with 14-, 
| I- and 5-fold enrichment when compared to the homogenate value, respectively. The activity of SL PL D was observed 
over a narrow acid pH range with an optimum at 6.5, and it showed a high specificity for PC while phosphatidylethanol- 
a..'~ine and phosphatidylinosltol showed a low rate of hydrolysis. Under optimal conditions, PA formation was linear for 
a ¢0-min period of incubation and the reaction rate wag constant for l0  to 100/ tg  S L  protein in the assay medium. The 
SR PL D displayed properties similar to those seen with the SL PL D. In membrane fractions PL D was also found to 
catalyze a traasphasphatidylatiun reaction for the synthesis of phosphatidylglycerol. Assessment of the intramembranal 
levels of radioactive 1,2-diacylglycerol (DAG) in the absence or presence of KF suggested the presence of an active PA 
phosphohydrolase activity. This study indicates that a PC-specific PL D activity is localized in different membrane 
systems of the myocardlum and may be associated with PA phosphohydrolase to act in a coordinated manner. The 
functional signifleanee of PL D-dependent formation of PA in cardiac membranes is discussed. 

Introduction 

Phospholipase D (PL D, EC 3.1.4.4) is a pltospho- 
diesterase which modific~ the polar portion of phospha- 
tidylcholine (PC) a n d / o r  other phospholipids by cata- 
lyzing the hydrolytic formation of phosphatidic acid 
(PA) with concomitant release of the non-phospho- 
rylaled base (for reviews, see Refs. 1 and 2). Choline, 
the aqueous fragment of PC hydrolysis, may be 
metabolized through the CDP-eholine pathway to re- 
synthesize PC [2] and may contribute to the acetyl- 
choline homeostasis of cholinergic neurons [1,2]. Newly 
formed PA may enter the biosynthetic pathway of tile 
anionic phospholipids [3,4] or may be cleaved to 1,2-di- 
acylglyeerol (DAG) by PA pbosphohydrolase [4,5]. 
D A G  is a common precursor for the synthesis of nitrog- 
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enous phosphollpids and for the biosynthesis of triaeyl- 
glycerol [4]. D A G  also activates protein Idnase C. which 
phosphorylates a number  of target protein,  [6]. as well 
as yields arachidonate upon further hydrolysis by 
diacylglycerol and monoaeylglycerol lipases leading to 
the synthesis of ¢icosanoids [7]. In addition to the 
hydrolytic reaction leading to PA formation, PL D 
catalyzes a transphosphatidylation reaction in which the 
phosphatidyl moiety of the substrate phospholipid is 
transferred to alcohols such as ethanol or glycerol pro- 
ducing phosphatidyl.ethanol or -glycerol, respectively 
[1,2]. Transphosphalidylation reaction is unique to PL 
D and has been used to ascertain the role or this 
enzyme in certain bioprocesses [I,8]. 

Although PL D has been studied in several tissues, 
the information on myocardium is very limited. PL D 
activity has been detected in the heart both in the 
hydrolytic [9] and in the transpbosphxtidylation [10] 
mode when crude microsomes from a variety of rat 
tissues were surveyed. It was also shown that perfusion 



of the isolated rat hearts prelabeled with [3H]choline 
with carbachol enhanced the efflux of choline [ l l  I in 
parallel with the generation of PA [12]. The appearance 
either of free choline or PA indicates the presence of PL 
D activity [1]. Although the involvement of cardiac PL 
D [n catalyzing PC hydrolysis after muscarinic receptor 
[11,12] or B-adrenoceptor [131 activation is likely [11.131. 
there is a lack of information regarding the presence of 
PL D activity in the cell membrane (sarcolemma) as 
well as other components of the cardiac cell. In this 
paper we provide biochemical evidence for the presence 
of PL D in different membrane systems of the rat 
myocardium and we report some of its properties. 

Methods and Materials 

Isolation o f  subcellular membranes. Male Sprague- 
Dawley ruts weighing approx. 250-300 g were em- 
ployed in this study. Animals were killed by decapita- 
tion, hearts were immediately excised and the ventricu- 
lar tissue was then processed in pooled samples of three 
or more hearts for the isolation of various subcellular 
organelles. All procedures were carried out at 0 5°C. 

Crude subcellular fractions were prepared by dif- 
ferential centrifugation as outlined by Sulakhe and 
Dhalla  [14]. Sarcolemma-enriched membranes were ob- 
tained by the isolation procedures of Dhalla et al. [151, 
Frank et ah [16] and Pitts 117]. Membrane fraction 
enriched with the sarenplasmic reticulum fragments was 
isolated according to the method of Harigaya and 
Schwartz [181 while mitoehondria were isolated by the 
method of Sordahl et al. [19]. The activities of some 
marker enzymes such as ouabain-sensitive Na+,K +- 
ATPase [20]. cytoehrome-c oxidase [211 and rotenone- 
insensitive NADPH-cytochrome-c  reductase [21] were 
measured to determine the purity of sarcolemma, mito- 
ehondria and sarcoplasmic reticulum, respectively. 

Assay for  phospholipase D activities. Phospholipase D 
hydrolytic activity was assayed by measuring the forma- 
tion of labeled phosphatidlc acid in the presence of 
[~*Clphosphatidylcholine essentially as described by 
Kobayashi et al. [22]. The exogenous phospholipid suh- 
strate was prepared by combining egg phosphatidyl- 
choline and tracer [14C]phosphatidylcholine; the sol- 
vents were evaporated under N 2 stream and an aqueous 
solution of sodium oleate was then added. This mixture 
was sonlcated for 30 rain with a Branson 1200 sonicator 
and appropriate aliquots were used for the assay. Un- 
less otherwise indicated, the incubation of the mem- 
branes (50 ~g  protein) was carried out  at 30°C for 90 
min in a final volume of 120 #1 containing 50 mM 
/~,/~-dimethylghitaric acid - 10 mM EDTA (pH 6.5), 25 
mM KF, 5 mM sodium oleate and 2.5 mM 1~4C]phos - 
phatidylcholine (0.167 /~Ci/Fmol ). The reaction was 
terminated by the addition of 2 mi o1 chloroform/ 
methanol (2 :1 ,  by rot.) followed by 0.5 ml of 0.1 M 

243 

KCL The tubes were shaken vigorously for 5 min and 
then centrifuged at 2000 × g for !0 min. After aspira- 
tion of the aqueous phase, the chloroform phase was 
washed according to Folch et at. [23] to remove nonlipid 
comaminants.  Blanks were carried out under identical 
conditions except that heat-denatured membrane p r ~  
teins (10 mira 90°C) [24] were added to the reaction 
mixture. The final chloroform phase was evaporated 
almost to dryness under N 2 stream. The residue was 
immediately dissolved in 30 #1 of chloroform containing 
30 p g  of phosphatidic acid as a carrier and quantita- 
tively applied t,, the silica gel 60 A F-254 thin-layer 
plates (0.25 mm thick) under a light N z stream. The 
chloroform-containing test tubes were washed twice with 
30 p.l of chloroform and each washing was again ap- 
plied to the layer. The ¢hromatogram was run at room 
temperature in a solvent system containing chloroform/  
methanol /acetone/acet ic  ac id /water  (50: 15:15 : 10: 
5. by vol.). After the solvent front had migrated ap- 
proximately 15 cm, the plates were air dried at loom 
temperature. The lipid spots were visualized by ex- 
posure to iodine vapors, scraped after the disappearance 
of the iodine color, and radioactivity was counted in 5 
ml Eeolume. Corrections were made for the quenching 
due to silica gel in all the data expressed. The lipid 
migration was monitored using authentic unlabelled 
lipid standards. The areas corresponding to PA and 
D A G  (L2-dioleoylglycerol) standards were visualized 
autoradiographically (Fig. 1). It should be noted that 
D A G  standard comigrated with the solvent front (R t - 
11 which, in sample's rUBS. contained radioactive D A G  
derived from PA dephosphorylation [22]. Free fatty acid 
standard (oleic acid) migrated distinctly below the D A G  
spot with a Re value of 0.94. The transphosphatidyl- 
ation activity of phospholipase D was assayed by mea- 
suring the [~H]phosphatidylglycerol formation as de- 
scribed by Chalifour and Kanfer [10]. Briefly, mem- 
branes (50 /~g proteins) were incubated at 30°C for 15 
rain in 50 pl  of medium containing 0.4 M [2-3H]glyeerol 
(2 Ci /mol) ,  50 mM/'2,.8-dimethylglutaric acid - 10 mM 
EDTA, pH 6.5, and 5 mM sodium oleate. The reaction 
was terminated by adding 1.5 ml of ch loroform/  
methanol (2" 1, by vol.) and carrier phosphatidyl- 
glycerol (0.1 mg/ml) .  Thereafter, free glycerol was re- 
moved by partitioning once with 300 pl  of 0.1 M KCI 
and seven t imes with  600 /tl of ch lo ro fo rm/  
methanol/0.1 M KC1 ( 3 : 4 7 : 4 8 ,  by vol.). The final 
chloroform phase was evaporated almost to dryness 
under N 2 stream. The residue was immediately dis- 
solved in 30/zl of chloroform, applied to silica gel 60 A 
F-254 thin-layer plates (0.25 mm thick) under a light N,  
stream, and developed at room temperature in a solvent 
system containing te t rahydrofuran/methylal /meth-  
a n o l / 2  M ammonium hydroxide (50 :40 :10 :5 .5 ,  by 
vol). Phosphatidylglyeerol was located by iodine vapors 
in the presence of unlabelled lipid standard and its area 
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Fig. 1. Autoradiograph of 14C-laballed lipids after thin-layer chro- 
matography fractio~tion of a chhirnform extracI rrom phospholipase 
D assay. PhosphoIipase D hydrolytic activity was assayed as described 
in Methods and Malerials. ARer thinqayer chromatography, the spots 
were visualized by autoradiography (Kodak X-OMAT AR) ~d  iden- 
tiffed by comperison with unlabelled lipid standards which were run 
in parallel and detected by iodine vapors. B~blank; S-sample; 
O origin; PC - ph~phatidylcholine; PA = phosphatidic acid; DAG 

= 1,2-diacylgly~roL 

was removed for radioactivity counting. Blanks contain 
ing heat-denatured membrane proteins (10 min, 90°C) 
were car r i~  out under identical conditions. 

Protein was determined by the method of Lowry et 
al. [25] with bovine serum albunfin (fraction V) as a 
standard. All experiments were repeated at least two or 
three times and each assay was done in triplicate. 

Materials. L-~ - 1-Palmit oyl-2-[ 14 C]oleoylphospha - 
tidylcholine (spec. act., 58.0 mCi/mmol),  L-a-l-palmi- 

TABLE 1 

toyl-2-[14 C]arachidonylphosphatidyle th anolamin¢ (52.3 
mCi/mmol) ,  L-a-l-stearoyl-2-[14C]arachidonylphos- 
phatidylinositol (38.5 mCi/mmol)  and [2-3H]glycerol 
(10 Ci/mmol) were purchased form New England 
Nuclear, Mississauga, Ont. (Canada). Phosphatidyb 
choline (egg), phosphatidic acid and sodium oleate were 
obtained "~,~m Serdary Resea~h laboratories, London, 
Ont. (Canada). L-a-Phosphatidylcholinc (bovine heart 
or bovine liver), L-a-phosphatidylethanolamine (bovine 
liver), L-a-phosphatidylinositol (soybean or bovine liver), 
1,2-dioleoyl-rac-glycerol and alamethicin were from 
Sigma Chemical. St. Louis, M e  (U.S.A.). Silica gel 60 A 
F-254 thin-layer chromatography plates were obtained 
from Whatman International Ltd., Maidston (U.K.). 
All other reagents were of analytical grade or of the 
highest grade available. 

Results 

Subcellular distribution of  phosphofipase D 
The s~bcellular distribution of PL I~ activity was 

monitored in crude fractions obtained from heart ho- 
mogenate by differential centrlfugation (Table I). Al- 
though the specific activity of PL D in the 1000 × g 
fraction (which is believed to contain sarcolemma, 
myofibrils, nuclei and cell debris) was low, this fraction, 
due to very high protein yield, accounted for the largest 
amount (54%) of the total enzyme activity prc~cnt in the 
homogenate. The 40000 × g fraction (mainly containing 
sarcoplasmic reticuhim) showed the highest specific aC- 
tivity but, due to the low protein yield, the total enzyme 
activity in this fraction was about 15~. About 17% of 
enzyme activity was associated with the 10000 × g frac- 
tion (primarily containing mitochondria). The par- 
ticulate nature of PL D in cardiac tissue is evident 
because the cr~yme activity was not detected in the 
sohiblc fraction (105 000 × g snpemat~nt). 

Subcellular localization of  phospholipase D 
The biochemical localization of PL D in rat heart 

was studied in purified subcelhilar preparations. PL D 

Distribution of phospbolipus¢ D actioity in fractions obtained by differential centrifugatton of the bomogenme from rat heart ve~tric~lar tissue 

Results are average of two separate experiments done in ttipllcate (variation < 10%). Phosphohpase D hydrolytic activity was ~;sayed at 3O°C 
described in Methods and Materials, Recovery (~) indicates the percentage distribution of total activity in various fractions, relative to homogenale 
activity 000%). PA pho,sphatidic acid. 

Fraction Protein yield Specific activity Total activity Recovery 
(ingle tissue) (nmol PAling per h) (nmol PA/mg) (%) 

Homogenate 166.7 6.4 1066.9 100 -- 
1000× g (10 rain) 81.0 7.1 575.1 58,9 
lOOOO × g (20 rain) 8.6 21.2 182.3 17.1 
40000 x g (45 rain) 1.4 115.6 161.8 15.1 
105000 X g (60 mini 1.2 44.6 53.8 5.0 
105000× g Supernat~l 44.4 0.0 0.0 O.,~ 



245 

TABLE n 

Phosphohpase D-dependem transph~sphaBdylafion and marker em)'me activtbes m cardra¢ ~ubcetluMr membranes 

Values are means ± SE of three to four differenl membrane preparalions and are expressed as: (a) nmol phosphatldylglycerol formed per mg per h; 
(b) pmol Pl/m S per h: {c) nmol cyl~hrome ~/mg per ling (d) nmol cyl~hrome c reduced per m S p~r rain. Sar~lcmma. mit~homlrla and 
sarcoplasmic retlculum fragments were isolated a~ording to Pats i171. Sordahl et al [19 l, and Harigaya and Schwartz [lSl. :¢sp~tivcly. A~says 
were performed as indicated in Methods and Materials. Ouabain-sensitive Na *,K %ATPasc activity was determined in the presence o[ alamethicin 
(0.6 rag/rag membrane protein) as described earlier 120}. Data in parentheses indicate the relative specific activity that is the specific activity in Ihe 
fractlon/the specific activity in the homogenale 

Sarcolemma Mitochondtia Sa~c0plasmic 
rcticulum 

A. ] ransphosphatidylatmn (a) 7.3 ± 0.5 
114.b} 

B. Marker enzymes 
Ouabain-sensillve bin ÷ ,K +-ATPase (b) 26.2 _+ 2 I 

(15.0) 
Cylochrome-c oxidase (c) 59 1 _+ 7.4 

(o 6) 
Rotcnone-in~n~aive NADPH-cyt~hrom~¢ reductas¢ (d) 2.i ± 0.3 

(0.4) 

3.l-+ 0.2 4.8--+0.3 
(6.2) (9.6) 

1.4± 0.2 I.S + 0.2 
(0.8) it.O) 

373.1 + 32.2 13.6 + 2.0 
~4.0) iO.15) 
1.4± O.] 41.4±5.5 
(0.27) (8.08) 

activity was moni tored in the t ransphosphat idyia t ion  

mode  by  quant i ta t ing  the formation of  phosphat idyl -  

glycerol, a well character ized product  of  this reaction 
[1], from in t ramembrana l  phosphol ip id  substrate  a n d  

exogenous [2-3H] glycerol [3.10]. T h e  SL membranes  
yie lded b y  discont inuous sucrose dens i ty  gradient  [17] 

showed the highest t ransphosphat idyla t ion  activity; this 
enzyme  activity was also present  in mitochondria  and  
S R  (Table  11). Because t ransphosphat idyla t ion  reaction 
is catalyzed only  b y  PL D [8], it can  be  concluded that  
PL D is prcs¢nt  in SL, SR and  mitochondria l  mem- 
b ranes  of  the rat  cardiac  cell. T h e  above subcellular 
m e m b r a n e s  were also examined  for the marker  enzyme  
activities to assess the possible extent  of  cross con- 
tam)nat ion (Table  II).  Af te r  a lamethicin t rea tment  [20], 

the SL marker  ouabain-scnsi t iv¢ N a + , K + - A T P a s e  
showed a 15-fold increase in S L  in comparison to the 

homogena~e value', the low activity detec ted  in bo th  

mitochondria  a n d  SR suggests a small degree of SL 
contaminat ion in these fractions. The  cytochrome-c 
oxidase (mitochondrial  marker)  and  rotenone-insensi .  

tivc N A D P H - c y t o c h r o m ¢ - c  rcductas¢ (sarcoplasmic re- 
ticular marker)  activities in the  S L  fraction w e ~  9.6- 
and  0.4-fold of  the cor responding  values in the he, ,r t  
homogenate ,  rcsp~t lve ly .  T h e  relative specific activity 
of  cy tochrome-c  oxidase  a n d  rotenone-insensi t ive  
N A D P H - c y t o c h r o m e - c  reductase in mitochondria l  a n d  
SR prepara t ions  was about  4.0- and  g. l-fold,  respec- 

tively (Table  11). These  observat ions a p p e a r  to indicate 
that  the  above fractions were relatively puse and  h a d  

TABLE I11 

Phaspholipase D h)'dro(vtic activity and 1,2.diacylgfycerol level in subcellular Ira:reigns Isolated b)" dlfferem pr~ed~s  from rat he~t ventricle 

Values are means ± S.E. of four experiments done in replicate. Assays were performed at 30 ° C as described in Methods and Materials. The relative 
specific activity is defined in the legend to Table II. Phospholipese D specific activity is expressed as rea l  at phosphatidic acid famed per ma per 
h. SR = s~coplasmic rcticulum. 

Methods Phosphatidic acid i,2-Diacylglycerol 

and fractions nmol/mg per h relative spec. act. nmoi/mg per h relative SlXC. act 

Homogenate 5.8 _+ 0.3 2.4 ± 0.1 
A. Sarcoi©mma 

DbaBa ¢t aL i t  5] 10.7 .~ 0.4 1.8 5.7 ± 0.4 2.4 
Frank et a). [16] 23.6=t: 1.7 4.0 15.0 _+ 1.1 61 
Plus [171 8|.3±4.3 14.0 270_+ 1.8 11.2 

B. Mitechnndria 
Sordahl et al, [19] 32.5_+ ).5 5,6 6.9±0.3 2.9 

C. SR fragments 
Hafigaya and [18] Sch'.~ar tz 65.4 =k 2.9 l 1.3 l 1.8 ± 0.4 4.9 
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minimal cross contamination. When the hydrolytic ac- 
tivity of PL D was assessed in purified cardiac mem- 
branes, SL yielded by the method of Pitts [17] showed 
the highest specific activity while relatively low values 
,,=~: found in the other two SL preparations (Table 
i l l) .  The exact reasons for this finding are not clear at 
present but it is possible that varying degrees of at[ira- 
lion or deactivation of the enzyme may have occurred 
during different isolation procedures. Such a view is 
consistent with oar finding that the PL D activity in the 
purified SR fraction (Table 111) was lower than that in 
the crude 40000 × g fraction (Table 1). It should be 
pointed out that the intramembranal accumulation of 
radioactive 1,2-diacylglycerol occurred in all the frac- 
tions examined (Table Ill).  This may reflect the pres- 
ence of an active phosphatidate phosphatase in cardiac 
subcellalar membranes as described for other cell types 
[26,27]. 

Properties of the sarcolemmal phospholipase D 
The possible involvement of PL D in catalyzing PC 

hydrolysis after muscarinic receptor or fl-adrenoceptor 
activation of Ihe heart [11,13] confers particular func- 
tional importance to the hydrolytic activity c,f the 
sarcolemmal enzyme. Therefore, the SL PL D was 
studied in the membrane fraction [17] which was found 
to be highly enriched in this enzyme activity (Table III). 
Because PA was hydrolyzed to D A O  by a membrane 
phosphatidate phosphobydrolase [3,26,27] and because 
KF  partially inhibits the PA phosphohydrolase [1,3], 
different concentrations of this fluoride salt were tested 
to minimize the DA(3 formation. High levels of radioac- 
tive D A G  and reduced PA formation were found in the 
absence of KF  (Fig. 2). Inhibition of D A G  and increase 
of PA production were found to occur at 10 mM KF. 
The concentration of 25 mM KF, which was routinely 
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25 SO 75 100 
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Fig. 2. Effect of KF on phospholipase D activity and 1,2-diacyl- 
glycerol level in heart sarcolemraa. SL membranes [17] were assayed 
al 3O°C. Dala are from a typical experiment; each point repre~nts 
the average of triplicate measurements which differed less than 10%. 

Ph~phatidie acid (@); t,2-diaeylc, lycerol (o). 

5 6 7 8 9 

pH 
Fig. 3. Effect of pH on pt...pholipase D activity of rat heart s a r ~  
lemma. SL fraction was isolated according to Pats [17]. The buffers 
were: 50 mM/~,fl-dimethylglutaratc-NaOH for pit 5.0 to 7.5, and 50 
mM glyeylglycine-HCI for pH 8.0 and 9.0 [9]. Assays were carried out 
at 30=C as described in Methods and Materials. Data are from a 
typical experiment; each point represents the average of triplicate 
measurements which differed less than 10~. Phosphatidic acid (0); 

L2-diacylglyeerol (o). 

employed in the initial sets of experiments, proved to be 
optimal because the PA formation was 4.4-fold higher 
than the D A G  formation. Further increase in K F  con- 
centrations resulted in the PA and D A G  formatiou 
being progressively decreased and increased, respec- 
tively (Fig. 2). These data differ from those obtained 
with brain microsomes where intramembrane PA was 
undetectable in the absence of K F  and D A G  was higher 
than PA at all fluoride concentrations (25 to 250 raM) 
tested [3]. At  any rate, the partial inhibition of radioac- 
tive D A G  formation by K F  indicates the presence of a 
substantial amount  of PA phosphohydrolase activity in 
cardiac SL. 

To determine lhe p H  opt imum for PL D, SL mem- 
branes were incubated at different pH  values, from 5 t0 
9, using established buffer systems [9]. The enzyme 
activity was observed over a narrow acid pH range with 
an opt imum at pH 6.5 (Fig. 3); this is in agreement with 
previous findings in other cell systems [3,9]. Unlike 
brain microsomes [3], however, the intrasareolemmal 
level of PA formed was considerably higher than that of 
D A G  (Fig. 3). The optimal temperature of incubation 
for the PL D was 30°C (Fig. 4) as reported for brain 
microsomes [10]. However, shifting the temperature from 
25°C to 30°C, a limited increase in PA formation 
(1.1~,-fold) was noted while D A O  formation increased 
3.75-fold. The PA ~ D A G  ratio diminished signifi- 
cantly ( P  < 0.05, n - 4) from 8.4 + 1.3 at 25°C to 3.3 4- 
0.2 at 30°C. Therefore, it was eonclucled that the tem- 
perature sensitivity of the enzymes responsible for the 
synthesis of PA (PL D) and D A G  (likely PA phos- 
ph~tase) was probably differea[, and that incubation at 
25°C would be favorable for minimizing PA phos- 
phatase activity with only marginal  reduction of PL D 
activity. Accordingly, further studies were performed at 
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Fig. 4. Temperature dcpcndcn~ of sarcohimmal phospholipa~ D. SL 
membranes [I7] were ~sayed at pH 6.5 and at the indlcaled tempera- 
lures. Dala are from a typical experiment; each point reorients the 
average or tripficat¢ measurements which differed less than 1o%. 

Phc phatidic ~ id  (e); L2-diacylglycero] [o). 

25°C.  U n d e r  t~ptimal assay cond i t ions ,  P A  f o r m a t i o n  
was  l inear  for  ~ 90-ra in  pe r iod  of  i n c u b a t i o n  (Fig .  5A) 
a n d  t he  reac t ion  ra t e  was  c o n s t a n t  w h e n  10 to  100 u g  
S L  p ro te in  were  e m p l o y e d  for  the  assay (Fig .  5B). 

D i f f e r en t  phosphof ip ids ,  w h i c h  h a v e  been  f o u n d  to  be  
subs t ra tes  fo r  d i f f e ren t  f o r m s  o f  P L  D in  var ious  cell 
types  [1,8,24,27], were  e x a m i n ~ l  as  possible  subs t ra tes  
fo r  the  hear t  S L  phosphof ipase  D.  U n d e r  o u r  assay 
cond i t i ons ,  the  e n z y m e  s h o w e d  a s t r i ngen t  specif ici ty 
fo r  P C ;  p h o s p h a t i d y l e t h o n o l a m i n e  ( P E )  a n d  p h o s p h a -  
tids, l inosifol  ( P I )  f r o m  var ious  sources  were  hydro lyzed  
a t  a very low ra te  (Tab le  IV).  

Properties of  the sarcoplasmic reticular phospholipase D 
A qui te  act ive in t race l lu la r  P L  D was  f o u n d  in  the  

S R  m e m b r a n e  a n d  sha red  a n u m b e r  o f  s imi la r  p rope r -  
tics such  as  o p t i m a l  p H ,  t e m p e r a t u r e  a n d  K F  con-  
c c n t r a t i o n  as  wicll as  sabs t ra t e  specifici ty w i t h  the  S L  
e n z y m e  (Table  V).  I t  shou ld  be  n o t e d  tha t  the  c h a n g e  o f  
i n c u b a t i o n  t e m p e r a t u r e  f r o m  2 5 ° C  to  3 0 ° C  induced  a 

~2rJ A 

~ - 

"~ 4 0 -  

ao 60 90 
Time (rain) 
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TABLE IV 

Substrate ~pectflcttv af wlrcoltmtmM phusphohpgve D 

Vahics arc means± S.E. of three gxpcfirnems done in triplicate. SL 
membrane (5O /~g) [17] were ~saycd at pH 6.5, 25°C and for 90-rain 
incubation periods. Variotts phospholipid substrat~ were prepared 
indicated in M~thods and Materials by comhining: IA) phospharidyl- 
choline from egg. bovtne he, art or bovine li~er ~ d  t ~ ¢  [14C]PC; (n) 
phospha zidytethanola~ne from egg or bo'-,in¢ ] i ~  and t ta~r  [14C]PE: 
(C) phosphatidylinosito[ from soybean or Im'dne liver and iracet 
[ t4C]PI. Relalive acliwty is exp~ssed as percent of Ih¢ activity toward 
phosphatidylcho]ine from egg. PA ~ phosphatidic acid. 

Phospholipid substrale Phcrspholipage D 
and ,:ource atrial PA/mg per h relative aeti.Aty 

A. Phosphatidylcholine 
egg 77.3 + 3.0 ] 00 
borne heart 109.9 J: 3.5 142.1 
bovine liver 79.0_+ 9.0 102.2 

n. Phosphalidylethanolamln¢ 
egg 5.2 ± 1.g 6.7 
bovine liver 5.0 ± 1.2 6.5 

C. Phosphafidylinosilol 
soybean 2.2±0,7 2.8 
berne  liver 3.5 ± I.O 4,5 

d r o p  in t he  S R  P A  to  D A G  ra t io  w h i c h  was  of  t he  s a m e  
m a g n i t u d e  of  t h a t  observed  w i t h  the  $ L  m e m b r a n e s .  
However .  un l ike  SL,  t he  i n t r a  S R  P A  a n d  D A G  f o r m a -  
t ion  d i d  no t  c h a n g e  by  inc reas ing  K F  c o n c e n t r a t i o n  
f r o m  25 to 50 m M  (Tab le  V). 

Discuss ion  

Th i s  s tudy  indica tes  t h a t  a p h o s p h o l i p a s e  D cata lyz-  
i ng  the  hydro ly t i c  f o r m a t i o n  o f  P A  is local ized in  d i f fer -  
en t  m e m b r a n e  sys tems of  the  ca rd iac  cell. Subca l lu la r  
d i s t r ibu t ion  showed  t h a t  a m a j o r  p r o p o r t i o n  (50 to  55%) 
of  t he  to ta l  act ivi ty  was  recovered  in the  1000 × g 
f rac t ion  c o n t a i n i n g  s a r c o l e m m a ,  wh i l e  n o  a ~ i ~ t y  was  

I a 
t 

i /I/ ~" 4o~ 

3o 

o ~s 5a ;5 1o0 

Prot~,n {jug) 

Fig, 5. Time course aad protein d ~ n d e n c e  of sarcolemmal phospholil~e D activity. In A, 50 pg $L protein [17] were as.sayed at pH 6.5. 25°C, 
and for the indlcac~d timcs of i-¢ubation. In B, the phosphohpasc D activity of the indicated amounts of SL proton was estimated at pH 6.5, 25°C, 
and for a 90-rain incubation period. Data ~e  from typical ~xpcnmcnts; each point reDr~cnts the avenge of t~pli~tc m ~ u ~ ¢ m s  (variation 

< |0~.). Phosphafidlc acid (e): 1.2~dlac~Igly~ol ( o )  
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TABLE V 

Influence of t,arto~ factors on the hk'drob'tw atliui(v of sar~pl~mic 
reticular phospho#pa~ D 

Values are means+_S.E, of three experiments. SR fragracnts were 
isolated according to Harigaya and Schwartz [18]. Assays related to 
KF. pH, lemperature and phospholipid substrate were performed as 
indicaled in tht legends of Figs. 2, 3, 4 and Table IV, respectively, and 
as de~rlbed in Materials and Methods. PC = phosphaBdylcholine 
{egg): PE-  phosphatidylelhan01amine (egg): PI = phosphatidyl- 
inosito] (soybean). 

Experimental conditions Phosphatidic ~'id 1,2-Diacylglycerol 
( nmoi/mg per h) (nmol/mg per h) 

A. KF (raM) 
I0 4"LI _+4.3 26.2_+5.9 
25 63.8_+1.5 15.0_+2.6 
50 63.5 _+0.7 17.2 _+ l.O 

• 29.2 ± 3,8 5.5 _+ 0.1 
6.5 53.5 :[: ] ,3 14.0 -+0.7 
7.0 12.8+1.2 13.6+1.1 

C. Temperat~r¢ (~C) 
20 45.1+3.2 5.3+1.5 
25 55.1 +2,1 5.6±0.9 
30 57.6_+3.3 1S.2-+ 2n 

D. Phospholipid suhstrate 
PC 63.3_+2.8 8.9± 1.3 
PE 1.8±0.6 0.24-0.1 
PI 1.2±0.5 0.4±0.2 

detected in the cytosolic fraction. Different procedures 
for the isolation of purified cardiac subeelhilar 
organelles revealed the presence of PL D in SL, SR and 
mitochondrial membranes with 14-, 11- and 5-fold en- 
richment factor, respectively. Although these results 
confirm that the surface membrane contains most of the 
PL D activity, the presence of PL D in SR and mito- 
chondria[ fractious suggests that a significant portion of 
the total cellular enzyme activity in the heart is localized 
intracdhilariy. Since the pattern for PL D activity puri- 
fication in different fractions to]lowed that seen with 
well known marker enzymes, the PL D activity detected 
in the subcalhiiar membranes under study may not  be 
due to cross contamination but  in fact may be inherent 
to each membrane system. It is worth noting that, in 
this study, the lack of nucleotides in the assay medium 
of the hydrolytic reaction excludes any contribution of 
the phosphoinositide-specific phospholipase C / D A G  
kinase pathway for PA production [7]. This supports the 
view that the observed PA generation could be 
accounted for only by a PL D-dependant cleavage. 
Further, all the purified fractions exhibited transphos- 
phatidylation activity, a unique feature of PL D [8], and 
this can be taken to sugg¢st the association of PL D to 
the cardiac membranes. Apparently, this enzyme has no 
strict requirement for Ca 2+ because in all membranes it 

displayed a substantial activity in the presence of 10 
mM EDTA. It should be noted that most of the mam- 
malian m~mbrane-bound phospholipases D are Ca a+- 
independent [1,27]. However, the existence in human 
serum of a Ca2+-dependent PL D with stringent sub- 
strate specificity for glycan-Pl and not for PI has been 
reported [28], while two PL D activities with diverse 
subeelhilar localization and biochemical properties have 
been found in human ueutrophils [8]. Upon testing the 
SL and SR membranes with the major phospholipid 
classes that are hydrolyzed by PL D in other tissues 
[1,8,24], myocardial PL D was found to display a high 
specificity for PC as this was the only phospholipid 
hydrolyzed at significant rates. Therefore, in the heart a 
PC-specific PL D exists for the production of PA inde- 
pendently of the phosphoinositide-specific phospho- 
lipase C / D A G  kinase pathway [7]. The PL D described 
here appears to be unrelated to the previously reported 
membrane-bound phosphodiesterase of the PL D type 
which hydrolyzes N-acyl-PE to N-acylethanolarnine and 
PA while it does not hydrolyze to any extent PE or PC 
[29]. 

lntramembranal  accumulation of  the radioactive 
D A G  was noted in cardiac subcellular organdies  in- 
cubated with exogenous radioactive PC, as reported for 
different cell types [3,27,30]. Formation of D A G  from 
PC may be due to either a PC-hydrolyzing phospho- 
lipase C (PC-PL C) activity or to the sequentially cou- 
pled PC-P1. D and PA phosphohydrolase activities 
[30,31]. The latter pathway seems to be responsible for 
the DAC, formation observed in this study for the 
following ~casons: (a) the PA to D A G  ratio resulted to 
be 0.06 and 2.50 in the absence and presence, respec- 
tively, of an optimal concentration of K F  (25 raM, Fig. 
2) which is known to partially inhibit  PA phos- 
phohydrolase [1,3]; (b) PA phosphohydrolase was found 
to be present in cardiac SL vesicles [32]; (c) endogenous 
PC can yield D A G  upon PL D activation in various 
systems [3,30,31]; (d) a soluble form of  PL C specific 
for PC and PE has been found in dog heart cytosol [33], 
but this cellular localization excludes any participation 
of PC-PL C in forming D A G  under our  experimental 
conditions. Therefore, it can be proposed that in cardiac 
membranes a D A G  pool  is derived from PC via a 
PC-specific PL D / P A  phosphohydrolase pathway in 
addition to D A G  formed by phosphoinositide hydroly- 
sis [7,31]. 

The biochernical properties of the cell membrane PL 
D described here and the possibility that its activity is 
affected during cardiomyocyte stimulation [11,13] sug- 
gest that the role of this enzyme may be that of actively 
generating important  lipid molecules for the signal 
transduetion under receptor occupancy and for the rmal 
cell response to agoalsts. The functional significance of 
PL D-dependent increase of PA in cardiac SL mem- 
branes is indicated by recent studies. For  example, 



t rea tment  with exogenous PL D increosed the cardiac 
SL Na~-Ca  2 ~ exchange activity [32]. Ca  2" binding and 
force of contract ion of the hear t  [34 i. The observation 
that  exogenous addit ion of  PA and PL D generates 
Ca2+.dependent  slow action potent ia ls  in depolarized 
rat  a t r ium supports  a role for PA in mediat ing an 
increase of Ca  2÷ influx into the cardiac cells [35]. PA 
has also been reported to s t imula te  the SL Ca 2+ pump 
[36] which is involved in the efflux of Ca  z+ from the 
cell dudng  relaxation of the myocardium [37]. We have 
shown that  SL levels of EA are decreased in failing 
myocardium [38] and suggested that  high levels of  PA in 
the  hypertrophied rabbi t  hear t  SL may  be causally 
related to the increased activity of the Ca  2+ pump [39]. 
These  results suggest tha t  SL PL D hydrolytic activity 
m a y  be implicated in regulating the Ca  z+ movements  in 
myocard ium thus affecting the contracti le function. 
Further,  a rapid formation of PA under  agonist  s t imula-  
t ion of the hear*, [12] and  its potent ia l  action in enhanc-  
ing the  polyphosphoinosi t ide hydrolysis [40] indicate 
tha t  this phospholipid may  have signalling functions. 

The  role of  P L  D-derived PA in SR and mitochon- 
drial  function is tmelear a t  present;  however, it is worth 
not ing that  P A  has been reported to release C a  2~" from 
cardiac  SR thus providing a new pathway for modulat-  
ing S R  C a  2+ t ranspor t  [41]. It is also possible that  the  
PC-hydrolyzing P L  D act ivi ty alone o r  in association 
with PA phosphohydrolase may  contr ibute  to the  
synthesis of  other  phospholipids o r  triacylglyeerol via  
PA or  D A G  inlermediates  [4]. In this regard, increased 
eytosolie amounts  of  choline, another  product  of PC 
degradat ion by  PL D,  may  cont r ibute  to the  final 
resynthesis of  PC a t  the  S R  level via the CDP-chol ine  
pa thway  [42]. These  newly formed P C  molecules in the  
S R  membrane  m a y  then become available for inter- 
membrane  t ranslocat ion by phospholipid transfer prO- 
teins [43,44]. Such a process can  be seen to restore the  
depleted PC level o f  the  cardiac  membranes .  The  possi- 
bi l i ty tha t  free chol;.qe released by P L  D-dependent  P C  
breakdown m a y  par t ic ipate  in the  acetyleholine synthe- 
sis in the heart ,  as  proposed for the braio  [1,2]. cannot  
be  r u l e d  Out a t  present.  Furthermore,  the characterist ics 
of the  D A G  pool, which seems to  originate f rom PC in 
cardiac  membranes,  need to be  defined with respect  to 
the  formation of D A G  molecules dur ing receptor  stimu- 
la t ion and their  role in cell signalling processes in terms 
of  protein kinas¢ C activation [31] and  free fat ty acid 
format ion as  well as  ul t imate  s~nthesis of  eieosanoids 

[71. 
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