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Reverse-phase high-performance liquid
chromatographic assay of phospholipases:
application of spectrophotometric detection to rat
phospholipase A, isozymes

Hiromasa Tojo,! Takashi Ono,? and Mitsuhiro Okamoto

Department of Molecular Physiological Chemistry, Osaka University Medical School, 2-2 Yamadaoka,

Suita, Osaka 565, Japan

Abstract This paper appraises an HPLC method for assaying
phospholipase A; (PLA;). The procedure is based on heptane-
isopropanol-H,SO, extraction of fatty acids released by the en-
zyme in the presence of margaric acid as an internal standard,
and precolumn derivatization with 9-anthryldiazomethane. The
derivatives of naturally occurring long-chain fatty acids were ac-
curately determined by reverse-phase HPLC with ultraviolet de-
tection at 254 nm; the fatty acids were identical with margaric
acid in terms of their extraction efficiency in the presence or ab-
sence of a bile salt, reactivity with the labeling reagent, and mo-
lar extinction coefficients of their derivatives. HPLC conditions
were optimized so as to separate the derivatives of palmitic and
oleic acids completely within 7 min. The use of the
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol/cholate  sys-
tem as substrate proved useful for the sensitive detection of
PLA,; activities in rat tissue homogenates. Distribution of im-
munoreactive pancreatic and group II phospholipases A; was es-
timated from the degree of inhibition of enzyme activities by
specific antibodies raised against either forms of phospholipase
A, isozymes. The results were consistent with those of im-
munoblot analyses.—Tojo, H., T. Ono, and M. Okamoto.
Reverse-phase high-performance liquid chromatographic assay
of phospholipases: application of spectrophotometric detection
to rat phospholipase A, isozymes. J Lipid Res. 1993. 34:
837-844.

Supplementary key words pancreatic and group II phospholipases
A, * phosphatidylglycerol ¢ 9-anthryldiazomethane

Phospholipase A, (EC 3.1.1.4; PLA,) catalyzes the
hydrolysis of the ester bond at the sn-2 position of
glycerophospholipids. The enzymes play a key role in
regulating a variety of cellular and extracellular reactions
in phospholipid metabolism. Recent determination of
primary structures of two PLA, isozymes of mammalian
origin in addition to known structures of well-
characterized pancreatic PLA,s (1-3) have revealed the
isozymic nature of PLA,. To explore the physiological
significance of these isozymes, it is necessary to examine

enzymatic properties in detail, e.g., positional specificity,
and substrate specificities toward sn-1 radyl and sn-2 acyl
moieties and polar head groups. For this, in addition to
well-established radiometric assay methods (4), it may be
helpful to develop a nonradiometric method that can use
many kinds of commercially available synthetic highly
purified phospholipids.

During the course of a study on PLA, isozymes of rat
spleen, we developed an assay based on reverse-phase
high-performance liquid chromatographic separation of
9-anthracenylmethyl derivatives of fatty acids released by
PLA, as an alternative to the radiometric Dole assay (4);
the substrate specificities of PLA; isozymes could be com-
pared with each other (5, 6). Since that time we have used
this method extensively for studying the enzymatic
properties of PLA, from various sources, and the ex-
perimental protocol has already been published (3, 7). In
the present study, we report an appraisal of the reliability
of this assay. Furthermore, we previously demonstrated
that mixed micelles of phosphatidylglycerol and cholate
are the best substrate for both rat pancreatic and group
IT PLA,s (5, 6). This substrate system was found to be
suitable for highly sensitive detection of PLA; activity in
rat tissue homogenates. We therefore examined the distri-

Abbreviations: ADAM, 9-anthryldiazomethane; DOC, deoxycholate;
PC, phosphatidylcholine; PE, phosphatidylethanolamine; POPC,
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; POPE, 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphoethanolamine; POPG, 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoglycerol; HPLC, high-performance liquid chromato-
graphy.
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bution of Ca?'-dependent PLA, activities among various
rat tissues using this substrate, and the contribution of the
pancreatic and group II enzymes to the measured activi-
ties was roughly estimated by the extent of inhibition by
specific antibodies. The results were verified by immunoblot
analyses.

MATERIALS AND METHODS

Materials

9-Anthryldiazomethane (ADAM) was obtained from
Funakoshi Co., Tokyo, and used without further purifica-
tion. The following fatty acids were purchased from
Nacalai Tesque, Inc.: myristic acid (C14:0), pentadecanoic
acid (C15:0), palmitic acid (C16:0), margaric acid (C17:0),
stearic acid (C18:0), oleic acid (C18:1), linoleic acid
(C18:2), linolenic acid (Cl18:3), and arachidonic acid
(G20:4). 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol
(POPG) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
ethanolamine (POPE) were products of Avanti Polar
Lipids, Inc.

Assay for PLA, activity

The assay method is a modified version of the assay
based on extraction of fatty acids according to the method
of Dole and Meinertz (8) followed by silicic acid treatment
(Dole assay). The modifications included the derivatiza-
tion of extracted fatty acids with ADAM, and HPLC
quantitation of each derivatized fatty acid. Detailed
procedures including the preparation of ADAM and sub-
strate solutions have been described previously (7). The
standard reaction mixtures contained either 0.8 mM
POPG and 4.8 mM sodium cholate or 1 mM POPE and
6 mM sodium deoxycholate (DOC), 5 mM CaCl,, 0.1 M
NaCl, 0.1 M Tris-HCI (pH 8.5), and the enzyme in a
final volume of 50 pl. This volume can, if necessary, be in-
creased to 120 ul. In that case the same assay procedures
would be followed except for a proportional decrease in
the volume of water added on extraction of fatty acids.
The enzyme reaction was stopped by the addition of 200
pl of n-heptane-2-propanol-2 N sulfuric acid 10:40:1
(v/v). To the reaction mixture were added 120 pl of hep-
tane, 70 pl water, and 5 nmol of C17:0 as an internal stan-
dard. Fatty acids were extracted into the upper heptane
layer after vortexing the mixture for 20 sec, and the ex-
tracted fatty acids were derivatized and analyzed by
HPLC as described below. As a control, CaCl, was
replaced by EDTA (10 mM) or phospholipid was omitted.

For the inhibition of the PLA, activity by the antibody,
the enzyme sample was incubated with 0.5 mg/ml anti-
splenic group II PLA,; IgG or 0.3 mg/ml anti-pancreatic
PLA; IgG in 20 ul of 0.1 M Tris-HCI and 0.1 M NaCl,
pH 8.5, for 2 h at 4°C. The remaining activity was then
determined.
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Derivatization of fatty acids with ADAM

Immediately before use, the 9-anthryldiazomethane
was completely dissolved in 1 volume of ethyl acetate fol-
lowed by the addition of 9 volumes of methanol. An
ADAM concentration of 0.5 mg/ml (9) was used as
described below. The methanolic mixture of fatty acids or
the heptane solution after extraction (30-50 pul) was
placed in a microvial (0.3 ml) and the solvent was evapo-
rated using a water aspirator. Then, 50 ul of the 0.05%
ADAM solution was added. The vial was incubated for a
desired time at room temperature (25°C). Unless other-
wise noted, termination of the reaction was unnecessary
except when the time course for the reaction of ADAM
with fatty acids and the concentration dependence of
ADAM were examined. In these instances the reaction
was stopped by the addition of 5 ul glacial acetic acid. An
aliquot (3-10 pul) of the mixture was injected manually or
from an autosampler onto a reverse-phase column.

HPLC of ADAM-derivatized fatty acids

The HPLC system consisted of a Gilson Model 302 k-
quid delivery module and a Gilson autosampler 231-401
equipped with a Rheodyne 7010 sample injection valve
with a 20-ul sample loop. The effluents were monitored at
254 nm with a Gilson 116 detector or a UV monitor III
model 1203 (Laboratory Data Control, Riviera Beach,
FL). At the initial stage of the study, ADAM-derivatized
fatty acids were separated on a Rainin Microsorb C18 or
C8 column (4 x 100 mm) at room temperature. Later
they were routinely separated on a Superspher RP-18
column (4 x 50 mm, Merck) at 20°C and at a flow rate
of 1 ml/min. For rapid separation but with less resolution
between C18:1 and C16:0 peaks, a Cosmosil 3C18 column
(Nacalai Tesque, Inc., 2.1 x 50 mm), which was slurry-
packed in this laboratory, was used at room temperature
at a flow rate of 1 ml/min. Unless otherwise noted, the sol-
vent systems used were: 98% acetonitrile for Superspher
RP-18 and Microsorb C18, 96% acetonitrile for Cosmosil
3C18, and 88% acetonitrile for Microsorb C8.

Preparation of tissue homogenates

Rats weighing 150-200 g were anesthetized with pen-
tobarbital and killed by drawing 9 ml of blood into a plas-
tic syringe containing 1 ml of 3.8% sodium citrate from
the abdominal aorta. The organs to be studied were re-
moved and then homogenized with 20 volumes of 0.25 M
sucrose containing 1 mM EDTA, 2 mM MgCl,, and 3
mM Tris-HC1 (pH 7.4). Platelet-rich plasma was pre-
pared by centrifuging the blood at 300 g for 10 min at
room temperature. The platelets were then pelleted by
centrifugation at 2800 g for 10 min and resuspended with
the buffer. The supernatant plasma was further cen-
trifuged at 35,000 g for 25 min at 4°C. This supernatant
was used as “plasma” for the PLA, assay; otherwise a large
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Fig. 1. Reaction of fatty acids with ADAM. Known amounts (~ 4
nmol each) of saturated (C14:0, C15:0, C16:0, and C18:0) or unsaturated
(C18:3, C18:2, and C18:1) fatty acids in the standard assay mixture con-
taining POPE/DOC minus PLA, were extracted by the method of Dole
and Meinertz (8) and then derivatized with ADAM as described under
Materials and Methods. There was 4.17 nmol of internal standard. The
reaction was stopped by adding a 0.05-ml aliquot taken at the indicated
times to a microvial containing 5 pl of acetic acid. The ADAM esters
were analyzed by reverse phase HPLC. A: Time course of the reaction
of C17:0 with ADAM. B: Time-dependence of ratios of peak area per
mol of individual fatty acid to that of C17:0.

amount of fibrin gel-like material was formed in assay
mixtures containing a bile salt and calcium ions.

Other analytical methods

Protein concentrations were determined with the bicin-
choninic acid protein assay reagent (Pierce). Immunoblot
analyses were performed with anti-pancreatic PLA, and
anti-splenic PLA, IgGs as reported previously (10). Sam-
ples were separated on 14% gels in the absence of
2-mercaptoethanol, because reduction of PLA, leads to a
significant decrease in its reactivity with the antibodies.
Immunoreactive bands were visualized by an avidin-bio-
tin-peroxidase method.

RESULTS AND DISCUSSION

Reaction of ADAM with long-chain fatty acids

The reactivity of the commercially available ADAM
with fatty acids in ethyl acetate-methanol 1:9 (v/v) was
tested with various concentrations (0.01-0.25%) of

ADAM and a mixture of fatty acids C18:3, C18:2, C18:1,
and C18:0 (3 nmol each) including 5 nmol of C17:0 as an
internal standard. When the reaction mixtures, after a 1-h
incubation, were analyzed by HPLC, the UV responses
of each of the derivatized fatty acids increased linearly
with increasing the ADAM concentration and then
leveled off at a concentration of about 0.05% (data not
shown), confirming the results of Nimura and Kinoshita
(9). This concentration was used to minimize HPLC
peaks associated with the reagent and its degradation
products while ensuring optimal derivatization of
amounts of fatty acids (0.1-15 nmol) usually encountered
in PLA, assays.

We examined the time course for reactions of ADAM
with saturated and unsaturated long-chain fatty acids that
were extracted by the Dole and Meinertz method under
the same conditions as in PLA, assay. As representative
of various fatty acids, reaction kinetics of C17:0 with
ADAM is shown in Fig. 1A. The peak area of the C17:0
ester reached about 90% of the maximum during the ini-
tial 30 min, and thereafter there was a gradual increase
in area for 5.5 h at room temperature. All fatty acids
tested were derivatized with ADAM at the same rate as
the internal standard (Fig. 1B), indicating that the
nucleophilicity of the carboxyl groups of the fatty acids
examined did not depend on the chain length and the
number of double bonds. Therefore, a 15-min incubation
at room temperature (25°C) was sufficient for quantita-
tive analysis in the presence of the internal standard. Fur-
thermore, these results indicated that it was unnecessary
to stop the reactions.
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Fig. 2. Effect of deoxycholate on extractability of various long chain
fatty acids in heptane-isopropanol-H,8O,. The ordinate units and fatty
acids used were the same as in Fig. 1B. (@), Known amounts of fatty
acids in the assay mixtures containing various concentrations of DOC
without the enzyme were extracted, derivatized, and analyzed as
described in Materials and Methods. (O), Fatty acids were not extracted
but were directly reacted with ADAM.
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Fig. 3. Quantitation of known amounts of oleic acid. Various concen-
trations of C18:1 in the standard assay mixture containing POPE minus
PLA, were analyzed as in Fig. 2.

Determination of fatty acids in assay mixtures by
HPLC

The UV responses per mol of individual derivatized
fatty acid, after separation by reverse-phase HPLC as
described above, did not vary according to the chain
length in the range of C14 to C18 or the degree of unsatu-
ration. The ratios of UV responses (fatty acid/C17:0) were
as follows (n = 5 each): C18:3, 1.02 + 0.03; C18:2,
1.00 + 0.05; C18:1, 103 + 0.02; C18:0, 1.03 + 0.03;
C16:0, 100 + 0.03; C15:0, 0.97 +.0.02; and Ci14:0,
0.98 + 0.01. This indicates that the ratio of the observed
peak area for a particular fatty acid to that of C17:0 is
directly proportional to the mole ratio. The UV response
factors of 4-bromomethyl-7-methoxycoumarin esters of
fatty acids are reported to depend on the chain length in
a linear fashion (11); this is not the case with the ADAM
esters.

Next, we examined whether extractability of fatty acids
by the Dole and Meinertz method is different in the ab-
sence or presence of various concentrations of DOC,
which is a component of substrate mixed micelles used in
the standard PLA, assay. The mixtures of saturated or
unsaturated fatty acids, which were dissolved in the assay
mixture containing various concentrations of DOC, were
extracted and then the fatty acids were derivatized with
ADAM. In the absence of detergent the UV response fac-
tors of the fatty acids were close to unity, in agreement
with previous results obtained by an acid-titration study
(8). The presence of the detergent may affect the partition
of fatty acids between heptane and aqueous isopropanol
phases; no difference was, however, observed for all fatty
acids tested in the range of DOC concentration usually
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used in PLA, assay (Fig. 2). Similar results were obtained
with sodium cholate (data not shown).

These results indicate that the absolute quantity of each
fatty acid in PLA, assay mixtures can be measured
directly from the integrated peak area on the basis of a
known amount of C17:0 without correcting for recovery
on extraction of fatty acids longer than or equal to C14:0.
To confirm this, the standard PLA, assay mixtures con-
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Fig. 4. HPLC analyses of ADAM esters of fatty acids extracted from
assay mixtures. Peaks 1-7 correspond to ADAM esters of C18:1, C16:0,
C17:0, C18:0, C18:3, C20:4, and C18:2, respectively. Upper panel: mixed
micelles of 1 mM POPE and 6 mM DOC were incubated with rat pan-
creatic PLA, for 5 min at 37°C in the presence of 5 mm CaCl; (A) or
10 mm EDTA in place of CaCl, (B). The C18:1 release in A was in-
hibited by preincubating the enzyme with anti-pancreatic PLA, IgG of
0.3 mg/ml (C). The enzyme concentration used was 110 ng/ml. The
asterisk indicates a peak of ADAM ester of DOC. Middle panel: reaction
of mixed micelles of 0.8 mm POPG and 4.8 mm cholatejwith rat lung
homogenate. Ten pul of 5% homogenate (3.9 mg/ml) was incubated for
5 min at 37°C in the standard assay mixture containing 5 mm CaCl,
{D), 10 mm EDTA in place of CaCl, (E), or 5 mM CaCl, minus the ex-
ogenous POPG (F). Lower panel: the eluent used was 95% acetonitrile;
G, the fatty acids indicated (~7.7 nmol each) were extracted, deriva-
tized, and separated as in Fig. 2; H, mixed micelles of 3 mm POPC, 1
mM l-palmitoyl-2-arachidonoyl-PC, and 12 mM cholate were incubated
with rat pancreatic PLA; for 6 min. The rates of oleic and arachidonic
acid release were 0.86 and 0.42 nmol/min, respectively.
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taining known amounts of C18:1, ranging from 0.535 to
32.1 nmol, were extracted and analyzed according to stan-
dard procedures. The calibration line was highly linear
(correlation coefficient of 0.997), and the slope (1.002) and
the intercept (—0.012) were very close to one and zero,
respectively (Fig. 3).

As to usual assays using pancreatic PLA, and POPE,
ADAM derivatives of major fatty acids involved in the
reaction mixture, ie., C18:1, C16:0, C17:0, and C18:0,
were completely separated in this order on a Superspher
RP-18 column within 11.5 min with a simple acetoni-
trile-H,O binary solvent system (Fig. 4A), although a
previous report stated that the separation of C18:1 and
C16:0 esters was somewhat difficult (12). The C16:0 and
C18:0 esters that appeared on the chromatogram were
derived mainly from environments such as pipet tips,
tubes, and hands. This rapid separation could be
achieved by using a short column packed with fine sup-
ports of 3 um in average diameter and by operating it at
a relatively low temperature (20°C). The temperature
control was essential for good separation of C18:1 and
C16:0 esters on this column. The separation of this pair
of ADAM derivatives was important because
1-palmitoyl-2-oleoyl-glycerophospholipids with various
polar head groups and 1-O-hexadecyl-2-oleoyl-PC are
available from commercial sources and can readily be
used to determine substrate specificities systematically.
Samples were repeatedly injected onto the column every
10 min with the aid of an Autosampler without column
washing after a run because the ADAM ester of C18:0 was
the only major peak eluted later than the C17:0 ester and
no other peak that interfered with the identification of
fatty acids on the next run was observed (Fig. 4). In our
experience, more than 5000 injections were possible
without any deterioration of the resolution when an in-
line filter was connected just prior to the column. The use
of a guard column was unnecessary. It is important to
remember that fine-tuning of the elution conditions may
be required to obtain an optimal separation, depending
on experimental designs such as columns, types of acyl
groups of phospholipids, and HPLC systems. For exam-
ple, when a 2-arachidonoyl glycerophospholipid was used
as a substrate, acetonitrile concentration 2-3% lower than
in the case of the 2-oleoyl derivative was preferable.

PLA, activity measurements

The validity of this method of assaying PLA, activity
was illustrated for rat pancreatic PLA; which has an abso-
lute requirement for calcium ion for activity and is
specific for hydrolysis at the sz-2 position. The time course
of the hydrolysis of 1 mM POPE in mixed micelles with
6 mM DOC by rat pancreatic PLA, was followed for 10
min (Fig. 5). Release of C18:1 proceeded almost linearly
for the initial 4 min and then gradually decreased. On the
other hand, C16:0 (a product of hydrolysis at the sz-1 posi-

tion) was not appreciably released, confirming the abso-
lute specificity of the enzyme for the sn-2 position. Release
of C18:1 was completely inhibited in the presence of 10
mM EDTA. Furthermore, a specific antibody directed
against rat pancreatic PLA, almost completely inhibited
C18:1 release (Fig. 4C) in agreement with our previous
results (5). This clearly demonstrated that the release of
C18:1 was indeed due to PLA, action. The rate of C18:1
release was proportional, at least in the enzyme concen-
tration range of 1 to 100 ng/ml, when mixed micelles of
0.8 mM POPG and 4.8 mM cholate were used as substrate.
Figs. 4D-F show the HPLC analyses of the reaction
products using rat lung homogenate as an enzyme source.
Because crude samples contain appreciable amounts of
free fatty acids and phospholipids, background levels of
fatty acids derived from these endogenous compounds
should be determined by measuring the reaction in the
presence of EDTA in place of CaCl, (Fig. 4E). The hydro-
lytic rate of endogenous substrates alone could be esti-
mated by monitoring the release of the fatty acid in ques-
tion in the absence of exogenous substrate; the rate was
usually quite slower than that of exogenous substrates.
When POPG was used as substrate, the rates of the C18:1
release in various rat tissue homogenates in the absence
of POPG were less than 5-6% of those in its presence
(Fig. 4F). The hydrolyses of endogenous phospholipids
can be observed by monitoring the time course of release
of fatty acids other than acyl groups of exogenous phos-
pholipids (Fig. 4D). We used substrate concentrations
that gave near the maximal velocity under the standard
conditions (5), which could minimize the errors in the
measured hydrolytic rate caused by changes in substrate
concentrations due to inclusion of endogenous substrates.
The recoveries of oleic acid exogenously added to assay
mixtures containing liver, lung, and spleen homogenates
were 97.7%, 100%, and 102%, respectively.
Fluorescence detection of the ADAM esters is an order
of magnitude more sensitive than UV detection (13).
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Fig. 5. Hydrolysis of POPE in mixed micelles with DOGC by rat pan-

creatic PLA,. The concentrations of PLA,, POPE, and DOC were 450

ng/ml, 1 mM, and 6 mM, respectively; (@) C18:1; (A ) C16:0. The blank

levels of C18:1 and C16:0 esters were not subtracted.
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Nevertheless, we used UV detection to monitor the
ADAM esters in this study, because the sensitivity of this
method was limited by the background levels of the same
fatty acids esterified to exogenous phospholipids, but not
by detection limits of a detector itself. In a pure sample
the blank level of C18:1 was about 0.08 nmol per assay
tube, while in crude samples it varied from sample to
sample. A background level may be significantly lowered
by using phospholipids with an unnatural acyl chain,
although we have not pursued work along this line. Alter-
natively, the selection of the preferred substrates for given
PLAys can help in detecting the PLA; activity more sensi-
tively as described below.

Because some portions of phospholipids were extracted
into the heptane phase together with fatty acids by the
Dole and Meinertz extraction procedures (4), the radioac-
tive substrate should be separated from the released radi-
oactive fatty acids by treatment of the heptane layer with
silicic acid. This step was usually unnecessary in the
present HPLC method, except when the POPG concen-
trations of greater than 1 mM were used (7). A modifica-
tion of the Dole assay which eliminated silicic acid treat-
ment has been reported (14). This method was based on
preferential distribution of phosphatidylcholine (PC) into
the aqueous Triton phase by extraction with hexane-1%
Triton X-100.

The HPLC method can simultaneously monitor the
release of products of the hydrolyses at the sn-1 and sn-2

positions of mixed-acyl phospholipids. This provides a
clue to the positional specificity of phospholipase A ac-
tion; precise positional specificity should be determined in
conjunction with separate analyses of lysophospholipid
molecular species (e.g., ref. 13), if hydrolysis at both posi-
tions 1is detected. In the radiometric assay the correspond-
ing experiments require doubly labeled phospholipids.
The specificity for sn-2 acyl moiety can be determined by
this method using mixtures of phospholipids with differ-
ent sn-2 acyl groups to normalize the contributions of in-
terfacial properties of aggregated substrates to the hydro-
lytic rates (Fig. 4H).

Distribution of PLA, activity in various rat tissues

We previously reported (5, 6) that the general tendency
of the substrate specificity of splenic group II PLA, was
similar to that of pancreatic PLA,: both isozymes
preferred anionic substrates, ie., phosphatidylglycerol
and its mixed micelles with negatively charged bile salts,
unlike venom PLA,s with a specificity for zwitterionic
substrates, e.g., PC and PE and their mixed micelles with
nonionic detergents (16). Although there were some
differences between the two isozymes in the dependency
of the specificity on the cholate/phospholipid molar ratio,
a cholate/POPG molar ratio of 6 was found to be optimal
for both isozymes. This substrate system provided the
sensitive tool for detecting these PLA, activities. Table 1
shows the results of Ca?*-dependent PLA, activities meas-

TABLE 1. Distribution of Ca?*-dependent PLA, activity in various rat tissues and its inhibition by antibody
directed against either rat pancreatic PLA, or splenic group II PLA,

Inhibition by Antibody

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq

Enzyme
Specific Activity Anti-Pancreatic Anti-group II

Tissues n Activity per g Tissue PLA, IgG PLA, IgG

nmol/min/mg pmol/min % %o
Platelets 4 1140 + 330 N - (102)* 86
Stomach 4 1090 + 200 120 + 18 98 - (104)
Tieum 4 337 + 73 23.4 + 7.0 8 71
Pancreas 4 127 + 51 25.7 + 18.7 90 5
Spleen 5 119 + 10 16.4 + 2.4 - (100) 98
Colon 7 32.1 + 26.6 1.53 + 0.92 - (137) 52
Lung 6 16.2 + 4.8 2.00 + 0.59 - (104) 85
Liver 6 2.05 £ 0.55 0.32 + 0.13 - (124) 98
Kidney 4 1.69 + 0.50 0.22 + 0.06 - (126) 77
Thymus 5 1.61 + 0.78 0.21 + 0.09 12 85
Heart 3 1.37 + 0.68 0.21 + 0.09 - (109) 89
Epididymis 4 1.13 + 0.22 0.14 + 0.03 - (117) 77
Brain stem 3 0.70 + 0.16 0.060 + 0.021 17 77
Salivary gland 3 0.54 + 0.13 0.066 + 0.019 - (199) 47
Cerebellum 4 0.52 + 0.07 0.044 + 0.005 12 88
Cerebrum 4 0.22 + 0.04 0.020 + 0.004 - (170) 89
Plasma 5 N 7.29 + 6.50" - (101) 96
Testis 4 nd nd N N

Mixed micelles of 0.8 mM POPG and 4.8 mM sodium cholate were used as substrate. The values of enzyme ac-

tivity are given as means + SD; N, not determined; nd, not detectable.

*Not inhibited, but rather enhanced in some cases. The reasons for this are unknown. The values in parentheses
indicate the ratio (%) of activity in the presence of IgG to that in its absence.

* nmol/min per ml.
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ured with 0.8 mM POPG and 4.8 mM cholate in various
rat tissues. The activities were detectable in all tissues exa-
mined except for testis.* Rich sources of PLA, are, in
descending order, platelets, stomach, ileum, pancreas,
spleen, colon, and lung. The specific activity values in Ta-
ble 1 were about 4 times those when 1 mM POPE/6 mMm
DOC was used as a substrate. Moreover, those values
were 20- to 200-fold greater than those reported previ-
ously with sonicated radioactive phospholipid dispersions
(e.g., ref. 17). Cellular PLA, activity has usually been
measured with sonicated dispersions of PC or PE as sub-
strate; the phospholipids, especially PC, in this aggregate
ion state were, however, poorly hydrolyzed by both pan-
creatic and group II PLA,s. It is important to know the
specificity of the PLA; under investigation toward the po-
lar head groups and molecular state of substrate aggrega-
tion for increasing the sensitivity.

Crude samples may contain lipolytic enzymes other
than PLA,, such as phospholipase A, and lysophospholi-
pase. The combined action of these enzymes may make it
difficult to judge which enzymes contribute to the ob-
served release of sn-1 and sn-2 fatty acids. The majority of
C18:1 release was inhibited by either anti-pancreatic
PLA; antibody or anti-group II PLA,; antibody in almost
all tissues examined (Table 1). This suggests that either of
the PLA; isozymes is mainly responsible for the measura-
ble activity under the assay conditions used. In this study
we separately determined the fatty acids released from the
sn-1 and sn-2 positions of POPG. A small but significant
amount of CI16:0 was released in addition to the
predominant C18:1 release (e.g., Fig. 4D). It cannot there-
fore be ruled out that a small portion of released Cl18:1
may be formed by the action of lysophospholipase in com-
bination with phospholipase A,, although the assay mix-
ture contained sodium cholate which has been reported
to minimize lysophospholipase activity (18). To determine
the contribution of lipolytic enzymes involved towards the
rate of C18:1 release quantitatively, it is necessary to estab-
lish the stoichiometry for the formation of all lipolytic products.

The respective contributions of the pancreatic and
group I PLA;s to the measurable activity were estimated
from the degrees of its inhibition by anti-pancreatic PLA,
and anti-splenic PLA; antibodies. Among all tissues exa-
mined only activities in the stomach and pancreas were
significantly inhibited by anti-pancreatic PLA; antibody
(Table 1) in agreement with our previous results (19). Be-
cause most of the pancreatic PLA; is stored in cells as its
proenzyme, the difference between the activities in the
stomach and pancreas homogenates does not necessarily
reflect their protein contents. Indeed, the total contents of
the PLA, and proenzyme of the gastric mucosa and pan-

Instead, this tissue had a relatively greater Ca®*-independent PLA,
activity (2.69 + 0.79 nmol/min per mg). lleal mucosa also had a high
Ca*-independent PLA; activity.

creas were comparable as judged by immunoblot analyses
(Fig. 6A, and ref. 19). The complexes of PLA; and proen-
zyme with sodium dodecyl sulfate show slightly different
electrophoretic mobilities on a 14% gel under nonreduc-
ing conditions: the active enzyme is more abundant in
gastric mucosa homogenate than in pancreas homogenate
in agreement with the results of enzyme activity measure-
ments (Fig. 6). On the other hand, PLA, activities were
appreciably inhibited by anti-splenic PLA; antibody in
almost all tissues examined, suggesting that group Il-like
PLA,; is present ubiquitously in rat tissues and plasma,
notably platelets, ileum, and spleen. This inhibition assay
has an inherent limitation, that is, difficulty in detecting
a minor inhibitable fraction in a predominant remaining
activity; the results of the distribution of immunoreactive
PLA,; isoenzymes obtained by the method were therefore
compared with those of immunoblot analyses as shown in
Fig. 6. The results were virtually compatible with those of
the former method. The methods used in the present
study did not disclose the presence of pancreatic type
PLA; in lung and spleen where its presence has been
reported (5, 20). Recently, we succeeded in detecting pan-
creatic type PLA; in lung and spleen by a sensitive enzyme
immunoassay (J. Higaki and H. Tojo, unpublished results).

Evidence for the difference between immuno-crossre-
activities of antibodies raised against platelet and liver
group II PLA,s has been reported in spite of a close
similarity of their NH,-terminal amino acid sequences.
Anti-liver enzyme antibodies recognized the platelet en-
zyme (21), whereas anti-platelet enzyme antibodies were
not at all crossreactive with the liver enzyme (17). The
results of our previous (10) and present studies clearly
show that anti-splenic PLA; antibody recognizes the
platelet and liver enzymes as well, and thus support the
former results. The reasons for the discrepancy are
unknown at present.

A o i i o4

1234567891011

L ensmes

Fig. 6. Immunoblot analyses of various rat tissues after electrophoresis
on 14% gels in the absence of 2-mercaptoethanol. Staining was with
anti-pancreatic PLA; IgG (A) and anti-splenic group II PLA,; IgG (B).
Lanes: 1, pancreatic proenzyme; 2, pancreatic PLA,; 3, pancreas (40,
50); 4, gastric mucosa (40, 50); 5, liver (55, 65); 6, lung (45, 50); 7, colon
mucosa (55, 50); 8, spleen (45, 35); 9, ileum mucosa (45, 35); 10, plate-
lets (45, 35); 11, splenic group Il PLA;. The numbers in parentheses in-
dicate amounts of protein (ug) in tissue homogenates (A) and the
100,000 g pellets of their post-120 ¢ supernatants (B), respectively. As
group Il-like PLA; was enriched in the particulate fractions of tissue
homogenates (7), the latter pellets were used in B.
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In summary, reliability of the HPLC method of assay-
ing PLA, activity was verified. This method is applicable
to PLA, activity determinations in pure and crude sam-
ples. The selection of preferred substrates for a particular
PLA, was crucial for sensitive detection. In addition, the
present method can be easily adapted to assay various
other lipolytic enzymes such as lipases and lysophospholi-
pases without obvious modifications except for change in
compositions of assay mixtures. In this laboratory we are
routinely using the HPLC method for determinations of
lipase activity with an emulsion of triolein and gum
arabic as substrate for assays and of lysophospholipase as
well as for PLA, activities. i
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