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Kinetic Analysis of the Ca2+-dependent,  Membrane-bound, 
Macrophage  Phospholipase Az and  the Effects of  Arachidonic  Acid* 

(Received for publication, September 18,1987) 

Mark D. Lister$$, Raymond A. Deems$, Yoshitsugu WatanabeTI, Richard J. Ulevitchll, and 
Edward A. Dennis$II 
From  the  $Department of Chemistry,  University of California at  Sun Diego, La Jolla, California 92093 and the YDepartment of 
Immunology,  Research  Institute of Scripps Clinic, La Jolh, California 92037 

The  kinetics of the Ca2’-dependent, alkaline pH op- 
timum,  membrane-bound phospholipase Az from  the 
P388D1  macrophage-like  cell  line were studied  using 
various  phosphatidylcholine  (PC) and phosphatidyl- 
ethanolamine (PE)  substrates.  This enzyme exhibits 
“surface  dilution  kinetics” toward PC  in Triton X-100 
mixed micelles, and  the “dual phospholipid model” was 
found to  adequately  describe its kinetic  behavior. With 
substrate  in  the form of sonicated vesicles, the  dual 
phospholipid model should give  rise  to Michaelis-Men- 
ten  type  kinetics.  However, the hydrolysis of dipalmi- 
toyl-PC,  l-palmitoyl-2-oleoyl-PC,  and l-stearoyl-2- 
arachidonoyl-PC vesicles exhibited  two  distinct  activ- 
ities. Below 10 p ~ ,  the  data appeared  to follow Mi- 
chaelis-Menten  behavior,  while at higher  concentra- 
tions, the  data could best be fit  to a Hill equation  with 
a Hill coefficient of 2. These PCs had V,,, values for 
the low substrate  concentration  range of 0.2-0.6  nmol 
min” mg” and K,,, values of 1-2 p ~ .  At the high 
substrate  concentration  range,  the V,,, values were 
between 5 and 7 nmol min” mg”. PC  containing  un- 
saturated  fatty acids  had an  apparent K,,,, determined 
from the Hill equation, of about 15 p ~ ,  while the ap- 
parent K,,, of dipalmitoyl-PC was 0.6 p ~ .  When 70% 
glycerol was included in  the assays, a  single Michaelis- 
Menten curve  was obtained for both  dipalmitoyl-PC 
and l-stearoyl,2-arachidonoyl-PC. Possible explana- 
tions for these  kinetic  results  include  reconstitution of 
the membrane-bound phospholipase Az in  the phospho- 
lipid vesicle or  the enzyme  has  two  distinct phospho- 
lipid  binding  functions.  The  kinetics  for  both dipalmi- 
toyl-PC and dipalmitoyl-PE  hydrolysis  in vesicles was 
very  similar,  indicating  that  the  enzyme does not 
greatly  prefer one of these  head  groups  over the  other. 
The  enzyme  also showed no preference  for  arachidon- 
oyl containing phospholipid. Enzymatic  activity to- 
ward PC  containing  saturated  fatty  acids  was  linear  to 
about 15% hydrolysis  while the hydrolysis of PC con- 
taining  unsaturated  fatty acids was  linear  to only about 
5%. This loss of linearity  was  due to  inhibition by 
released unsaturated  fatty acids. Arachidonic  acid was 
found to  be a competitive  inhibitor of dipalmitoyl  PC 
hydrolysis  with a KI of 5 p ~ .  This  tight  binding sug- 
gests  a possible in vivo regulatory  role  for  arachidonic 
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acid. Three compounds of the arachidonic  acid cascade, 
prostaglandin Fz,, 6-keto-prostaglandin Flu, and 
thromboxane Bz, showed no inhibition of enzymatic 
activity. 

The biosynthesis of the  prostaglandins,  thromboxanes, leu- 
kotrienes,  and  related eicosanoids is  dependent  on  the avail- 
ability of the precursor arachidonic acid (1, 2 ) .  Since this 
tetraenoic  fatty acid is in uiuo normally  found  esterified a t  
the sn-2 position of glycerophosphatides, its release from these 
compounds is thought  to  be  the  rate-limiting  step  in eicosa- 
noid production.  From  the  information  currently available 
about  the  control of eicosanoid  production, the most likely 
candidate for the  putative arachidonic  acid  releasing  enzyme 
is an  alkaline  pH  optimum,  Ca2+-dependent,  membrane- 
bound phospholipase Az (3). In  our  studies  on  the phospholi- 
pases  in  the P388D1 macrophage-like cell line  (4), we have 
identified at least four  phospholipases as well as a  lysophos- 
pholipase ( 5 ) .  One of these enzymes, the  membrane-bound 
phospholipase Az, which has  an absolute  dependence on  Ca2+ 
(4)  and  an  alkaline  pH  optimum,  has recently  been  purified 
and  characterized (6). In  contrast  to  tissue macrophages and 
other immunologically active cells where only a limited num- 
ber of homogeneous cells are  obtainable,  the P388D, cell line 
is  an  attractive source  for this enzyme  since these cells can 
be grown in  suspension allowing the  harvesting of homoge- 
neous  cells and  the  preparation of relatively  large amounts of 
enzyme suitable for kinetic analysis. 

While  this enzyme is capable of releasing  arachidonic  acid 
for the eicosanoid  cascade, it could also be involved in  general 
lipid  metabolism. Therefore, a  detailed kinetic  analysis of the 
solubilized,  purified, and  reconstituted enzyme is a  prerequi- 
site  to  evaluating  its possible role in arachidonic  acid  release 
in uiuo. Since  the  extracellular phospholipase Az from snake 
venom and  mammalian  pancreas  has been well characterized 
both  structurally  and kinetically  (for reviews see Refs. 3 and 
7), its  kinetics was used as a paradigm for the  intracellular 
enzyme. The  “dual phospholipid model” (8), which is based 
on  “surface  dilution  kinetics” (9), allows the  kinetic  parame- 
ters (10-12) and  substrate specificities (13,14) of this enzyme 
to  be  determined.  This  kinetic  analysis  is complicated by the 
presence of the lipid/water interface  and  the dependence of 
activity  on  the aggregation state,  structure,  and surface con- 
centration of the phospholipid substrate (7). Membrane- 
bound phospholipases pose an  extra level of complication  over 
soluble enzymes and have not been subjected to  thorough 
kinetic  analysis,  although we (15) have  applied our  kinetic 
concepts  to a membrane-bound  phosphatidylserine decarbox- 
ylase. 

We have now used  these  kinetic  concepts  in  the  evaluation 
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of the membrane-bound, Ca2+-dependent phospholipase Az 
from the macrophage-like cell line (6). Kinetic parameters 
have now been determined which  allow the comparison of the 
enzyme’s activity toward substrates  containing  different  fatty 
acid chains  or head groups and allow the analysis of various 
inhibitor effects. With  these  data, we can begin to sort  out 
whether the release of arachidonic acid in  the cell is controlled 
by subtle differences in specificities, subcellular localization, 
or allosteric control of the putative phospholipase. From these 
studies, we have developed a set of assay conditions that 
possess distinct advantages for the initial  characterization of 
intracellular  and membrane-bound phospholipase A2s. In ad- 
dition, we have found that unsaturated  fatty acids are com- 
petitive inhibitors of the macrophage enzyme. A preliminary 
report of this work has been presented (16). 

EXPERIMENTAL PROCEDURES 

Materials-Triton X-100, fatty acid free bovine serum albumin 
(BSA),’ palmitic acid, and arachidonic acid were purchased from 
Sigma. Linoleic acid, linolenic acid, and eicosapentaenoic acid were 
obtained from Aldrich. Oleic acid, prostaglandin FBa (PGF,,), 6-keto- 
prostaglandin F1, (6-keto-PGFl,), thromboxane B, (TxB,), and 1,2- 
dipalmitoyl-sn-glycero-3-phosphorylcholine (dipalmitoyl-PC) were 
purchased from Behring Diagnostics (La  Jolla, CA). 1,2-Dipalmitoyl- 
sn-glycero-3-phosphorylethanolamine (dipalmitoyl-PE),  l-stearoyl- 
2-arachidonoyl-sn-glycero-3-phosphorylcholine (stearoyl, arachidon- 
oyl-PC), and l-palmitoyl-2-oleoyl-sn-glycero-3-phosphorylcholine 
(palmitoyl, oleoyl-PC) were obtained from Avanti Polar Lipids, Inc. 
(Birmingham, AL). l-Palmitoyl-2-[l-14C]palmitoyl-PC (54  mCi/ 
mmol) and 1,2-di[l-”C]palmitoyl-PE (110 mCi/mmol) were pur- 
chased from Du Pont-New  England Nuclear. l-Palmit0yl-2-[l-’~C] 
oleoyl-PC (57 mCi/mmol) and l-stearoyl-2-[l-’4C]arachidonoyl-PC 
(60 mCi/mmol) were purchased from Amersham Corp. Thin layer 
chromatography plates (250-pm layer of Silica Gel G) were purchased 
from Analtech (Newark, DE).  Scintillation fluid (Safety-Solve) was 
purchased from Research Products  International  (Mount Prospect, 
IL). All other reagents were analytical reagent grade or  better. 

Phospholipase A, Preparation-The purification of the phospholi- 
pase A, from the P388D1 macrophage-like cell line is discussed 
elsewhere (6). The enzyme preparation used for these studies was 
that obtained after  the second of two butanol extractions, referred to 
as BE-11. This preparation  is obtained in  a fair yield with a 60-fold 
purification and free of other phospholipases. The enzyme is stored 
as a lyophilized powder and is stable  in this  state for at least several 
months. The lyophilized BE-I1 was dissolved in enzyme buffer (10 
mM HEPES,  pH 7.5,  0.75 mM EDTA) to a  concentration of either 
0.32 mg/ml or 0.64 mg/ml. Freshly dissolved aliquots were  used for 
the kinetic studies. 

Phospholipase AP Vesicle  Assay-The standard assay conditions 
included 5 mM CaCl,,  20 mM glycine buffer, pH 9.0, and 100 p~ 
dipalmitoyl-PC containing  about 100,000 cpm of l-palmitoyl-2-[1- 

Clpalmitoyl-PC. Dipalmitoyl-PC was prepared as vesicles by soni- 
cating the phospholipid in buffer and Ca2+ using an MSE Model 100- 
watt  sonicator  until the lipid suspension clarified (about 5 min). The 
reaction was started by the addition of the enzyme solution (16 pg  of 
protein) to give a final volume of 0.5 ml. The assays were then 
incubated at 40 “C for 60 min. 

For experiments in which the substrate  concentration dependence 
was determined, it was necessary to vary the time of incubation. This 
was done in order to have the product produced represent between 5 
and 15% of the substrate,  a region where the enzymatic rate was 
found to be linear with time (see “Results”). In these cases, the time 
was varied between 10 min (low substrate) and 120 min (high sub- 
strate). At the lowest substrate  concentrations tested, radiolabeled 
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The abbreviations used are: BSA,  bovine serum albumin; dipal- 
mitoyl-PC, 1,2-dipalmitoyl-sn-glycero-3-phosphorylcholine; dipalmi- 
toyl-PE, 1,2-dipalmitoyl-sn-glycero-3-phosphorylethanolamine; ste- 
aroyl, arachidonoyl-PC, 1-stearoyl-2-arachidonoyl-sn-glycero-3- 
phosphorylcholine; palmitoy1,oleoyl-PC, l-palmitoyl-2-oleoyl-sn- 
glycero-3-phosphorylcholine; cmc, critical micelle concentration; 
PGFz,, prostaglandin F2-;  6-keto-PGF1,, 6-keto-prostaglandin Flm;  
TxB2, thromboxane B,; octyl glucoside, n-octyl-P-D-glucopyranoside; 
HEPES, 4-(2-hydroxyethyl)-l-piperazineethanes~1fonic acid. 

phospholipid could not be diluted with unlabeled phospholipid and 
samples contained 30,000 to 50,000 cpm. All times were adjusted to 
generate at least 1,000 cpm of product to ensure accuracy. 

Enzymatic reactions were stopped by the addition of  0.5  ml  of 
chloroform/methanol/acetic acid (24:l v/v/v). For extracting lipids 
from the aqueous phase, 0.25 ml of chloroform was added, and the 
mixture was briefly vortexed and centrifuged on a  table top centrifuge 
(top speed, 3 min) to separate the organic and aqueous phases. The 
organic layer was  removed and dried by vacuum evaporation in  an 
oven (40 “C),  and  the residue was dissolved in 30 p1 of chloroform/ 
methanol (2:1, v/v). The entire sample was spotted  onto one lane (2- 
cm width) of a thin layer chromatography plate (10 X 20 cm), and 
the lipid components were separated over the 10-cm length by elution 
with chloroform/methanol/acetic acid/water (251542, v/v/v/v). 
The lipids were  visualized upon exposure to 1, vapor, and the zones 
corresponding to fatty acid and dipalmitoyl-PC were scraped directly 
into scintillation vials to which 6 ml  of scintillation fluid was added. 

Two controls were routinely measured in each experiment. One 
blank was obtained by substituting enzyme buffer for the freshly 
prepared enzyme solution and incubating it for the duration of the 
assay. The other was a “zero time” control where the addition of 
enzyme was  followed  by immediate quenching. In both cases, the 
background hydrolysis was found to be less than 0.5%.  Averages of 
duplicate assays with zero time controls subtracted  are reported. 

Standard assay conditions for oleoyl  or arachidonoyl containing 
PCs were similar to dipalmitoyl-PC unless otherwise stated. Dipal- 
mitoyl-PE assays were performed similarly except that sonication 
was performed prior to  the addition of Ca2+, and 1 mM Ca2+ was used 
due to the precipitation of the phospholipid with 5 mM Ca2+. For thin 
layer chromatography, both the unsaturated acyl-PCs and diacyl-PE 
were chromatographed in chloroform/methanol/water (65:25:4, v/v/ 
v) rather than  the solvent system used for dipalmitoyl-PC. Glycerol 
was included in the assays where indicated. 

Phospholipase A, Surface Dilution Assay  toward  Mixed  Micelles- 
A stock solution containing stearoyl, arachidonoyl-PC and  Triton  X- 
100, at a mole ratio of  5:1,  was made up at 10 times its final 
concentration. This stock was then aliquoted (50 pl) to each assay 
tube followed  by the appropriate additions of either Triton X-100 (20 
mM stock) or deionized water to give the desired mole ratio at a final 
volume of  0.5  ml. Each mixed  micelle preparation contained 5 mM 
CaCl,, 20 mM glycine buffer, pH 9.0, and 0.5 mM PC containing about 
100,000  cpm of l-stear0y1-2-[l-’~C]arachidonoyl-PC. Each assay was 
started by the addition of enzyme solution (32 pg  of protein) followed 
by incubation at  40 ‘C for 90 min. The reaction was stopped, and 
enzymatic activity was determined by the modified (17) Dole extrac- 
tion system (18) as previously described (6). This procedure was used 
instead of the  TLC assay system (described above) because of the 
high content of Triton X-100. Such high  levels  would have overloaded 
the  TLC plates, interfering with resolution. 

Kinetic Analysis-Many enzymes that act a t  lipid-water interfaces 
exhibit “surface dilution kinetics” (9). Their activities depend not 
only on the substrate’s bulk concentration, but also  on its surface 
concentration. The most dramatic consequence of this phenomenon 
is that  the enzyme’s activity can be varied even  when the bulk 
concentration of substrate is held constant. This is accomplished by 
varying its surface concentration with the addition of inert surface 
active compounds, such as detergents, that increase the surface area 
and decrease the substrate’s surface concentration. Surface dilution 
occurs if a kinetically relevant step in the enzymatic reaction occurs 
while the enzyme is sequestered to  the interface. If this occurs, all 
subsequent substrate binding steps  take place on the two-dimensional 
surface of the interface and the concentration of the reactants must 
be expressed in  terms of their surface concentration. One way this 
could  occur is via the “dual phospholipid model” (8) which is repre- 
sented  in  Equation 1. 

E i S + E S   E S i S e E S S - E S i P  
(bulk) (surface) (1) 

The kinetic equation for such a model has been  derived (10) and is 
given in Equation 2. 

u =  V,,, A B 
K,K. i (K, i B)A (2) 

Here u is the specific velocity of the reaction (nmol min” mg”), Vmax 
is the maximum specific velocity (nmol min” mg”), K. is the disso- 
ciation constant for the bulk binding step (pM), K,,, is the Michaelis- 
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Menten constant for the surface binding step (mole fraction), A is 
the bulk concentration of substrate (mM), and B is the surface 
concentration of substrate (mole fraction). If pure phospholipid ves- 
icles are used, the surface concentration of substrate is equal to a 
mole fraction of 1.0 and does not vary under initial rate conditions. 
Thus, (K ,  + B )  becomes a constant  and Equation 2 simplifies to 
Equation 3: 

where V L  is (V,,,J(K, + 1)) and KZ is now (K,K#/(K, + 1)). 
Overall catalytic efficiency, VJK,,  becomes V,./K,,,Ka and con- 
tains  the appropriate  relationships of V,, and  the inverse of the 
binding constants. Since the surface concentration of substrate, B,  
cannot physically exceed a mole fraction of 1.0, V& does in  fact 
represent the maximum rate  that could ever actually be achieved, 
regardless of what the theoretical VmaX might be. Thus, in a sense, 
V:- is a true V,, and  the superscript will  be omitted in the following 
discussions. The KZ is a composite of both the bulk binding constant 
K, and  the Michaelis-Menten constant, K,. These two terms cannot 
be separated unless the surface concentration of the substrate  is 
varied. In the case of pure phospholipid vesicles of a single substrate, 
this cannot be done and KZ also effectively becomes a true K,,, for 
vesicles.  Again, the superscript will  be omitted. 

The kinetic data obtained herein were analyzed by either  linear 
least  squares or by nonlinear regression analysis using the algorithms 
presented by Press et al. (19). The equations used to describe the Hill 
kinetics were those of Segel (20). To study inhibition, simple IC, 
values, determined from dose-response curves, were used to screen 
various fatty acids and prostaglandins for inhibition of the phospho- 
lipase AD. The type of inhibition was determined via a more detailed 
kinetic analysis of the effects that substrate and inhibitor  concentra- 
tions  had  on activity. Double reciprocal plots and replots were carried 
out  as described by Segel (20) for competitive and noncompetitive 
inhibition. 

RESULTS 

Phospholipase A, Time  Course-Time courses were carried 
out for three different PCs  and for dipalmitoyl-PE in order 
to determine the  extent of linearity and  to assure that all 
kinetic assays were carried out under conditions that would 
yield true  initial rates. A comparison of the PCs  is given in 
Fig. 1. While dipalmitoyl-PC was linear to about 15% hydrol- 
ysis, both palmitoyl, oleoyl-PC and stearoyl, arachidonoyl-PC 
were linear to only about 5%. As with dipalmitoyl-PC, dipal- 
mitoyl-PE was also linear to about 15% (data  not shown). 
Other  studies show that time courses toward dipalmitoyl-PC 
are linear for at least 180 min as long as  the hydrolysis remains 
below 15%. 

1 
I 

40 EO 120 160 200 

TIME (MIN) 
FIG. 1. Phospholipase Az activity toward 1.2-dipalmitoyl- 

PC (0). l-palmitoyl,2-oleoyl-PC (O), and l-stearoyl,2-arach- 
idonoyl-PC (A) as a function of time under standard assay 
conditions. 

Phospholipase A2 Activity  toward  Mixed  Micelles-The en- 
zyme exhibits “surface dilution kinetics” as shown by the 
dependence of activity on the surface concentration of phos- 
pholipid in Fig. 2. These assays were carried out at a bulk 
substrate  concentration of 500 PM and at molar ratios of 
Triton X-100 to phospholipid above 4 to 1. In calculating the 
Triton concentration in the mixed  micelles, the cmc of Triton 
was subtracted (21). At these  concentrations, the enzyme  was 
already saturated with respect to bulk concentration of sub- 
strate so that only the dependence on surface concentration 
was  observed. At lower substrate  concentrations in the range 
below 100 PM, it was not practical to subtract out the  Triton 
X-100 cmc (which is 250 PM) (22) as  the cmc  value for Triton 
X-100 would approach its  total  concentration in the assay. 
Also, its  actual crnc  value in the presence of phospholipid, 
CaCl,, buffer, etc., is unclear. Nonetheless, when  bulk concen- 
tration  ratios of Triton:phospholipid of 2:l were examined, 
the enzyme was found to be quite active at substrate concen- 
trations below 100 PM and gave simple Michaelis-Menten 
kinetics (data  not shown). The Vm, for this region  was 50 
nmol min”  mg”, and  the apparent K,,, was 250 PM when 
using stearoyl, arachidonoyl PC  as  substrate. Because the 
exact form of the substrate is not known in this region, the 
application of the surface dilution model  would not be 
straightforward, and we have not  attempted to analyze these 
conditions in more detail. 

Phospholipase A2 Activity  toward Vesicles-Because  of the 
concentration limits imposed  by the cmc of Triton X-100 (see 
“Discussion”), we also investigated the activity toward phos- 
pholipids in vesicles. As described under “Experimental Pro- 
cedures,” the dual phospholipid model simplifies to  the Mi- 

3.6 

3.0 

- - 2.4 
, 
0 
E 

E 1.8 

0 

._ 

- 

E 
’ 1.2 
v 

0.6 

I 1 I I 

0 0.04 0.08 0.12 0.16 0.20 

[PC1 
[PC1 + [TXI 

FIG. 2. The dependence of phospholipase Az activity on the 
surface concentration of substrate in mixed micelles with 
Triton X-100. The bulk 1-stearoyl-2-arachidonoyl-PC concentra- 
tion was held constant a t  0.5 mM while the  Triton X-100 concentra- 
tion was varied over a 5-fold range. Activity is shown as a function 
of the surface concentration of the substrate expressed as  the mole 
fraction of phospholipid in the micelles, ([PC]/([PC] + [TX])).  [TX] 
is the total Triton concentration minus its cmc. 
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chaelis-Menten  equation since the surface concentration of 
substrate is constant  and equal to a molar ratio of 1.0 for pure 
phospholipid vesicles. Thus, one is analyzing only the initial 
bulk binding step. The activity of the enzyme was measured 
at substrate  concentrations that ranged from 1 to 1000 pM. 
The velocity uersus substrate  concentration plot for stearoyl, 
arachidonoyl PC is shown in Fig. 3, and  the double reciprocal 
plot is shown in Fig. 4. There  are two distinct  substrate 
dependence regions; one at  concentrations below 10 pM and 
the other above this concentration. Similar curves were also 
found for both  dipalmitoyl-PC  and palmitoyl, oleoyl-PC. Non- 
linear regression analysis of these data clearly indicated that 
neither  a single Michaelis-Menten  equation nor a single Hill 
equation could explain the data. The next more  complex 
model  would  be to assume the presence of two binding events. 
These two binding events could be either two Michaelis- 
Menten  steps  or one Michaelis-Menten and  the second a Hill. 
Nonlinear regression analysis of these two combinations fit 
the  data much better  than  the single equations. While the 
data were not sufficiently accurate to unambiguously distin- 
guish between these two models or to confirm that either is 
definitely applicable, the Michaelis-Menten/Hill combination 
gave the best fit when a Hill coefficient of 2 was  employed. 

Table  I  presents the kinetic parameters obtained from this 
analysis. The V,,, for both the Michaelis-Menten and the 
Hill portions of the functions represent  true V,,, and  the K ,  
for the Michaelis-Menten portion  has  its  standard meaning. 
The apparent K ,  obtained for the Hill portion is composed 
of the intrinsic dissociation constant, K., and  the interaction 
factors from the Hill treatment (20). In  this case, half-satu- 
ration occurs when the substrate concentration is equal to 

Glycerol Effects on Phospholipase Az Activity-We have 
previously found that  the inclusion of 70% glycerol in the 
assay activates the enzyme toward dipalmitoyl-PC (6) .  The 
vesicle substrate dependence curves were repeated in the 
presence of glycerol in  the hopes that  this would shed some 
light on both this activation and  the complex kinetic phenom- 
enon reported above. The substrate dependence of stearoyl, 
arachidonoyl-PC and dipalmitoyl-PC hydrolysis are  pre- 
sented  as  a double reciprocal plot in Fig.  5. The incorporation 
of the glycerol straightened  out  both plots. The  data for both 
fit a simple Michaelis-Menten equation. The one difference 
was that  the stearoyl, arachidonoyl-PC had a lower V,,,.,, 1.2 
nmol min"  mg" compared to 6.0 nmol min"  mg" for the 

TABLE I 
Kinetic  constants of mrophage  phospholipase A2 

toward various PC substrates 

( K n ) " .  

Substrate Glycerol 
(70%) V,. K ,  

nmol min" mg" p~ 

Dipalmitoyl-PC" 
Dipalmitoyl-PCb 

- 0.44 f 0.04 1.1 f 0.3 

Dipalmitoyl-PC" 
- 5.10 f 0.14  0.66 & 0.05 
+ 8.60 f 4 40 f 20 

1-Palmitoyl, 2-oleoyl-PC" - 0.20 f 0.01  2.0 f 0.2 
1-Palmitoyl, 2-oleoyl-PCb - 6.30 f 0.18 18 f 1 
1-Stearoyl, 2-arachidonoyl-PC" - 0.57 f 0.03 2.4 f 0.3 
1-Stearoyl, 2-arachidonoyl-PCb - 6.20 f 0.20 13 f 1 
1-Stearoyl, 2-arachidonoyl-PC" -t 1.20 f 0.07 6.1 f 0.6 

linear regression. 

K,,, represents the apparent K ,  as defined in the text. 

a Constants obtained from the Michaelis-Menten portion of the 

Constants obtained from the Hill portion of the linear regression. 

[SI (mM) 

FIG. 3. Phospholipase Az activity toward vesicles of l-ste- 
aroyl-2-arachidonoyl-PC as function of substrate concentra- 
tion under standard assay conditions. Inset are data points at 
low substrate  concentrations. The line was drawn from the nonlinear 
regression analysis of the Michaelis-Menten/Hill combination (see 
text). 

7 . 

l/[s] (mM-1) 

FIG. 4. Double reciprocal plot  of  phospholipase Az activity 
as a function of the concentration of vesicles of l-stearoyl,2- 
arachidonoyl-PC. The line was drawn from the nonlinear regression 
analysis of the Michaelis-Menten/Hill combination (see text). 

d 

-200 0 200 400 600 800 1000 1200 

1/[S] (mM") 

FIG. 5. Double  reciprocal  plot  of  phospholipase A2 activity 
dependence on the  concentration  of l-stearoy1,2-arachidon- 
oyl-PC (0) and  dipalmitoyl-PC @) under  standard assay con- 
ditions except that 70% glycerol was included  in  the assay. 
Linear  least squares lines are shown. 
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assays without glycerol. The dipalmitoyl-PC, on the other 
hand, had a Vmax that was about 2 times higher, 5.0 nmol 
min"  mg" without glycerol and 8.6 nmol min"  mg-' with 
glycerol. 

Head Group and Fatty Acid Chain Specificity of Phospholi- 
pase A,-The substrate  concentration dependence of phos- 
pholipase A2 toward dipalmitoyl-PC and dipalmitoyl-PE were 
compared to assess the effect of the change of polar head 
group on enzymatic activity. Double reciprocal plots for di- 
palmitoyl-PC and dipalmitoyl-PE hydrolysis are shown in 
Fig. 6. In order to simplify the analysis, the substrate concen- 
trations were kept above 10 p ~ .  In addition, activities could 
not be determined for PE concentrations over 100 p ~ .  Above 
this  concentration, Ca2+ precipitated  the  PE. The kinetic 
constants for dipalmitoyl-PE (Vmax = 4.5 f 0.5 nmol min-' 

1HsI (mM.') 
FIG. 6. Double reciprocal plot of phospholipase A2 activity 

toward vesicles  of dipalmitoyl-PE (0) and dipalmitoyl-PC (0) 
as a function of substrate concentration. Standard assay condi- 
tions were  employed and linear  least  square lines are shown. 

140 ' 
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[FATTY ACID] (pMI 
FIG. 7. Dose-response curve  showing the effects of palmi- 

tate (A), oleate (A), linoleate (=), linolenate (O), arachidonate 
(O), and eicosapentaenoate (0) on phospholipase A2 activity 
toward dipalmitoyl-PC under standard assay conditions. 

mg" and K,,, = 37 f 6 pM),  are nearly within experimental 
error of those determined for dipalmitoyl-PC (V,,, = 4.3 f 
0.5 nmol min"  mg" and K,,, = 28 f 5 pM) under the same 
substrate concentration range. 

Because there was  no significant preference for either PE 
or PC, the  fatty acid chain specificity studies were conducted 
using only PC. Table I lists the results for the  saturated 
dipalmitoyl-PC and two PCs  containing  unsaturated  fatty 
acids. The Vmax and K,,, values for  substrate  concentrations 
below 10 /IM were identical. The VmaX values obtained from 
the Hill analysis of the higher substrate range were also 
identical. The K ,  values, however,  were not identical; dipal- 
mitoyl-PC had a K, that was  20-fold  lower than those of the 
unsaturated PCs. Since these are  apparent K, values derived 
from the Hill equations, the half-maximum velocity for di- 
palmitoyl-PC would  be about 24 pM and 122 pM for the 
unsaturated PCs. This is only a 5-fold difference. 
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FIG. 8. A, double reciprocal plot of phospholipase A, substrate 

dependence toward dipalmitoyl-PC in the presence of 0 pM (e), 5 pM 
(O), 20 pM (A), or 50 pM arachidonate (0). B, plot of the slopes as a 
function of arachidonate concentration. 
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Fatty Acid Inhibition Studies-In order to survey the inhib- 
itory effects of fatty acids and eicosanoids on phospholipase 
Al activity, dose-response experiments were performed. For 
these experiments, standard assay conditions for dipalmitoyl- 
PC were  used. The  fatty acids and  the eicosanoids were each 
added to assay tubes  as  ethanol  solutions (2% of final volume). 
Control experiments showed that ethanol at this  concentra- 
tion  had no effect on enzymatic activities. The dose-response 
curves of the  fatty acids are shown in Fig. 7. Palmitate at all 
concentrations assayed showed no inhibition  and  perhaps  a 
slight activation. The other  fatty acids showed inhibition with 
an ICbo for oleate of 400 pM (extrapolated), linoleate and 
linolenate of 60 p ~ ,  and  arachidonate and eicosapentaenoate 
of 20 p ~ .  The eicosanoids surveyed, PGF2,,  6-keto-PGF1,, 
and  TxB2  had no effect over the same range of concentrations 
used for the  fatty acids (data not shown). 

More detailed kinetic analysis was carried out on arachi- 
donate, the most potent  inhibitor, to determine the  nature of 
the  fatty acid inhibition. As with the specificity studies, the 
substrate  concentration was varied from 10 to 500 pM in order 
to simplify the kinetic analysis. The double reciprocal plot 
shown in Fig. &I shows that arachidonate behaves kinetically 
as  a competitive inhibitor. A replot of the slope versus inhib- 
itor  concentration (Fig. 8B) gives a KI for arachidonate of 
about 5 pM. 

In order to confirm that  the nonlinearity of the time course 
of stearoyl, arachidonoyl-PC hydrolysis was due to arachidon- 
ate inhibition, BSA  was included in an assay to bind and 
remove the  fatty acid produced in the course of the reaction. 
The BSA did not change the time course when the substrate 
was in  the form of vesicles, presumably because it did not pull 
out  and sequester the  fatty acid. However,  BSA did increase 
the linearity when Triton X-100/phospholipid (4:l) mixed 
micelles were used resulting in a  linear time course to  at least 
10% hydrolysis (data  not  shown). 

A  further  characterization of the inhibitory effect of arach- 
idonate is shown in Fig. 9. Two time courses, both at standard 
conditions and  both  containing 100 p~ dipalmitoyl-PC and 
100 p~ stearoyl, arachidonoyl-PC, were carried out under 
identical conditions except that one contained radiolabeled 

30 60 90 120 

TIME (MINI 

1 
15 

FIG. 9. Phospholipase Aa activity toward  a  mixture of 100 
PM l-stearoyl,2-arachidonoyl-PC and 100 WM dipalmitoyl-PC 
containing l-stearoyl,2-['"C]arachidonoyl-PC (0) or l-pal- 
mit0yl,2-[~"C]palmitoyl-PC (0) as a  function of time. Standard 
assay conditions were employed except for the variation in  substrate 
and time indicated. 

dipalmitoyl-PC and  the other radiolabeled stearoyl, arachi- 
donoyl-PC. The results show that dipalmitoyl-PC hydrolysis 
is inhibited to  the same extent  as stearoyl, arachidonoyl-PC 
hydrolysis by the arachidonate accumulation. 

DISCUSSION 

Kinetic Analysis of Intracellular Phospholipase A,-Because 
the Ca2+-dependent, membrane-bound phospholipase A2 

could  play a major role in both eicosanoid production and 
general lipid metabolism, a detailed kinetic analysis of this 
enzyme  is a prerequisite to evaluating its relative role in either 
of these major metabolic systems. Despite its importance, the 
kinetic characterization of the intracellular phospholipases 
has progressed at a much slower rate than  that of their 
extracellular counterparts.  This  is due to difficulties in  puri- 
fication, low yields, relative instability, and low enzymatic 
activities. In  this communication, we report initial studies 
aimed at a detailed kinetic characterization of such an  en- 
zyme. 

The enzyme clearly exhibited surface dilution kinetics. 
Thus, at least one step  in  its mechanism is dependent upon 
the surface concentration of the phospholipid. The binding 
constant for bulk phospholipid would  have required using 
Triton X-100 at concentrations below its cmc to achieve 
reasonable molar ratios of Triton  to phospholipid. Therefore, 
lower bulk phospholipid concentrations could not be  used 
because the mixed  micelle structure would not be maintained. 
Thus,  the separation of the two binding terms could not be 
accomplished. We are currently investigating the use of other 
detergents with lower  cmc values so that lower concentrations 
of substrate  can be used in  this system. 

Phospholipase A, Vesicle Kinetics-The surface dilution 
equation reduces to a simple Michaelis-Menten model  when 
the substrate is in the form of vesicles.  However, the vesicle 
data exhibited a biphasic nature. The  data were best fit by a 
model containing two activities with one activity following a 
Michaelis-Menten equation and  the second a Hill equation 
with a Hill coefficient of 2. The data could also be fit to  a 
model containing two Michaelis-Menten steps, but  not  as 
well. 

There  are several possible explanations for this behavior. 
The first is that  there are two different enzymes present in 
the enzyme preparation employed.  We  were unable, however, 
to find any evidence for other phospholipase activities in this 
preparation. In addition, studies on the highly purified en- 
zyme (6) show that  it also exhibits similar complex behavior 
toward both dipalmitoyl-PC and stearoyl, arachidonoyl-PC 
vesicles as  a function of concentration: yet it gives a linear 
inverse plot in the presence of 70% glycerol, but with a much 
higher V,,, (6). These results show that  the complex curves 
are  not due to a second enzyme. 

Another possible explanation would  be that  this effect  is 
due to some change in the substrate aggregate structure. It is 
well  known that extracellular phospholipases exhibit similar 
kinetic behavior at  the cmc  when  monomeric short  chain 
phospholipids aggregate to form  micelles.  However, dipalmi- 
toyl-PC  has  a very low cmc thought to be about 10"' M (23). 
No other physical changes in  this lipid occur in the 10 PM 
region arguing that physical changes are  not responsible. 

The effect could also be due to a reconstitution of the 
enzyme. We have previously shown (4) that  this phospholi- 
pase A2 is associated with the membrane fractions in sucrose 
density centrifugation. The lipids are removed in the purifi- 
cation process by solubilization in octyl glucoside and  extrac- 

M. D. Lister and E. A. Dennis, unpublished observations. 
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tions in butanol  and  acetonitrile (6). The changes in kinetics 
produced when glycerol  is included in  the assay may be due 
to  its producing a hydrophobic environment which allows the 
enzyme to  attain a conformation comparable to  that when 
the enzyme is in a phospholipid environment. Furthermore, 
the complex kinetics found in  the absence of glycerol  could 
be due to  the reincorporation of the enzyme into  the mem- 
brane-like phospholipid vesicles. Thus,  the complexity in  the 
kinetics could  be due to a change in the conformation of the 
enzyme caused by a change in  its environment, although it is 
not clear how such  a process could have such a  sharp biphasic 
substrate dependence, or if this  has  any relevance to  the in 
vivo system. 

It is also possible that  the pure enzyme has multiple binding 
sites that interact in a complex fashion. Similar results have 
been found for the extracellular cobra venom phospholipase 
A2 (11, 12). A detailed kinetic analysis of this enzyme indi- 
cated the presence of two distinct binding steps. As with the 
P388D1 enzyme, the first  step followed a simple Michaelis- 
Menten equation and  the second a Hill equation with a Hill 
coefficient of 2. These  results were confirmed independently 
by UV difference spectroscopy ~tudies .~  These studies, which 
measured phospholipid binding directly, detected the same 
two kinds of binding steps. Furthermore, all of these  studies 
argue against the effects being due to  the  nature of the 
phospholipid. The kinetics and binding studies with the cobra 
enzyme used didecanoyl-PC-Triton X-100 mixed  micelles and 
monomeric dihexanoyl-PC, respectively, while the studies 
reported herein used various long chain acyl-PC vesicles. The 
observation of this biphasic nature with such different PCs 
used in  three dramatically different forms would indicate that 
this phenomenon is an enzyme-ligand binding effect and  not 
due to  the phospholipid or its physical state. The glycerol  may 
cause a conformational change in the protein that  alters  the 
characteristics of these binding sites. 

Since we do not  currently have any  other independent data 
that could distinguish between the later two possibilities, we 
present the Michaelis-Menten/Hill model as  the one that best 
fits the  data points  and that accurately describes the  apparent 
kinetic  events that  are occurring in  the  in vitro assay system. 
Determining whether or not  this model represents  inherent 
properties of the pure enzyme must  await  further experiments. 

Head Group and Fatty Acyl Chain Specificity-If the release 
of arachidonic acid for the eicosanoid cascade is  a specific 
reaction and not  a part of general lipid metabolism, the most 
straightforward way  of achieving the specificity would  be 
through the intrinsic specificity of the arachidonic acid re- 
leasing enzyme. Since cellular arachidonic acid is found ester- 
ified predominantly to  PC  and  PE and to their  ether  and 
vinyl ether analogues (24, 25), such an enzyme  would most 
likely  be  specific for one of these head groups or for the 
arachidonoyl moiety.  We have found that  the kinetic con- 
stants for the P388D1 phospholipase Az  were the same for 
both PE and  PC  and exhibit no large preference for phospho- 
lipids containing arachidonic acid. If this phospholipase AP is 
responsible for the release of arachidonic acid for eicosanoid 
production, the specificity does not appear to reside with the 
enzyme. This leaves subcellular compartmentalization of the 
phospholipid and enzyme or some, as yet, undetected allo- 
steric control of the enzyme as possible explanations. Of 
course, a different as yet unpurified phospholipase could  be 
responsible for arachidonate release in this cell. In the present 
study, since there appeared to be no significant difference 
between PE and  PC  as substrates, PC was the preferred 

3D.  Lombardo, R. A. Deems, and E. A. Dennis, unpublished 
observations. 

substrate to use with the Ca2+ requiring enzyme (26). This 
avoids the inherent problems of Ca2+-PE precipitation. 

Fatty Acid Inhibition-Time courses, routinely performed 
to determine the extent of linearity, revealed a marked dimi- 
nution in activity for unsaturated PC above 5% hydrolysis 
while saturated  PC was linear to about  15% hydrolysis. These 
results suggested the possibility of product inhibition by un- 
saturated  fatty acids. Dose-response curves confirmed this 
inhibitory effect. Palmitate caused no enzyme inhibition while 
unsaturated  fatty acids did. The inhibition was  roughly pro- 
portional to  the number of double bonds. Arachidonate was 
one of the most inhibitory fatty acids showing a very strong 
competitive inhibition with a KI of about 5 g ~ .  This inhibition 
could be overcome by adding BSA to  the assay to absorb the 
arachidonic acid and  thus prevent its binding to  the enzyme. 
However, the linearity of the initial  rate could  be extended in 
this fashion only when the substrate was micellar, not when 
it was in the form of  vesicles. This difference is probably due 
to  the differential extraction of the  fatty acids by  BSA from 
the two different interfaces. This suggests that BSA should 
not routinely be used to “linearize” time courses until the 
nature of this effect has been better characterized. 

Other  studies have also suggested that unsaturated  fatty 
acids inhibit phospholipase A2. The evidence was either that 
albumin enhanced activity or that unsaturated  fatty acids 
inhibited, but  saturated ones did not. The fact that fatty acid 
inhibition has been suggested for the enzymes from human 
platelet (27, 28), polymorphonuclear leukocytes (29),  rat liver 
mitochondria (30,  31), and now a macrophage-like cell line 
suggests that  this inhibition may  be a common property of 
some Ca2+-dependent phospholipase Azs. 

Choice of Assay  Conditions for Phospholipase Az-As a result 
of these studies, we suggest that dipalmitoyl-PC vesicles rep- 
resents the best substrate for initial enzyme characterization. 
While the sn-2-unsaturated acyl containing phospholipids 
especially of the  PE variety are the most widely  used substrate 
in  the literature, we have shown that  this substrate  has two 
factors which complicate kinetic analysis. The first is the 
precipitation of PE in  the presence of Ca2+, which reduces the 
range of substrate  concentrations that are accessible. The 
second is the competitive inhibition of arachidonic acid (and 
other  unsaturated  fatty acids) which leads to nonlinear time 
courses. Since dipalmitoyl-PC lacks these drawbacks, it offers 
the simplest system to initiate  a study. As to  the possibility 
of adding BSA to  the assay, previous reports have shown 
albumin to have varying effects on phospholipase AP activity 
in different assays (32) and albumin binding has been shown 
to be a function of pH, ionic strength,  and membrane charge 
(33). In our own studies, BSA’s  efficiency at extending line- 
arity in a  time course depended on the physical state of the 
phospholipid. Based on these findings, BSA  would not appear 
to be an effective general solution to the nonlinearity problem. 

While the dipalmitoyl-PC vesicle system represents a good 
choice as  a  substrate for the initial kinetic studies, the  Triton 
X-100 mixed  micelle system offers advantages under certain 
circumstances. The first is that  to completely characterize the 
enzyme, an investigation of its surface dilution phenomenon 
is required. This cannot be easily done on  vesicles without 
disrupting the vesicle structure.  Thus, these studies are best 
carried out with Triton X-loO/phospholipid micelles  where 
varying the detergent to phospholipid ratio  alters  the surface 
concentration without dramatically changing the micellar 
structure. The second circumstance is  that most inhibitors of 
phospholipase are surface active (34). They could produce 
varied effects such as  the accumulation of inhibitor at  the 
surface, diluting out of the substrate, altering the vesicle 



Kinetic  Analysis of 

structure,  and,  in the extreme, actually causing micelle for- 
mation. All  of these would affect the  apparent activity of the 
enzyme. The use of mixed micelles at a high detergent to 
phospholipid mole ratio precludes the later two problems by 
presenting the  substrate  in a  stable unchanging surface as 
long as  the inhibitor  concentrations are kept well  below that 
of the detergent. 

In summary, we have found that  the alkaline pH optimum, 
Ca2+-dependent phospholipase Az from a macrophage-like cell 
line  exhibits surface dilution kinetics and  that  its kinetic 
behavior can be explained by the dual phospholipid model. 
These complex kinetics  appear to be similar to those found 
with the cobra venom enzyme. Thus,  the cobra venom enzyme 
studies may be a good model for studies  on the P388D1 
enzyme.  However, the enzyme may require a certain hydro- 
phobic environment to exhibit  stable kinetics. This environ- 
ment  can be provided by 70% glycerol or phospholipid vesi- 
cles. Furthermore, phospholipase A2 is competitively inhibited 
by unsaturated  fatty acids, particularly arachidonate. Fatty 
acid inhibition may represent one mechanism of regulation 
for phospholipase Az and thereby eicosanoid production. The 
nature of this possible control is unclear and will require 
further investigation. 
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