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The Specificity of Phospholipase A, and Phospholipase C 
in a Mixed Micellar System* 

(Received for publication, June 6, 1977) 

MARY FEDARKO ROBERTS,* ANNE-BRIT OTNAESS,§ CHARLOTTE A. KENSIL, AND EDWARD A. DENNISB 

From the Department of Chemistry and Department of Pediatrics, University of California at San 
Diego, La Jolla, California 92093 

The activities of cobra venom phospholipase A, (Nuja 
nuja nuja) and phospholipase C (Bacillus cereus) toward 
different phospholipids in mixed micelles with Triton X-100 
are reported. The nonionic surfactant acts as an inert 
matrix which solubilizes the phospholipids in similar struc- 
tures; thus, the observed activities can be compared directly. 
Knowledge of phospholipid specificity is important in inter- 
preting the action of these enzymes on natural membranes. 
Phospholipase A, prefers phosphatidylcholine as its sub- 
strate; it hydrolyzes phosphatidylethanolamine poorly. The 
enzyme requires Ca”+ for activity and its true specificity 
toward phosphatidylserine is difficult to interpret because 
this negatively charged phospholipid forms complexes with 
Cay+. Sphingomyelin is not hydrolyzed at all. Phospholipase 
C, which is a Zny+ metalloenzyme, hydrolyzes both phospha- 
tidylcholine and phosphatidylethanolamine at almost equiv- 
alent rates; phosphatidylserine is a Z- to 3-fold poorer 
substrate than these other lipids. Sphingomyelin does not 
serve as a substrate. 

Both enzymes show an effect of fatty acid chain length: 
as the chain length is reduced, enzyme activity increases. 
This trend is observed with both phosphatidylcholine and 
phosphatidylethanolamine and probabIy reflects optimiza- 
tion of the interfacial properties of the phospholipid. NMR 
studies on phosphatidylcholine in mixed micelles have 
shown that the cu-methylene groups of the sn-1 and sn-2 
fatty acids are chemically shifted from one another and 
that the ethanolamine moiety alters this chemical shift 
pattern of the fatty acid cu-methylene groups somewhat 
from that observed in phosphatidylcholine. This difference 
between the two phospholipids may correlate with the 
specificity results reported here for phospholipase A, catal- 
ysis, but does not for phospholipase C catalysis. 
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Both phospholipase A, (Naja naja nuja) and phospholipase 
C (Bacillus cereus) are widely used as tools in membrane 
studies. Interpretation of such studies must be viewed in 
terms of the relative specificity of these enzymes on individual 
phospholipids. Although the phospholipase A, literature is 
extensive, only a few studies have attempted to determine 
the substrate preferences of this enzyme. These studies com- 
pared enzyme activity toward phospholipids prepared in vary- 
ing ways (11, solubilized in ethereal solutions (2), in deoxycho- 
late (3-5), or toward synthetic phosphatidylcholines contain- 
ing short chain fatty acids as aqueous dispersions (6, 7). The 
structure of the aggregated phospholipid substrate in each of 

these systems is either unknown or would differ great,ly 
depending on the net charge of the head group or the fatty 
acid chain length. Oft,en phospholipid specificities were com- 
pared below their thermotropic phase transition temperatures 
(8) and we (9) have previously shown that this can have an 
enormous effect on rate. In early studies, enzyme preparations 
contaminated with other proteins were frequently used and 
often assays were not conducted under initial rate conditions. 
Such problems make it difficult to interpret the observed 
preferences of phospholipase A, in the earlier studies. Simi- 
larly, with purified B. cereus phospholipase C, substrate 
preferences have only been determined for sonicated phospho- 
lipids containing deoxycholate (10) and for synthetic phospha- 
tidylcholines containing various short chain fatty acids (11). 

The Triton X-lOO/phospholipid mixed micelle system has 
the advantage for specificity studies of offering a well defined 
inert surfactant matrix (121, whose gross structure should not 
be altered when small amounts of various phospholipids are 
inserted into it. Furthermore, small environmental or confor- 
mational differences of the various phospholipids can be 
compared directly in these mixed micelles (13). Using the 
mixed micellar system, which also has advantages for kinetic 
analysis (14), the activity of phospholipases toward different 
phospholipids can be directly compared and evaluated. 

EXPERIMENTAL PROCEDURES 

Materials- Lyophilized cobra venom, Naja naja naja (Pakistan), 
Lot. No. NNP45-12, was obtained from the Miami Serpentarium. 
The phospholipase A, was purified according to the procedure of 
Deems and Dennis (15) as modified by Roberts et al. (16). Phospho- 
lipase C was purified from the growth media of Bacillw cereus 
(ATCC 10987 AB-1) using affinity chromatography as described by 
Little et al. (17). 

Dipalmitoyl phosphatidylcholine ,I dimyristoyl phosphatidylcho- 

’ Dipalmitoyl phosphatidylcholine refers to 1,2-dipalmitoylsn- 
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line, dilauryl phosphatidylethanolamine, bacterial phosphatidyleth- 
anolamine, and bovine brain sphingomyelin were obtained from 
Calbiochem. Egg phosphatidylethanolamine, prepared by transes- 
terification of egg phosphatidylcholine, was obtained from Avanti 
Biochemicals. Egg phosphatidylcholine was prepared from fresh 
egg yolks by the method of Singleton et al. (18). Phosphatidylserine 
was obtained from fresh bovine brains by a Folch (19) extraction 
and subsequent purification and characterization as described in 
detail by Warner and Dennis (20). Dioctanoyl phosphatidylcholine, 
prepared by acylation in the presence of sodium methylsulfinylmeth- 
ide @I), was kindly supplied by Dr. Thomas G. Warner, University 
of California, San Diego. Dihexanoyl phosphatidylcholine was the 
gift of Dr. Michael Wells, University of Arizona, Tucson. Dilauryl 
phosphatidylcholine and dimyristoyl phosphatidylethanolamine 
were the gift of Dr. Craig Jackson, Washington University, St. 
Louis. All phospholipids employed gave a single spot upon thin 
layer chromatography on precoated layers of Silica Gel G on glass 
plates (Brinkmann) using a chloroform:methanol:water (65:25:4, vi 
v/v) solvent system and visualization with iodine vapors. Triton X- 
100 was obtained from Rohm and Haas and all other chemicals were 
reagent grade. Glass distilled water was used routinely. 

Assay - Phospholipase A, was assayed by the pH-stat procedure 
described in detail by Dennis (22). Phospholipase C was assayed by 
the same procedure (22); the application of this technique to phos- 
pholipase C is discussed elsewhere (23). Assays for both enzymes 
were conducted at 40”, pH 8.0, with mixed micelles composed of 48 
rnM Triton X-100 (except where noted) and 6 mM phospholipid and 
sufficient enzyme to hydrolyze at most 0.2 pmol min.’ phospholipid. 
Assays were conducted in a 2-ml volume and the amount of product 
produced in 2 min was used to calculate the rates so that at most a 
few per cent of phospholipid was hydrolyzed (initial rate conditions). 
For phospholipase A,, 10 mM CaCl, was included. Phospholipase C 
is a Zn’+ metalloenzyme (24), and the enzyme is stored in 1 mM 
Zn’+ for added stability (25); the final concentration of Zn’+ in the 
assay mixture was 0.25 PM. Additional Zn’+ was not added to the 
assay mixture, except where indicated. In some experiments 10 mM 
CaCl, was also included during phospholipase C studies as indicated. 
Controls without added enzyme were subtracted from the observed 
results. Hydrolysis rates are the average of two or more experiments; 
the average error between duplicate experiments was approximately 
k-5%. Measurements conducted at different times were normalized 
to dipalmitoyl phosphatidylcholine. 

RESULTS 

Cobra Venom Phospholipase A, Specificity toward Long 
Chain Phospholipids - The results of incubating pure phos- 
pholipase A, with various phospholipids inserted into the 
Triton X-100 matrix at a surfactant:phospholipid mole ratio 
of 8:l are summarized in Table I. It should be noted that all 
phospholipids, except dimyristoyl phosphatidylethanolamine, 
were above their thermotropic phase transition temperature 
under the standard assay conditions. This ensured that the 
phospholipids were in mixed micelles and that phase changes 
which could occur below that temperature and affect rates (9) 
would not have to be considered. Dimyristoyl phosphatidyleth- 
anolamine, whose phase transition is 47.5” (27), was assayed 
at 50” and compared to dilauryl phosphatidylethanolamine 

and dipalmitoyl phosphatidylcholine mixed micelles at that 
temperature. The zwitterionic phosphatidylcholines were the 
most effective substrates, whereas all phosphatidylethanola- 
mines were poor substrates. Determining phosphatidyletha- 
nolamine hydrolysis by phospholipase A, is complicated by a 
pH-dependent nonenzymatic breakdown of the phospholipid. 
For phosphatidylethanolamine isolated directly from egg yolk, 
this background reaction is of the same order of magnitude as 
the enzymatic reaction at pH = 8 and standard assay condi- 
tions, so that phosphatidylethanolamine from other sources 

glycerophosphorylcholine, where the fatty acids are in the sn-1 and 
sn-2 positions; analogous nomenclature is employed for the other 
phospholipids. 

TABLE I 

Phospholipase A, hydrolysis of various phospholipids in Tritonl 

phospholipid mixed micelles 

Phospholipid Rate Relative 
rate - 

wmol mini ’ 
w ’ 

Egg phosphatidylcholine 440 0.9 
Dipalmitoyi phosphatidylcholine 490 1.0 
Dimyristoyl phosphatidylcholine 820 1.7 
Dilauryl phosphatidylcholine 950 1.9 
Dioctanoyl phosphatidylcholine 6500 13 
Dihexanoyl phosphatidylcholine 410 0.84 
Egg phosphatidylethanolamine 50 0.10 
Bacterial phosphatidylethanolamine 72 0.15 
Dimyristoyl phosphatidylethanolamine - 0 0.15 
Dilauryl phosphatidylethanolamine 110 0.23 
Bovine brain phosphatidylserine -0 0.05-0.15 
Bovine brain sphinaomvelin 0’ 0.00 

(I Because of the high thermotropic phase transition temperature 
of dimyristoyl phosphatidylethanolamine, assays were conducted at 
50” with this lipid and compared to dipalmitoyl phosphatidylcholine 
at the same temperature. 

Ir 0.5 mM CaCl, was employed. The relative rate is reported 
compared to dipalmitoyl phosphatidylcholine in the presence of 0.5 
rnM CaCl, (380 pmol min-’ mg-‘1 instead of 10 rnM CaCl,. The 
range is given which was found for several determinations using 
both the pH-stat assay and an assay based on phosphorus quantita- 
tion (26) of the hydrolysis products which were extracted (16) and 
then separated by thin layer chromatography using the conditions 
described under “Experimental Procedures” for determining phos- 
pholipid purity. 

c Hydrolysis was checked by thin layer chromatography after l-h 
incubation using the conditions indicated under “Experimental 
Procedures” for determining phospholipid purity. 

or prepared by transesterification of egg phosphatidylcholine 
was employed in the studies reported here. With the bacterial 
source, transesterified egg, or dilauryl phosphatidylethanola- 
mine, the background reaction is considerably slower and 
initial rates of enzyme hydrolysis can be determined accu- 
rately. The bacterial and transesterified egg phosphatidyleth- 
anolamines have enzymatic hydrolysis rates 0.10 to 0.15 that 
of phosphatidylcholine. As for phosphatidylcholine hydrolysis 
(16), phospholipase A, was found to require Ca’+ to hydrolyze 
phosphatidylethanolamine (Kc,?+ is 0.1 to 0.2 mM). 

Fatty acid chain length, as well as head group, influences 
the ability of phospholipase A, to hydrolyze phospholipids. 
The rate of degradation of phosphatidylcholines increases by 
a factor of 1.9 as the fatty acid chain lengths decreased from 
16 to 12 carbons. Comparison of the hydrolysis rates for 
dimyristoyl (130 pmol min- 1 rng-‘1 and dilauryl phosphatidyl- 
ethanolamine (180 pmol mini’ mg-I) at 50” also shows an 
increase in activity as the chain length is decreased. The 8- 
carbon phospholipid, dioctanoyl phosphatidylcholine, is an 
exceptionally good substrate for the enzyme. Shortening the 
chain length to 6 carbons decreases the activity to the level of 
long chain phosphatidylcholines. 

The negatively charged phosphatidylserine is harder to 
analyze because of the enzyme requirement for Ca’+. In the 
presence of 10 mM Ca’+, the phosphatidylserine precipitated 
from the mixed micelle; the phase change is suggestive of the 
multilamellar structures detected by Papahadjopoulos et al. 
(28) under similar conditions. When the Ca’+ concentration 
was decreased to 0.5 mM or less, the lipid usually appeared to 
remain solubilized. Under these conditions, the measured 
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enzymatic act.ivity was 0.05 to 0.15 that. of dipalmit.oyl phos- 
phatidylcholine in the presence of 0.5 mM Ca”. The interpre- 
tation of this relative activity is hampered by the fact that 
both enzyme and phospholipid are competing for Ca’+. The 
dissociat,ion constant for Ca?+ to enzyme is 0.15 rnM (16). The 
dissociat.ion con&ant for Ca’+ to phosphatidylserine in mixed 
micelles has not been reported, although a 2:l 
phospholipid : Ca’ ’ stoichiomet ry has been suggested for phos- 
phatidylserine in vesicles (28) and t,he t.ight. binding has been 
shown in monolayers (29). If the Gas+-phospholipid interaction 

is comparable to or greater t.han that. of the enzyme, the 
majority of t.he Ca”’ will be bound by the phospholipid and 
not the enzyme. Hence, little hydrolysis would be expect,ed. 
Since Ca” was not saturating t,he enzyme in the experiments 
reported here, slight variations in conditions could account 
for the range of activities observed with this subst.rat,e. 

B. cereus Phospholipase C Specificitn,- When mixed mi- 
celles of Triton and phospholipid (mole ratio 8:l) were treated 
with phospholipase C, t.ransesterified egg phosphat.idyletha- 
nolamine and egg phosphatidylcholine were almost equivalent. 
substrates for the enzyme (Table II). Decreasing the length of 
the fat,ty acid in phosphatidylcholines resulted in increased 
reaction rates. Thus, the rat,e ratios observed in going from 
dipalmitoyl to dilauryl phosphatidylcholine increase for both 
phospholipase C and phospholipase A,. For phosphat,idylet,ha- 
nolamines, where it was necessary to determine the react.ion 
rates at 50” due to the phase transition of dimyristoyl phospha- 
tidylethanolamine, t,he rate for dimyristoyl phosphatidyletha- 
nolamine (1900 pm01 min ’ rng- I) was less than that for 

dilauryl phosphatidylethanolamine (4500 prnol min-’ rng-I). 
Thus, the same chain length dependence holds for the phos- 
phatidylethanolamines. Phosphatidylserine was hydrolyzed 
more slowly than phosphatidylcholine and phosphatidyletha- 
nolamine, while sphingomyelin was not a substrate. 

In several experiments, 10 mM Cayi was included during 
the incubation (Table II) so that assay conditions would be 
identical with those employed with phospholipase A,. In no 
case was there any effect on activity of the phospholipase C. 
Phospholipase C is a Zn’+ metalloenzyme which has 2 mol of 

TABLE II 

Phospholzpase C hydrolysis of various phospholipids in Tritonl 
phospholipid mixed micelles 

Phospholipid caz+ Rate Relative 
rate 

pm01 min-’ 
mg-’ 

Egg phosphatidylcholine - 1500 0.94 
+ 1500 0.94 

Dipalmitoyl phosphatidylcholine - 1600 1.0 
+ 1600 1.0 

Dimyristoyl phosphatidylcholine - 2000 1.3 
Dilauryl phosphatidylcholine 4600 2.9 
Egg phosphatidylethanolamine 1300 0.81 
Dimyristoyl phosphatidylethanolamine ~ - (1 0.67 
Dilauryl phosphatidylethanolamine - 2500 1.6 

+ 2500 1.6 
Bovine brain phosphatidylserine - 590 0.37 

- 11 590 0.37 
Bovine brain sphingomyelin - 0 0.0 

(’ Because of the high thermotropic phase transition temperature 
of dimyristoyl phosphatidylethanolamine, assays were conducted at 
50” with this lipid and compared to dipalmitoyl phosphatidylcholine 
at the same temperature. 

b Zn’+ (0.01 mM) was included in the assay mixture. 

Zn”/mol of enzyme tightly bound (24). Free Zn’+ concentra- 
tion was 0.25 pM during assay. Additional Zn” did not lead 
to enhanced activity with sonicated phospholipids containing 
deoxycholat,e (10) and we found no st.imulat.ion by the addition 
of small amounts of Zn’+ when dipalmit,oyl phosphat idylcho- 
line was used as substrate in mixed micelles with Triton X- 
100. In fact., with high levels of ZnYi (0.05 t,o 0.5 mM), an 
apparent inhibition of activit.y was observed. Similar effects 
had also been encount,ered in earlier studies on phospholipase 
C act,ion toward phosphatidylcholine determined by pH-stat 
techniques at. pH = 8.0 (23) where Zn(OH), formation or Zn” 
effects on the electrode were considered as possible causes for 
t.he apparent. inhibition (23). With phosphat.idylserine, it is 
possible that this anionic phospholipid would compete for the 
enzyme-bound Zn’+ in an analogous fashion to its competition 
for Ca’+ in assays of phospholipase A,. However, the addition 
of 0.01 mrvr Zn’+ with phosphatidylserine did not lead to an 
enhancement, of activity as indicated in Table II. Unfortu- 
nately, when we at.t.empted to study the effect of higher 
concentrations of Zn’+ (0.05 to 0.5 mM) on enzyme activity 
toward phosphatidylserine, spurious activities were often ob- 
served, and no clear pat,tern of act,ivation or inhibition 
emerged. 

Phospholipase A, Activity toward Short Chain Phosphati- 
dylcholines - Two synthetic short chain phosphatidylcholines 
were examined as substrates for phospholipase A,. Unlike 
the long chain phosphatidylcholines investigated, these com- 
pounds can form micelles when dispersed in water without 
surfactants (30,311. The apparent molecular weight ofdioctan- 
oyl phosphatidylcholine micelles has been determined by light 
scattering and is very large and concentration dependent, 
spanning the range 5 x 10” to 20 x 10” (32). This phospholipid 
tends to form cloudy (two phase) solutions in water. Phospho- 
lipase A, hydrolyzed these dispersions approximately 13 times 
faster than dipalmitoyl phosphatidylcholine in Triton X-100 
mixed micelles at a Tritonlphospholipid mole ratio of 8:l 
(approximately 7 times faster than for Triton/dipalmitoyl 
phosphatidylcholine mole ratio of 2:l). When dioctanoyl phos- 
phatidylcholine was inserted into Triton micelles, the solution 
immediately clarified. NMR experiments suggested that all 
of the phospholipid was then in mixed micelles.’ The activity 
of the enzyme toward these mixed micelles was also large; at. 
a Triton/phospholipid mole ratio of 2:1, the activity was 
slightly higher than toward an aqueous solution of the phos- 
pholipid as shown in Table III. However, as the Triton/ 
phospholipid ratio was increased tat a given phospholipid 
concentration), the activity decreased. This results from the 
“surface dilution phenomenon” described previously (9, 14). 

The activity of phospholipase A, was also examined toward 
dihexanoyl phosphatidylcholine. At a concentration of 6 mM, 
this phospholipid should exist as a monomer (30). The enzyme 
showed little activity toward t.his material, the rate being 
0.09 that of dipalmitoyl phosphatidylcholine in mixed micelles 
at a mole ratio of 8:l (0.04 that of dipalmitoyl phosphatidylcho- 
line in mixed micelles at a mole ratio of 2:l). When Triton is 
added to the solution of dihexanoyl phosphatidylcholine mon- 
omers at a mole ratio of 2:l or greater, the phospholipid is 
taken up by the detergent micelle.’ This form of the phospho- 
lipid was a much better substrate for phospholipase A,. For a 
Triton/phospholipid mole ratio of 4:1, the relative rate in- 
creased 17-fold. At a diluted mole ratio of 8:1, the increased 

v M. F. Roberts and E. A. Dennis, manuscript in preparation. 
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TABLE III 

Comparison ofphospholipase A, actiuity toward phosphatidylcholine 

as monomers, micelles, and mixed rnicelles with Triton X-100 

The phospholipid concentration was 6 rn~ and the Triton X-100 
concentration was 48 mM (mole ratio 8:1), 24 mM (mole ratio 411, or 
12 mM (mole ratio 21) or it was omitted (mole ratio 0). --~~..-~ ~~.~ .- -. ._~. -- 

Phospholipid T&n: 
phospholipid R&e 

Dihexanoyl phosphatidylcholine 

Dioctanoyl phosphatidylcholine 

Dipalmitoyl phosphatidylcholine 

mole ratio /.mml nun- 
m&! ’ 

0 45 

4:l 780 

8:l 410 
0 8200 

2:l 8500 

4:l 8300 

8:l 6500 

2:l 1200 
4:l 1100 
8:l 490 

activit.y is comparable to that of the long chain dipalmitoyl 
phosphat.idylcholine in Triton micelles. 

DISCUSSION 

Advantage of Mixed Micelles for Specificity Studies-In 
order to determine phospholipid preferences of enzymes which 
work on aggregated substrates, one needs a well defined 
matrix which is independent of phospholipid structure. The 
nonionic surfactant Triton X-100 serves this purpose. At 8:l 
Tritonlphospholipid, although enzyme activity is much lower 
than toward 2:l mixed micelles because of surface dilution (9, 
141, there is little perturbation of the basic Triton micelle 
structure (121. We have now found for a monodisperse Triton 
analogue that all phospholipids, regardless of head group, 
form similarly sized micelles at this surfactantlphospholipid 
ratio.” Also, the large excess of Triton molecules should serve 
to decrease any patching or clustering of phospholipid mole- 
cules in the micelle surface which might occur. Triton X-100 
is also useful for comparing enzyme activity on synthetic 
short chain phospholipids. When Triton, with its very low 
critical micelle concentration (0.3 mM), is combined with 
zwitterionic short chain phosphatidylcholines, the critical 
micelle concentration of the phospholipid is reduced sharply 
so that assays can be conducted at phospholipid concentrations 
in which all of the phospholipid is micellar. This makes it 
easy to compare enzyme activity toward phospholipids of 
varying chain length without the complication of different 
micellar structures, sizes, or residual phospholipid monomers. 

Phospholipase A, Specificity-Cobra venom phospholipase 
A, has been used to investigate the sidedness of phospholipid 
distribution in red blood cells and other natural membrane 
systems. Using a large excess of enzyme, it was shown that 
in red blood cells, phosphatidylcholine was hydrolyzed before 
phosphatidylethanolamine or phosphatidylserine (33, 34). I f  
these results are real indications of membrane asymmetry, 
one must be sure that the relative activity of phospholipase 
A, toward the different phospholipids in these membranes is 
not very different. The results reported here show different 
apparent specificities for phospholipase A, toward the differ- 
ent phospholipids when each is assayed separately in the 
Triton model system. In order to generalize to membranes, it 
will be necessary to examine specificities in mixtures of 

’ R. J. Robson and E. A. Dennis, manuscript in preparation. 

phospholipids and in preparations containing other compo- 
nents as these too can conceivably affect the structure of the 
sub&ate and enzyme activity. ’ 

Earlier work on snake venom specificity showed certain 
trends: phosphat idylcholine and phosphat idylet.hanolamine 
were good subst.rates, while phosphatidylserine was hardly 
hydrolyzed. Dawson (35) used an ethereal solution at 30“ with 
0.45 mM Ca>+, but found hydrolysis of phosphatidylethanola- 
mine occurred without added CaZ’ and also without ether. 
Ibrahim et al. (3) found similar results using deoxycholate 
micelles and no added Cad+. These results differ dramatically 
from t,hose reported in this study. It is likely that the discrep- 
ancy results from t.he nonenzymat,ic hydrolysis of phosphati- 
dylet.hanolamine which was apparently not followed in the 
lat,ter studies and which we have shown is quit.e rapid at pH 
= 8 in the Triton mixed micelle system. Cobra venom phos- 
pholipase A, (Naja naja nuja) was found here to require Ca’+ 
for phosphatidylethanolamine hydrolysis in mixed micelles. 
In a more recent study, Salach et al. (8) assayed in the 
presence of Triton X-100 and found phosphat idylethanolamine 
to be a poor substrate, but. their experiments were done at 
25”, a temperature well below the t,hermotropic phase transi- 
tion temperature (36, 37) of several of the saturated phospho- 
lipids they studied. In fact, one of t.he major conclusions of 
that study was that saturation of t.he fatty acid in t,he sn-2 
position results in a large decrease in t.he hydrolysis rate 
without, an increase in K,,, At. that temperat.ure, dipalmitoyl 
phosphatidylcholine/Triton X-100 mixtures actually phase 
separate (12, 38) and this apparently decreased the hydrolysis 
rate (9). 

In all studies phosphatidylserine was found to be a poor 
substrate. The usual explanation given is that a net nega- 
tively charged substrate adversely affects the enzyme which 
is specific for zwitterionic substrates. An alternate reason is 
that phosphatidylserine, unlike the choline- or ethanolamine- 
containing phospholipids, binds Ca’+ tightly, and under the 
conditions of most phospholipase A, assays, the large excess 
of Ca’+ forms insoluble complexes with phosphat.idylserine. 
This insoluble or precipitated material would be inert to 
phospholipase A, action. It is only as one lowers the Ca’+ 
concentration so that the phosphatidylserine stays in solution 
that the inherent enzyme activity can be measured. We have 
found that the rate is 0.05 to 0.15 that for dipalmitoyl phospha- 
tidylcholine at 0.5 mM Ca’+. This is a lower limit for the 
relative activity: phospholipase A, has an absolute require- 
ment for Ca’+ and will have to compete with phosphatidylser- 
ine for Ca’+ ions. If  the phospholipid-Ca’+ affinity were 
known, one could calculate the true activity of phospholipase 
A, toward phosphatidylserine in Tritonlphospholipid mixed 
micelles or other structures. 

The results with synthetic short chain phospholipids indi- 
cate that the cobra venom phospholipase A, is not very active 
toward monomers, as is the case for phospholipases from 
most other sources (6, 7). The enzyme greatly prefers micellar 
substrates, either Trit,on/phospholipid mixed micelles or pure 
phospholipid micelles (as for dioctanoyl phosphatidylcholine). 
Furthermore, at a mole ratio of 2:1, the Triton mixed micelles 
show comparable hydrolysis rates to pure dioctanoyl phospha- 
tidylcholine micelles. 

Phospholipuse C Specificity-Purified phospholipase C from 
Bacillus cereus is known to hydrolyze phosphatidylcholine, 
phosphatidylethanolamine, and phosphatidylserine in natural 

4 M. Adamich and E. A. Dennis, manuscript in preparation. 
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membranes (39-42). Studies on red cell ghosts indicat.e that 
phosphat.idylserine is hydrolyzed more slowly t.han the other 
lipids (39). As with phospholipase AL, this could be due to a 
greater availability of phosphat idylcholine and phosphatidyl- 
et.hanolamine in the membrane or to a preference of phospho- 
lipase C for these two lipids. 

Wii h sonicated phospholipid preparations cant aining deox- 
ycholate, Otnaess et al. (10) found t.hat egg phosphat.idylet.ha- 
nolamine and brain phosphatidylserine were hydrolyzed more 
slowly t.han dipalmitoyl phosphatidylcholine. With the Triton- 
phospholipid mixed micelle system, the act.ivity of phospholi- 
pase C toward phosphat idylet hanolamine was only slightly 
less than t.oward phosphatidylcholine and its activit.y toward 
phosphatidylserine was only 2 to 3 times less than toward 
phosphatidylcholine. Unfort,unat.ely, the fat.ty acid composi- 
tion of the phosphatidylserine is not exactly the same as any 
of t.he phosphatidylcholines, so a precise evaluation of the 
specificity toward this phospholipid must be performed on 
synthetic phosphatidylserines which have low thermotropic 
phase transition temperat,ures; such phospholipids have not 
been available. The possibility of Zn’+ chelation by phospha- 
tidylserine could also complicate the interpretation of phos- 
phat.idylserine hydrolysis by phospholipase C in analogy to 
Ca’+ chelation with phospholipase Ai, alt.hough t.his is less 
likely with phospholipase C since the Zn” is quite tightly 
bound to this enzyme (24). 

Compa.rison of Phospholipase A, and C Specificities in 
Mixed Micelle System-These two pure phospholipases show 
different head group specificities toward individual phospho- 
lipids in the well characterized Triton X-100 mixed micelle 
system. Phospholipase A, prefers phosphatidylcholine; phos- 
pholipase C will hydrolyze phosphatidylcholine and phospha- 
tidylethanolamine at, similar rates. Cal+ does not affect phos- 
pholipase C activity so that the assay mixture containing 
mixed micelles and 10 mM Ca’+ was identical for evaluating 
the different. specificities toward phosphatidylcholine and 
phosphatidylethanolamine of the two enzymes. Recently, we 
(13) showed that ‘H NMR detects differences in the a-methyl- 
ene groups of the sn-1 and sn-2 fatty acid chains in phos- 
phatidylcholine and phosphatidylserine. Phosphatidylethanola- 
mine shows a broadened pattern, indicat.ing a local conforma- 
tion or environment different from the other two phospholip- 
ids. This is of particular interest because phospholipase A, 
catalyzes the hydrolysis of the fatty acid at the carbonyl 
carbon of the sn-2 chain. In the case of the two zwitterionic 
phospholipids, the conformational differences near the site of 
enzymatic attack may be important for phospholipase AL 
catalysis. Since this region is quite removed from the site of 
phospholipase C catalysis, it may not. be important, for t,hat 
enzyme. 

Both enzymes display less activit,y toward phosphatidylser- 
ine than toward phosphatidylcholine, but evaluation of this 
apparent specificity is complicated as discussed above for 
each enzyme. The similar effects of chain length on activity 
for both enzymes suggest. that. there is an opt.imum chain 
length for both phospholipases in this assay system. While 
this could fortuitously represent similar binding specificities 
of both enzymes, it is more likely that the interfacial proper- 
ties of the phospholipid are optimized and this is equally 
important for both enzymes. If prior association of the enzyme 
with phospholipid in the mixed micelles is essential before 
Michaelis complex formation, as we (43) have recently sug- 
gested for phospholipase A, based on chemical modification 
(44) and other studies (14), then apparent fatty acid chain 

length and polar head group preferences would not. be simply 
interpretable in terms of act,ive site binding specificities. 
Furthermore, mixtures of phospholipids and natural mem- 
branes could exhibit. different specificities if the phospholipids 
affected each step differently. Thus, further work is required 
to delineate the precise cause of the apparent speciticit,ies 
reported here. 
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