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Abstract During myocardial ischemia increased levels of
lysoglycerophospholipids have been reported which may be
deleterious to myocardial function. Phospholipases are pre-
sumed to be important in the regulation of this process. To
further quantify and characterize the activity of heart
phospholipases, we carried out a systematic analysis of
phospholipase A activity in rat heart subcellular fractions
isolated by the method of Palmer et al. {J. Biol. Chem. 1972.
262: 8731-8739). Neutral phospholipase A was recovered pre-
dominately in the cytosolic (soluble) fraction which repre-
sented 46% of recovered activity, while the microsomal and
subsarcolemmal mitochondrial fractions represented 15%
and 12% of the total recovered activity, respectively. Cyto-
solic phospholipase A differed from the two principal
membrane-bound phospholipases A in its pH dependence
and apparent K,, for substrate. The cytosolic enzyme had a
K,, (apparent) for dioleoylphosphatidylcholine of 0.07 mM
versus 0.28-0.33 mM for the membrane-associated phospho-
lipases A. Acid phospholipase A activity had a subcellular
distribution consistent with a lysosomal localization. Lyso-
phospholipase was found principally in the cytosolic, micro-
somal, and the subsarcolemmal and interfibrillar mitochon-
drial fractions where it represented 46, 17, 6.3, and 6.9% of
the recovered activity, respectively. The positional specificity
of the respective phospholipases was assessed. This analysis
was complicated by the fact that in heart, lysophospholipase
has an observed V,,, 3.6- to 4.5-fold greater than that of
phospholipase A in the various subcellular fractions. Equa-
tions were derived to obtain corrected values for the activity
of phospholipases A, and A,.Bll Using this method we found
that the cytosolic and lysosomal fractions contained phospho-
lipase A,, while the mitochondrial fractions contained pri-
marily phospholipase A;. In heart microsomes, the positional
specificity of phospholipase A could not be determined
because lysophospholipase activity was very high and lyso-
phosphatidylcholine did not accumulate. —Nalbone, G., and
K. Y. Hostetler. Subcellular localization of the phospho-
lipases A of rat heart: evidence for a cytosolic phospholipase
A, J. Lipid Res. 1985. 26: 104-114.

Supplementary key words lysophospholipase ¢ phospholipase A,

The phospholipid bilayer constitutes the permeabil-
ity barrier of biological membranes and provides the
environment in which transbilayer and peripheral
membrane proteins are oriented (1). In myocardial
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ischemia, alterations in membrane phospholipid me-
tabolism are thought to be of great importance since
phospholipid degradation products, fatty acids and
lysophospholipids, are potentially cytotoxic and may
cause irregular heart rhythms (2-6). In addition, lyso-
phosphatidylcholine may contribute to ischemic injury
by promoting calcium entry as reported by Sedlis et al.
(7). Finally, depletion of phospholipids in heart mem-
branes (8-10) may ultimately result in loss of the
permeability barrier needed to support the normal
biological functions of these membranes.

In view of the potential importance of phospholipids
and lysophospholipids, detailed information about the
enzymes acting on these compounds is needed to allow
a better understanding of membrane events in myo-
cardial ischemia. Phospholipase A, which hydrolyzes
either the sn-1 or sn-2 acyl ester of phospholipids, has
been described previously in several different sub-
cellular membrane fractions of the heart. Weglicki et
al. (11) found phospholipase A activities in heart mito-
chondrial and microsomal fractions, but Gross and
Sobel (12) did not demonstrate significant phospho-
lipase A activity in heart microsomes. Palmer et al. (13)
isolated two populations of heart mitochondria, sub-
sarcolemmal and interfibrillar mitochondria. Using
endogenous phospholipids as substrate, they reported
the presence of both phospholipases A, and A, in these
two populations of mitochondria. Acid phospholipase A
has been reported previously in the lysosomal fraction
of heart (14).

Lysophospholipase hydrolyzes the remaining acyl
ester of the lysoglycerophospholipid molecule. Since
high levels of lysophospholipids might have deleterious
effects during ischemia, it might be proposed that a
function of lysophospholipase is to prevent membrane
damage by maintaining low levels of these compounds.

Abbreviations: FA, fatty acid; LPC, lysophosphatidylcholine.
!Present address: INSERM U130, 10 Avenue Viton, 13009 Marseille,
France.
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Recently, Gross and Sobel (12, 15) reported lyso-
phospholipase activity in microsomal and cytosolic
fractions from rat heart. However, in a previous report,
it was indicated that the mitochondrial fraction from
heart does not exhibit significant lysophospholipase
activity (11).

It is difficult to.gain a quantitative view of the
contribution of various subcellular fractions to phos-
pholipase A and lysophospholipase activity in heart
because previous studies did not employ complete sub-
cellular fractionation sequences and different condi-
tions and substrates were used to assay for phospho-
lipase A and lysophospholipase. We have now sys-
tematically examined the activity of phospholipase A
and lysophospholipase in rat heart subcellular frac-
tions. Our results indicate that the cytosolic fraction is
the major intracellular site of neutral phospholipase A
activity in rat heart. Microsomes and subsarcolemmal
mitochondria also contain substantial neutral phospho-
lipase A activity. Acid phospholipase A is principally
enriched in the light mitochondrial fraction and its
subcellular distribution is consistent with a lysosomal
localization. Lysophospholipase is found in the cyto-
solic, microsomal and subsarcolemmal and interfibril-
lar mitochondrial fractions. Properties of the respective
enzymes are reported.

MATERIALS AND METHODS

Preparation of subcellular fractions

Male rats of the Fischer 344 strain (Charles River,
Boston, MA) weighing between 200 and 300 g were
used. For each experiment ten rats were fasted over-
night, killed by cervical fracture, and the hearts were
removed quickly and placed in buffer A (220 mM
mannitol, 70 mM sucrose, 5 mM MOPS, pH 7.4) at
4°C. After removal of the nonventricular tissues, the
hearts were rinsed several times with buffer A, blotted
dry, and weighed. Approximately 6 g of heart was cut
into small pieces and divided into two equal aliquots.
Buffer A containing 2 mM EGTA was added to a final
concentration of 10 g tissue/100 ml buffer. Each aliquot
was homogenized with a Polytron tissue processor
(PT-10 generator) for 3 sec at a rheostat setting of 6.5
as described by Palmer, Tandler, and Hoppel (16).
Centrifugations and other operations were done at
4°C. Subsarcolemmal and interfibrillar mitochondria,
light mitochondria, microsomes, and cytosolic frac-
tions were obtained as noted below. The homogenate
was centrifuged at 500 g for 10 min. The pellet was re-
suspended in buffer A with a Potter-Elvehjem homoge-
nizer and centrifuged at 500 g. The low speed pellet
was reserved at 4°C, The supernatants were combined
and centrifuged at 3000 g for 10 min to obtain the sub-

sarcolemmal mitochondria (M,) which was washed
twice with buffer A containing 2 mM EGTA. The post-
mitochondrial supernatants were combined and centri-
fuged at 17,000 g for 10 min to obtain the light mito-
chondrial pellet (L) which was washed twice with the
same buffer. The resulting supernatants were com-
bined and centrifuged at 100,000 g for 1 hr to obtain
the microsomal pellet (P) and the cytosolic fraction.
The low speed pellet was resuspended in buffer B (100
mM KCl, 50 mM MOPS, pH 7.4, and 2 mM EGTA)
with a Potter-Elvehjem homogenizer and subjected to
Nagarse protease action (5 mg per g of heart) for 30 sec
followed by centrifugation at 5,000 g for 5 min (16).
The resulting supernatant was called S,. The resus-
pended pellet was centrifuged at 500 g to obtain the
nuclei and debris pellet which was washed twice with
buffer B containing 2 mM EGTA. The combined
supernatants were centrifuged at 3,000 g for 10 min,
and the resulting interfibrillar mitochondria pellet
(M;) was washed twice with buffer B containing 2 mM
EGTA. The postmitochondrial supernatants were com-
bined and reserved (Sy). All protein fractions were
resuspended in buffer A containing 0.5 mM EGTA and
stored at —60°C until use.

All experiments with the cytosolic fraction, except
those shown in Fig. 1, were done with a 5-fold concen-
trated form. The cytosolic fraction was concentrated at
4°C under nitrogen (85 psi) with a 50-ml Amicon ultra-
filtration cell containing a YM-10 diaflo membrane
(Amicon Corporation, Lexington, MA).

Protein, phosphorus, and marker enzyme assays

Protein was measured by the dye-binding method of
Bradford (17) using rabbit gamma globulin as standard
(protein assay kit, Bio-Rad, Richmond, CA). Lipid
phosphorus was determined according to the method of
Rouser, Fleischer, and Yamamoto (18). Succinate INT
dehydrogenase was determined by the method of Pen-
nington (19). The N-acetylglucosaminidase was assayed
according to Koldovsky and Palmieri (20) and NADPH-
cytochrome c reductase was determined in the presence
of rotenone according to Sottocasa et al (21).

Phospholipase A assays

Phospholipase A was assayed as previously described
(22). Incubation mixtures contained 0.2 mM [1-“C]-
dioleoylphosphatidylcholine (Amersham, Arlington
Heights, IL), sp act, 0.91 to 1.36 mCi/mmol and 50
mM Tris-HCI (pH 8.4, unless otherwise indicated) in a
final volume of 0.2 ml. Lysosomal phospholipase A was
analyzed with 50 mM sodium acetate buffer (pH 4.8).
Phosphatidylcholine was dispersed by sonication in
water for 5 min under nitrogen. Unless otherwise indi-
cated, assays of phospholipase (and lysophospholipase)
were carried out with protein fractions that has been
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stored at —70°C for periods of time varying from 1 day
to 3 weeks. The reaction was started by addition of 0.15
to 0.90 mg of the respective proteins; 6 mm Ca** as the
chloride was added last and the mixtures were incu-
bated at 37°C for 30 min. The reaction was stopped
and the [1-"*C]loleic acid was isolated by the Dole ex-
traction as modified by van den Bosch and Aarsman
(23). One ml of the heptane phase was passed over a
small silica gel column and the [1-'*C]oleic acid in the
eluate was counted by liquid scintillation spectrometry
as previously described (22). The results have been cor-
rected for a control incubated without protein.

The studies on contribution of lysophospholipase to
fatty acid release and the positional specificity of the
phospholipases A were done with [1-'*C]dioleoylphos-
phatidylcholine and 1-palmitoyl-2-[1-'*C]oleoylphos-
phatidylcholine, respectively, (Amersham) adjusted by
addition of unlabeled phosphatidylcholine to a specific
activity of 1.36 mCi/mmol. The incubation mixture
contained 0.2 mM sonicated substrate and 50 mM
buffer at the indicated pH. The reaction was started by
addition of protein followed by 6 mM Ca*; incuba-
tions were done at 37°C for 30 min. The reaction was
stopped by addition of 4.0 ml of chloroform-methanol
2:1 (v/v) and the lipids were extracted according to the
method of Folch, Lees, and Sloane Stanley (24). The
aqueous phase contained 0.01 N HCI to minimize losses
of lysophospholipids. The chloroform extracts were
reduced in volume under nitrogen and subjected to
thin-layer chromatography on 10 x 10 cm plates of
silica gel (HPTLC plates, EM Reagents, Elmsford,
NY). The plates were first developed to 5 cm above
the origin with chloroform-methanol-water 65:35:5
(v/vlv), dried for 20 min in a nitrogen atmosphere and
developed to the top with heptane-diethylether-formic
acid 90:60:4 (v/v/v). Spots corresponding to lysophos-
phatidylcholine, phosphatidylcholine, monoglyceride,
diglyceride, and free fatty acid were located by devel-
opment with iodine vapors and scraped into scintilla-
tion vials. Radioactive lipids were counted as previous-
ly described (22). The results were corrected for a
control incubated without protein.

Lysophospholipase assay

The lysophospholipase assay medium contained 0.2
mM 1-[1-*C]palmitoyllysophosphatidylcholine, (New
England Nuclear, Boston, MA) sp act 0.41 to 0.68
mCi/mmol, 50 mM Tris HCI, pH 8.1, in a final volume
of 0.2 ml. The respective protein fractions (0.15 to 0.9
mg) were added and the reaction was carried out at
37°C for 30 min. Release of [1-'*C]Joleic acid was
measured as noted above, except that 1 ml of the
heptane phase was used directly for liquid scintillation
counting (22). All results were corrected for a control
incubated without protein.

106 Journal of Lipid Research Volume 26, 1985

Chemicals

Dioleoylphosphatidylcholine, egg phosphatidylcho-
line, and palmitoyllysophosphatidylcholine (99% pu-
rity) were obtained from Sigma Corp., St. Louis, MO.
Other chemicals were of analytical reagent grade.
Chloroform and methanol were redistilled before use.

Derivation of equation to estimate the contribution
of phospholipase A and lysophospholipase to fatty
acid release from [1-*“C]dioleoylphosphatidylcholine
When FAy and LPCy are the observed nmol fatty
acid or lysophosphatidylcholine released during incu-
bation of [1-"*C]dioleoylphosphatidylcholine, P repre-
sents the fraction of the total fatty acid released from
[1-**C]dioleoylphosphatidylcholine by the action of
phospholipase A (either A, or Ay) and L represents the
fraction of total fatty acid due to the action of lysophos-
pholipase on [1-'*C]Joleoyllysophosphatidylcholine. The
following equation describes this relationship:

FAd =P+L qu
LPC; P-L

It is asumed that phospholipase A hydrolyzes only one
acyl group from phosphatidylcholine (either the sn-1 or
sn-2 ester) and that lysophospholipase does not hydro-
lyze diacylphosphoglycerides and is equally active
against sn-1 or sn-2 acyl lysophosphoglycerides. L can
approach, but can never exceed, P with the result that
the maximal value for L is 0.50. L and P can be deter-
mined from equation 1 since L. + P = 1. Finally, it is
assumed that other types of reactions such as transacyl-
ation, phospholipase C, and diglyceride lipase are
negligible.

Derivation of an equation describing the effect of
variable contributions of lysophospholipase on the
measurement of phospholipases A, and A, using
1-palmitoyl-2-[1-'*CJoleoylphosphatidylcholine

as substrate

With 2-[1-*C]oleoylphosphatidylcholine as substrate,
radioactive fatty acid is produced directly by the action
of phospholipase A; and the other praduct, lysophos-
phatidylcholine, is unlabeled. Phospholipase A, action
produces [*C]lysophosphatidylcholine and unlabeled
fatty acid. Lysophospholipase action on this product
results in the production of "“C-labeled fatty acid.
These relationships are described by equation 2 below:

FA, _ A+ (A)(L) Eq. 2
LPC, A, - (A)(L)
FA; and LPC; represent the observed production of
"C-labeled fatty acid and lysophosphatidylcholine

from phosphatidylcholine specifically labeled with
[*C]Joleic acid in the sn-2 position. A; and A, represent
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the fraction of phosphatidylcholine hydrolyzed to lyso-
phosphatidylcholine by phospholipases A; or As, re-
spectively, and L represents the fraction of fatty acid
release due to the action of lysophospholipase as deter-
mined in equation 1 above using [1-**C]dioleoylphos-
phatidylcholine as substrate. The numerator represents
radioactive fatty acid formed by phospholipase A; plus
that formed by the action of lysophospholipase on the
product of phospholipase A, action. The denominator
represents radioactive lysophosphatidylcholine pro-
duced by phospholipase A, minus that hydrolyzed to
fatty acid by lysophospholipase. Finally, it is also
assumed that the respective enzymatic reaction rates do
not differ with [1-"*C]dioleoylphosphatidylcholine or
1-palmitoyl-2-[1-"*Cloleoylphosphatidylcholine as sub-
strate.

RESULTS

Subcellular distribution of phospholipases A and
lysophospholipase

Neutral phospholipase A activity was found prin-
cipally in the eytosolic, microsomal and subsarcolem-
mal fractions as shown in Fig. 1. The results represent
the average of four separate experiments. The percent-
age of the total phospholipase A activity recovered in
these fractions represented 45.8, 17.4, and 12.2%,
respectively. Cytosolic phospholipase A activity has not
previously been reported in heart. The observed speci-
fic activity of the subsarcolemmal mitochondria frac-
tion was 8-fold greater than that of the interfibrillar
mitochondria fraction which contained only 2.4% of
the total recovered phospholipase A activity. However,
this difference may have been overestimated, as the
interfibrillar mitochondrial phospholipase A activity
was not strictly linear with time and protein in agree-
ment with the observations of Palmer et al. (13). All
other subcellular fractions, including the subsarcolem-
mal mitochondria, exhibited linearity with time and
protein under the assay conditions used. This problem
has been studied in more detail and is discussed below
(Table 2). Based on the subcellular distribution of
marker enzymes, it appears that most of the phospho-
lipase A activity measured in the light mitochondria
and nuclei and debris fractions represented contamina-
tion with microsomes and mitochondria. As noted
above, the cytosolic fraction which results from Poly-
tron treatment alone contained 46% of the recovered
phospholipase A activity. This cannot be explained
solely by a solubilization of enzymes from mitochon-
dria and microsomes based on marker enzyme results
(below).

Acid phospholipase A activity exhibited an 8.3-fold
enrichment in the light mitochondrial fraction. This
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Fig. 1 Distribution of marker enzymes (left panels), phospho-
lipases and lysophospholipase (right panels) in rat heart subcellular
fractions. Each fraction is represented on the ordinate scale by its
relative specific activity (percentage of total recovered activity/per-
centage of total protein). On the abcissa scale each fraction is repre-
sented (cumulatively from left to right) by its protein content ex-
pressed as percentage of total recovered protein. Homogenate
specific activities (nmol hr’mg™): succinate INT reductase, 2050
+ 263; NADPH-CytC reductase, 24.1 + 8.3; N-acetyl-3-D glu-
cosaminidase, 89 + 43.3; phospholipase A, pH 8.4, 1.72 + 0.2; lyso-
phospholipase, pH 8.0, 11.9 + 3.5; phospholipase A, pH 4.8, 0.26
+ 0.12. Recoveries (% ): protein, 116 + 14; succinate INT reductase,
117 + 33; NADPH-CytC reductase, 188 + 99; N-acetyl-3-D glu-
cosaminidase, 71.2 + 9.5; phospholipase A, pH 8.4, 60 + 17.0; lyso-
phospholipase, pH 8.0, 66.7 + 23; phospholipase A, pH 4.8, 150
t 8.0. The above values represent averages of four separate prepara-
tions + standard deviation, except for NADPH-CytC reductase and
phospholipase A, pH 4.8, which represent three preparations.
Abbreviations: N, nuclei and debris; M,, subsarcolemmal mitochon-
dria; M,, interfibrillar mitochondria; L, light mitochondria; P,
microsomes; C, cytosol or soluble fraction; S,, post-5,000 g Nagarse
supernatant; S,, post-3,000 g M, supernatant.

fraction contained 12.8% of the total recovered activity
while the subsarcolemmal mitochondria, interfibrillar
mitochondria, microsomal and cytosolic fractions con-
tained 9.7, 4.0, 11.6, and 11.3 percent of the recovered
activity, respectively. However, since the subcellular
distribution of N-acetyl-B-D-glucosaminidase, a lyso-
somal marker enzyme, was identical to that of acid
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phospholipase A, the latter enzyme appeared to be
strictly of lysosomal origin.

The subcellular distribution of the lysophospholipase
activity measured at pH 8.0 showed a pattern generally
similar to that observed with phospholipase A except
that the activity of lysophospholipase was greater in the
interfibrillar mitochondria fraction. The subsarcolem-
mal mitochondria, interfibrillar mitochondria, micro-
somal and cytosolic fractions contained the bulk of the
lysophospholipase activity representing 6.9, 6.3, 17.2,
and 45.7% of the total recovered activity, respectively.

Subcellular distribution of protein and marker enzymes

As shown in Fig. 1 and Table 1, the nuclei and debris
fraction contained 34.4% of the total recovered pro-
tein, while the subsarcolemmal mitochondria and
interfibrillar mitochondria fractions contained 5.6 and
8.5% of the protein, respectively. The percentage of
protein in the two populations of mitochondria was in
accordance with previous reports (16). The light mito-
chondrial fraction contained only 1.8% of the protein
while the microsomal fraction and the cytosolic frac-
tions contained 3.4 and 30.1% of the total recovered
protein, respectively.

The subcellular distribution of succinate INT re-
ductase, the mitochondrial marker enzyme, is also
shown in Fig. 1. The two populations of mitochrondria
showed the greatest enrichment with succinate INT
reductase representing approximately 3-fold that of the
homogenate. The subsarcolemmal mitochondria and
interfibrillar mitochondria fractions accounted for 16.5
and 27.5% of the total recovered marker enzyme,
respectively. About 3% of the total mitochondrial
marker was present in the microsomal and soluble frac-
tions with a specific activity representing 35.2 and
3.6% of that observed in the mitochondrial fractions,
respectively.

The microsomal marker enzyme, NADPH cyto-
chrome C reductase, showed a 5.2-fold enrichment in
the microsomal fraction (Fig. 1 and Table 1). This

fraction contained 17.6 % of the total recovered enzyme
marker. The soluble fraction contained 22.9% of the
total marker enzyme, but the enrichment of this
enzyme was only 0.8-fold of the homogenate and its
specific activity represented only 14.7% of that mea-
sured in the microsomal fraction. The subsarcolemmal
mitochondria and interfibrillar mitochondria con-
tained 3.3 and 7.4% of the total recovered NADPH
cytochrome C reductase, respectively, and the specific
activity represented 8.8 and 17.8% of that of the micro-
somal fraction, respectively.

The lysosomal marker enzyme, N-acetyl-3-D-gluco-
saminidase, showed a 7.6-fold enrichment in the light
mitochondria fraction. This fraction contained 13.7%
of the total recovered activity while the subsarcolem-
mal mitochondria, interfibrillar mitochondria, micro-
somal and soluble fractions contained 10.0, 2.3, 13.1,
and 10.7% of this recovered activity, respectively.

Finally, these three marker enzymes were present in
significart quantities in the nuclei and debris, S; and S,
fractions, presumably because it was not possible to
obtain a complete release of all of the organelles en-
trapped in the small particles of heart tissue that re-
mained after the brief Polytron treatment (nuclei and
debris and S;). S, represents the postmitochondrial
supernatant containing Nagarse.

Effect of Nagarse on mitochondrial
phospholipase A activity

As noted above, the specific activity of neutral phos-
pholipase A was about 8 times greater in the subsar-
colemmal mitochondria fraction than that of the inter-
fibrillar mitochondria fraction. However, the protease
treatment required for isolation of the latter fraction
might have been responsible for its diminished phos-
pholipase A activity. Therefore, we treated the subsar-
colemmal mitochondria fraction with Nagarse under
the same conditions used to obtain interfibrillar mito-
chondria. Subsarcolemmal mitochondria were reiso-
lated and assayed for phospholipase A. Both subsarco-

TABLE 1. Percentage of proteins and enzymes marker activities expressed as the percentage of the total recovered activity

NADPH Succinate N-Acetyl-8-D- Acid Neutral Lyso-

Fraction Protein Cyt C Reductase INT-Reductase Glucosaminidase P'Lipase A P'Lipase A P'Lipase
Nuclei and debris 34.3 + 4.4 12.8 + 1.3 37.1 + 5.4 22.2 + 13.0 15.2 + 8.6 8.7 £ 5.2 12.8 + 2.9
M, 5.6 + 0.6 3.3 + 2.8 16.5 + 2.4 10.0 + 2.4 9.7 £ 4.9 12.2 + 6.7 6.9 + 1.6
M, 85 + 0.6 7.4 + 0.2 275 + 4.9 23 + 1.6 4.0 + 0.7 2.4 + 1.2 6.3+ 1.9
Light mitochondria 1.8 + 0.3 3.0 £ 1.0 4.2 £ 1.1 13.7 + 1.04 12.8 + 2.0 8.5 £ 3.0 2.7 + 0.4
Microscomes 34 £ 0.2 17.86 £ 2.8 3.2 £ 0.7 13.1 £ 5.0 11.6 £ 2.1 174 + 8.0 17.2 + 6.2
Cytosol 30.1 + 3.1 229 + 7.7 3.1+ 25 10.7 + 5.9 11.3 + 2.6 45.8 + 14.1 45.7 £ 2.6
Sy 84 + 09 14.8 + 2.3 29 + 0.8 15.8 £ 9.7 11.6 + 5.2 28 + 3.3 3.6 + 04
S, 76 + 1.8 17.1 + 4.6 5.6 + 3.0 11.8 + 4.2 23.5 £ 5.5 2.6 + 2.9 3.3 + 2.2

The above values represent the average of four separate preparations + standard deviation except for NADPH-Cyt C reductase and
phospholipase A, pH 4.8, which represent three preparations. Abbreviations: M,, subsarcolemmal mitochondria; M, interfibrillar mitochon-
dria; S,, post-5,000 g Nagarse supernatant; S;, post-3,000 g M, supernatant; P'Lipase, phospholipase.
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lemmal and interfibrillar mitochondria were assayed at
much lower enzyme protein levels, 0.05 to 0.1 mg/tube,
in order to obtain reaction rates that were more nearly
linear. As shown in Table 2, after Nagarse treatment
the phospholipase A activity in the reisolated subsar-
colemmal mitochondria fraction fell from 6.34 to 4.09
nmol H™ mg™, representing a decrease of 30 %. Mito-
chondrial fractions which had each been treated once
with Nagarse were compared; subsarcolemmal mito-
chondria were 1.5-fold more active than interfibrillar
mitochondria under these assay conditions. Further
treatment of interfibrillar mitochondria with Nagarse
resulted in a further decline in activity from 2.71 to 1.40
nmol mg"h™. Although it is difficult to rigorously com-
pare the two mitochondrial phospholipase A activities,
we conclude that interfibrillar mitochondria had some-
what less phospholipase A activity than that of sub-
sarcolemmal mitochondria after comparable Nagarse
treatment.

pH Dependence of phospholipases A and
lysophospholipases

The pH dependence of phospholipase A activity in
the respective subcellular fractions of rat heart was
determined. All fractions, except the light mitochon-
dria fraction, exhibited a broad pH optimum centered
near pH 8.4 (Fig. 2). The activity of cytosolic phospho-
lipase A did not decline sharply between pH 8.0 and 7.0
(-=15%), compared with the activity of the mitochon-
drial and microsomal phospholipases A, which de-
creased by nearly 45 % . Phospholipase A activity in the
light mitochondrial fraction exhibited a somewhat
sharper optimum at pH 4.8 (Fig. 3) but some phospho-

TABLE 2. Effect of Nagarse treatment on the phospholipase A
activity of subsarcolemmal and interfibrillar mitochondria

Phospholipase A,
nmol mg*hr*

One Two
Nargarse Nargarse
Fraction Control Treatment Treatments
M, 6.34 =+ 1.37 4.09 + 0.63
M, 2.71 + 0.53 1.40 + 1.36

The subsarcolemmal mitochondria fraction (M,) was obtained as
described in Materials and Methods and consisted of 33 mg of
protein. The resuspended M, fraction was divided into two aliquots,
control and Nargarse-treated. The treated aliquot was incubated with
0.23 mg of Nargarse under conditions identical to those used to
obtain the interfibrillar mitochondria (M,) as described in Methods.
Interfibrillar mitochondria were also divided into two aliquots and
one was treated with Nargarse a second time as described above and
reisolated. All assays were carried out using freshly isolated fractions
which had not been frozen. The results represent a single prepara-
tion measured in triplicate. The respective pellets obtained after 3000
g centrifugation for 10 min were assayed for phospholipase A
activity using 0.05-0.10 mg of enzyme protein per tube as described
in Methods. Results are given as mean t standard deviation.
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Fig. 2 Effect of pH on the activities of phospholipase A (left
panels) and lysophospholipase (right panels) in: cytosol (M) and
microsomes (A) (upper panels), subsarcolemmal mitochondria (®),
and interfibrillar mitochondria (O) (lower panels). Experimental
conditions are described in the Material and Methods section.
Enzymes activities are expressed as a percentage of the maximal
activity.

lipase A activity was also present in the neutral and
alkaline pH range (data not shown), indicating con-
tamination with microsomal and mitochondrial pro-
tein as would be expected based on the results of the
marker enzyme studies shown in Fig. 1 and Table 1.

Lysophospholipase exhibited a broad pH depen-
dence in all fractions with an optimum at pH 7.6 for
microsomes and interfibrillar mitochondria, and at pH
8.0 for the subsarcolemmal mitochondria and soluble
fractions (Fig. 2). In general the soluble lysophospho-
lipase exhibited a broader pH dependence than that of
the other fractions. In the acid pH range, 3.0 to 5.6,
lysophospholipase activity was very low in the light
mitochondrial (lysosomal) fraction, and appeared to be
due to residual neutral lysophospholipase activity. For
this reason, lysophospholipase was not further investi-
gated in the acid pH range.

Effect of calcium and EDTA

The dependence of the phospholipase A activities on
calcium is shown in Table 3. While the phospholipase
A activities were stimulated to different degrees in the
respective fractions, 6 mM Ca*" was sufficient to pro-
duce full activity in all of the fractions studied. EDTA
(10 mM) did not produce complete inhibition of the
phospholipase A activities, suggesting the presence of
phospholipases A which were not calcium-dependent.
Acid phospholipase A of the light mitochondrial (lyso-
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Fig. 3 Effect of pH on the activity of phospholipase A in the
light mitochondria (lysosomal) fraction of rat heart. Experimental
conditions are described in the Material and Methods section.
Enzyme activity is expressed as a percentage of the maximal activity.

somal) fraction did not require calcium and was not
inhibited by EDTA.

Kinetic studies of the phospholipases A and
lysophospholipases

The respective subcellular fractions were incubated
with increasing concentrations of either [1-"*C]dioleoyl-
phosphatidylcholine or 1[1-"*C]palmitoyllysophospha-
tidylcholine. The apparent K,, and V,,,, were deter-
mined from the intercepts of Lineweaver-Burk plots
and the results are shown in Table 4. The apparent K,,
of phospholipase A for dioleoylphosphatidylcholine
was similar in the subsarcolemmal mitochondrial frac-
tion and in microsomes, ranging from 0.28 to 0.33 mM.
Similarly, the apparent K, of lysophospholipase for
lysophosphatidylcholine did not differ greatly in these
fractions, ranging from 0.24 to 0.28 mM. In contrast,
the apparent K,, values of cytosolic phospholipase A
and lysophospholipase were 0.07 and 0.02 mM, respec-
tively, much lower than the values obtained for the
respective mitochondrial and microsomal enzymes.

The apparent V,,,, of neutral phospholipase A was
highest in the microsomal fraction, 17.9 nmol hr’mg™,
followed by 4.66 nmol hr'mg™ for subsarcolemmal
mitochondria and 3.04 nmol hr'mg™ for cytosol,
respectively. The apparent V.. of lysophospholipase
was greatest in the microsomal fraction, 83 nmol
hr'mg™ followed by subsarcolemmal mitochondria,
cytosol, and interfibrillar mitochondria at 18.8, 10.8,
and 10.2 nmol hr'mg™, respectively. Interestingly, the
apparent V.. for lysophospholipase was 3.6 to 4.5
times greater than that of phospholipase A in the
respective subcellular fractions. Acid phospholipase A
had an apparent K,, of 0.66 mM and an apparent V,,,,
of 16.8 nmol hr'mg™.
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Contribution of lysophospholipase to release of [1-'*C]-
oleic acid from [1-*C]dioleoylphosphatidylcholine

Since the apparent V. for lysophospholipase was
much greater than that of phospholipase A as shown in
Table 4, it seemed possible that phospholipase A activ-
ity measured with [1-*C]dioleoylphosphatidylcholine
might be overestimated. Therefore we carried out more
detailed studies of this reaction in which all of the pos-
sible products were analyzed by thin-layer chromatog-
raphy. The results are shown in Table 5. If only phos-
pholipase A was active, one would find stoichiometric
production of fatty acid and lysophosphatidylcholine
with a product ratio of 1.0. However, when an active
lysophospholipase is also present, ['*Cllysophospha-
tidylcholine may be converted to *C-labeled fatty acid
(and unlabeled glycerophosphocholine) and the ratio of
fatty acid to lysophosphatidylcholine (FA/LPC) will
exceed 1.0. This was found to be the case in each of the
heart subcellular fractions studied. In the light mito-
chondria (lysosomal) fraction, the FA/LPC ratio was
low, 1.1, corresponding to a fractional lysophospholip-
ase contribution to FA release of 0.05. FA/LPC ratios in
the subsarcolemmal mitochondria and cytosol fractions
were intermediate, 1.6 and 2.2, representing lysophos-
pholipase fractional contributions of 0.18 and 0.27,
respectively. However, in the microsomal fraction, lyso-
phosphatidylcholine could not be detected. In this situ-
ation (FA/LPC = ), the fractional contribution of
lysophospholipase to fatty acid release is 0.50. In the
various fractions, monoglyceride and diglyceride, prod-
ucts of phospholipase C and/or transacylation reac-
tions, were present in small amounts varying from 2.8
to 4.9% of total products. After correction of the V.
values of Table 4 for the fractional contribution of lyso-
phospholipase, the following rates were obtained for
phospholipase A (nmol mg*hr™): subsarcolemmal

TABLE 3. Effect of EDTA and Ca* on the activity of the
intracellular phospholipases A of rat heart

Phospholipase A (nmol hr''mg™)

EDTA Ca" Ca® Ca*
Fraction 10 mM 1.5 mm 3 mm 6 mm
Subsarcolemmal

mitochondria 0.64 0.88 1.44 2.00
Light mitochondria,

pH 4.8 1.60 n.d. n.d. 1.60

Microsomes 3.00 3.84 4.16 4.44

Cytosol 1.60 1.64 2.04 2.16

The phospholipase A assays with Ca** or EDTA were done as
described in Materials and Methods. In the experiments with EDTA,
the proteins were first incubated with EDTA at 4°C for 10 min. Unless
otherwise indicated, incubations were done at pH 8.4; n.d., not deter-
mined. Abbreviations as in Table 1.
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TABLE 4. Kinetic properties of rat heart phospholipases A and lysophospholipases

K,, (apparent)

V ez (8pparent)

Fraction PLA LPL PLA LPL n
Subsarcolemmal mitochondria 0.31 + 0.14 0.24 =+ 0.18 464 + 1.8 188 + 56 4
Microsome 033 1.0 0.25 + 0.08 179 + 9.20 83.0 +140 3
Cytosol 0.073 + 0.01 0.023 + 0.004 304+t 032 108+ 21 3
Light mitochondria, pH 4.8 0.66 + 0.12 n.d. 16.8 + 10.8 n.d. 3

Sonicated [1-'*C]dioleoylphosphatidylcholine was the substrate for phospholipase A (PLA) studies. Incuba-
tions were carried out as described in Methods. Each determination of V. and K,, was obtained with six
different concentrations of substrate which varied from 0.08 mM to 0.4 mM. Unless otherwise indicated, the
incubations were done at pH 8.4 in the presence of 6 mM Ca**. Each determination has been corrected for
a control incubation without protein. For lysophospholipase studies (LPL), incubations with
[1-**C]palmitoyllysophosphatidylcholine were done as noted in Methods. Each determination of V,,,, and K,
was obtained with six different concentrations of substrate which varied from 0.04 mMm up to 0.2 mMm. For
each substrate concentration the value obtained with a control incubated without protein has been subtracted.
Three or four separate preparations were studied. Abbreviations as in Table 1. K,, app (mMm) and V. app
(nmol mghr™) were determined by linear regression analysis of the double reciprocal plots. R values were
0.99 or greater in each instance; n, number of separate determinations; n.d., not determined.

mitochondria, 3.80; microsomes, 8.95; cytosol, 2.22;
and light mitochondria (pH 4.8), 16.0.

We attempted to find incubation conditions that
would be unfavorable for microsomal neutral lysophos-
pholipase so that lysophosphatidylcholine would ac-
cumulate and the positional specificity of phospho-
lipase A could be determined. Since detergents have
been reported to inhibit other lysophospholipases (25),
we carried out incubations of heart microsomes with
[1-**C]dioleoylphosphatidylcholine in the presence of 1
mg/ml sodium deoxycholate or Triton X-100. However,
as shown in Table 6, significant quantities of lysophos-
phatidylcholine still could not be detected although the
overall rate of fatty acid release was greatly reduced.
Similarly, incubation for a shorter time (10 min),
incubation at a higher pH (9.0), or in the presence of
a large sink of unlabeled lysophosphatidylcholine did
not result in accumulation of [1-"*C]lysophosphatidyl-
choline; FA/LPC ratios ranging from 26 to infinity
were obtained indicating a fractional contribution of
lysophospholipase to fatty acid release of 0.48 to 0.50.

Positional specificity of phospholipases A

Rat heart subcellular fractions were incubated with
1-palmitoyl-2-[1-**Cloleoylphosphatidylcholine and the
products were analyzed by thin-layer chromatography.
The results are shown in Table 7. Subsarcolemmal
mitochondria principally catalyzed the release of
[1-"*C]loleic acid, which represented 68% of the prod-
ucts. However, with cytosol and light mitochondria,
[1-*Cllysophosphatidylcholine was released, represent-
ing 535 and 80% of the products, respectively. After
correction for the action of lysophospholipase as de-
scribed in equation 2 (Methods), the phospholipase A,
values for cytosol and light mitochondria were 81 and
86%, respectively, while rate heart subsarcolemmal
mitochondria had primarily phospholipase A; (67%).
Interfibrillar mitochondria had only phospholipase A,
activity (data not shown). As noted above, the posi-
tional specificity of microsomal phospholipase A could
not be determined with certainty due to the extremely
active lysophospholipase (c.f. Tables 5 and 6).

TABLE 5. Hydrolysis of [1-'*C]dioleoylphosphatidylcholine by rat heart: contribution of
lysophospholipase to fatty acid release

Subcellular Fraction

Subsarcolemmal Light Mitochondria,
Product Mitochondria Microsomes Cytosol pH 4.8
FA, % 57.8 97.2 67.0 49.8
LPC, % 37.1 0 30.1 46.4
MG + DG, % 4.9 2.8 2.9 3.7
FA/LPC, 1.6 2.2 1.1
L 0.18 0.50 0.27 0.05

Incubations were carried out as described in Methods at pH 8.4 unless otherwise indicated. The reactions
were stopped by the addition of 4.0 ml of chloroform-methanol 2:1 and analyzed by thin-layer chromatography
as described in Methods. FA, fatty acid; LPC, lysophosphatidylcholine; MG + DG, monoglyceride
+ diglyceride; L, fraction of fatty acid release due to action of lysophospholipase.
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TABLE 6. Effect of short incubation time, increased pH, unlabeled lysophosphatidylcholine, and
detergents on the hydrolysis of [1-'“C]dioleoylphosphatidylcholine by the rat heart microsomal fraction

Incubation Condition

1 mg/ml
10 min 0.4 mMm 1 mg/ml Triton
Product pH 8.4 Incubation pH 9.0 LPC DOC X-100
FA 6.11 6.05 5.49 1.68 2.14 1.04
LPC 0.038 0 0.21 0 0 0.03
FA4/LPC, 161 o 26 o ® 39
L 0.50 0.50 0.48 0.50 0.50 0.49

Incubations were carried out as described in Methods; unless otherwise indicated, incubations were for 30
min at 37°. Results given as nmol of product mg'hr’. Abbreviations: FA, fatty acid; LPC,
lysophosphatidylcholine; DOC, sodium deoxycholate; L, fraction of fatty acid release due to action of

lysophospholipase.

DISCUSSION

Our studies show that the cytosolic fraction is the
major intracellular site of neutral phospholipase A in
rat heart representing 46 % of the total recovered phos-
pholipase A activity. The cytosolic enzyme differs from
the microsomal and mitochondrial phospholipases A in
a number of ways. It has an apparent K,, for dioleoyl-
phosphatidylcholine of 0.07 mM versus 0.33 and 0.31
mM with the microsomal and subsarcolemmal mito-
chondria phospholipase A, respectively. The pH depen-
dence of cytosolic phospholipase A is broader than that
of the subsarcolemmal mitochondria and microsomal
fractions; and finally, the cytosolic enzyme is a phos-
pholipase A; while the mitochondria contain principal-
ly phospholipase A;. General solubilization of mem-
brane-bound enzymes cannot account for the presence
of a neutral phospholipase A in the cytosol (46% of
recovered activity) since the total activity of the micro-
somal and mitochondrial marker enzymes in the cyto-
solic fraction represents only 24 and 3.1% of recovered
activity, respectively. Thus, the enzyme is probably
cytosolic. However, we cannot completely exclude the
possibility that the cytosolic phospholipase A is loosely
associated with one of the membrane fractions (such as
the microsomal fraction) and is subsequently released
by Polytron treatment.

Cytosolic phospholipases A, have recently been
reported in rat brain (26) and liver (27) but have not
been previously reported in heart. Our findings do not
agree with the data of Gross and Sobel (12) who could
not detect phospholipase A in the soluble fraction.
However, these authors used sonicated [“C]dipal-
mitoylphosphatidylcholine, an extraordinarily poor
substrate for measuring phospholipase A in many cases.
In our prior studies of purified liver lysosomal phospho-
lipase A, (22), we found that sonicated ['*C]dipal-
mitoylphosphatidylcholine was not hydrolyzed by the
purified enzymes (unpublished observation); at low
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Triton X-100 levels, the activity of the two major lyso-
somal phospholipase A, isoenzymes was only 3 to 9%
of the maximal rates obtained with optimal levels of
Triton X-100. When we incubated rat heart homoge-
nate with sonicated [*C]dipalmitoylphosphatidylcho-
line without Triton X-100, the observed phospholipase
A activity was only 15% of that obtained with soni-
cated [1-*C]dioleoylphosphatidylcholine (DOPC) (data
not shown).

The relative specific activity of neutral phospho-
lipase A was highest in the microsomal fraction, repre-
senting an enrichment of 4-fold over that of the
homogenate. This fraction contained 15.3% of total
recovered activity. Our results with microsomes agree
in general with those of Weglicki et al. (11) but are
contrary to the findings of Gross and Sobel (12) who
could not demonstrate phospholipase A in heart micro-
somes. However, as noted above, these authors used
sonicated ['*C]dipalmitoylphosphatidylcholine, a very
poor substrate for phospholipases A from heart or liver
(22).

TABLE 7. Hydrolysis of 2-{1-'*C]oleoylphosphatidylcholine by rat
heart subceellular fractions: positional specificity of phospholipases A

Subcellular Fraction

Light

Subsarcolemmal Mitochondria

Product Mitochondria (pH 4.8) Cytosol
FA, % 68 18 38
LPC, % 25 80 55
MG + DG, % 7 2 7
FA/LPC, 2.7 0.23 0.69
Corr. % PLA, 33 86 81
Corr. % PLA; 67 14 19

Incubations were carried out as described in Methods. Unless other-
wise indicated, incubations were done at pH 8.4. Results are the
average of two determinations and are expressed as % of recovered
product. Corrected values for phospholipase A, and A, were obtained
using equations 1 and 2 in the Methods. Abbreviations as in Table
5. PLA,, phospholipase A,; PLA,, phospholipase A,.
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The light mitochondrial fraction exhibited acid
phospholipase A activity consistent with previous find-
ings in the heart (14). Our studies show that the myo-
cardial acid phospholipase A is a phospholipase A,
which does not require calcium. These findings are
similar to results reported previously for purified liver
and kidney lysosomal phospholipase A, (22, 28).

Heart cytosol also contained 46% of the recovered
lysophospholipase activity. Cytosolic phospholipase A,
could be completely separated from lysophospholipase
by gel filtration by virtue of the fact that it behaves as
a very high molecular weight complex, appearing in
the void volume of a Sephadex G-150 column (data not
shown). Interestingly, the apparent K, of cytosolic
lysophospholipase was 0.023 mM which was only one-
eleventh of the apparent K,, of the membrane-associ-
ated enzymes, which ranged from 0.24 to 0.28 mM
(Table 3). The pH dependence and apparent K,, of the
cytosolic lysophospholipase in this report are similar to
the results obtained by others with a purified prepara-
tion of cytosolic lysophospholipase (15). Neutral lyso-
phospholipase is also present in the two populations of
mitochondria. These findings are not in agreement
with the report of Weglicki et al. (11), who assumed
that there was no lysophospholipase activity in the
mitochondrial fraction on the basis of a FA/LPC ratio
that was near unity. Gross and Sobel (12) found very
low levels of lysophospholipase activity in the mito-
chondrial fraction of rat heart, 1.8 nmol mg’hr™. We
could not detect acid lysophospholipase activity in rat
heart fractions including the light mitochondrial (lyso-
somal) fraction. In this regard, rat heart appears to be
different from rat liver where a very active acid lyso-
phospholipase of lysosomal origin has been partially
purified (22).

Lysophosphatidylcholine has been implicated in
electrophysiological disorders which occur during myo-
cardial ischemia (3-6). Therefore, it is of particular
interest to note that lysophospholipase appears to be
much more active than phospholipase A in heart; the
ratio of apparent V,,, of lysophospholipase/phospho-
lipase A ranges from 3.6 to 4.5 in the respective frac-
tions (a minimum estimate since the phospholipase A
values are not corrected for the contribution of lyso-
phospholipase to fatty acid production). Since the
apparent K,, in the respective fractions for phospha-
tidylcholine and lysophosphatidylcholine is grossly
similar, the action of lysophospholipase during myo-
cardial ischemia would tend to minimize the accumu-
lation of lysoglycerophospholipids.

Future studies on the regulation of phospholipase A
activity in myocardial ischemia may be of considerable
physiological interest inasmuch as lysophospholipids
appear to be involved in the pathogenesis of electro-
physiological disorders during ischemia. Qur studies

show that the cytosolic fraction contains the bulk of the
myocardial phospholipase A activity while consider-
able activity is also present in heart microsomes and
subsarcolemmal mitochondria. Phospholipase A ap-
pears to be the rate-limiting step in the degradation of
phospholipid in heart subcellular fractions and may be
a factor of primary importance during myocardial
ischemia. O
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