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Phospholipase A, in the presence of Ca2+ was stimulated by 
calmodulin and by prostaglandin F, 
AMP and cyclic-GMP inhibited phosp K 

Prostaglandin E,, cyclic- 
olipase A2 in the presence or 

absence of calmodulin. Dimethylsuberimidate cross-linking of 
phospholipase A, with calmodulin was found to be Ca2+ dependent. 
These results indicate that phospholipase A, is directly regula- 
ted by a host of key intracellular regulators and is one of the 
calmodulin-regulated enzymes. 

Phospholipase A, (PLA,), which catalyzes the fatty ester 

hydrolysis of 1,2 sn-phosphoglycerides in the Z-position, is a 

Ca2+ -dependent enzyme ubiquitously distributed in eukaryotic and 

prokaryotic membranes (1). Membrane PLA, functions in lipid 

metabolism, prostaglandin (PG) production, membrane fusion, che- 

motaxis, neurotransmitter release and coated vesicle endocytosis 

(2-7). Calmodulin is an ubiquitous cellular Ca"+-binding protein 

which activates a host of enzymes (8). Prostaglandins are oxy- 

genated and unsaturated carbon fatty acids containing a cyclo- 

pentane ring performing many diverse cellular functions (9). We 

previously reported that PLA, activity was present in synaptic 

vesicles and was stimulated by calmodulin (CaM) and PGF,o and 

inhibited by PGE, (6). To ascertain whether CaM, PGFzc, and PGE, 

had direct effects on PLA2, we studied a highly purified PLA 2 
which has an amino acid sequence homologous to mammalian PLA, 
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(10) * because the actions of PGE2 and PGF,, may be mediated via 

interaction with adenylate and guanylate cyclases which generate 

CAMP and cGMP respectively (ll), we tested the effects of CAMP 

and cGMP on this enzyme. 

MATERIALS AND METHODS 

Reaction mixtures containing 1 pgm PLA purified from Naja 

naja snake venom (Sigma, St. Louis, Missouri), 1 mM CaC12 and 1.8 
nmol [ "C]-B-arachidonylphosphatidylcholine (S.A. 54 mCi/mmol, 
Amersham, Arlington Heights, Illinois) were incubated for 10 
minutes at pH 8.9 at 2.5'C under the following two conditions: 1) 
with increasing concentrations of CaM (1O-q-1O-3 M), PGE2, PGF,,, 
CAMP or cGMP (1O-q-1O-3 M), or 2) with CaM (lo-' M) and increas- 
ing concentrations of PGE,, PGF, CAMP or cGMP (1O-q-1O-3 M). 
Reactions were stopped, processe z'and PLAp activity assayed as 
described previously (6, 13). Phospholipase cross-linking was 
performed using dimethylsuberimidate (DMS [Aldrich, Milwaukee, 
Wisconsin), an alkylimidate ester which joins proteins that form 
a complex within 11 1 from each other under a variety of condi- 
tions (14). Phospholipase A, (20 vg) was incubated in a total 
volume of 60 ~1 with 0.42 ug/ml DMS dissolved in 20 IJM triethano- 
lamine buffer, pH 8;5, for 30 minut:s in the absente or presence 
;f,"$t;;r PGE, (lo- M), PGF,, (lo- M), CAMP (10 M) or cGMP 

. For each of these four conditions there were the fol- 
lowing subconditions: incubation in the presence of 1) 1 mM 
CaCl,; 2) 1 mM EGTA; 3) 1 mM CaCl, and 7 )-lg CaM; or 4) 1 mM EGTA 
and 7 ug CaM. The reactions were stopped with.14 1~1 phenol red 
solution containing 1 mM $-mercaptoethanol and 10% sodium-dodecyl- 
sulfate (SDS). Protein was measured as described by Lowry et al. 

(15) and protein composition was analyzed by 5-15% SDS polyacryla- 
mide gel electrophoresis (PAGE) and stained with Coomassie blue (16) 

RESULTS AND DISCUSSION 

Calmodulin induced a dose-dependent stimulation of PLA, 

activity reaching maximum stimulation at 1.0 x 10m6 M (Fig. 1.). 
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Fig. 1. Naja naja PLA, activity plotted as a function of CaM 

concentration. 
and 1.85 nmol [" 

PLA, was incubated with CaCl, (1 umole) 
Cl-arachidonylphosphatidylcholine and 

incubated for 10 minutes at 25°C in 100 mM Tris-HCl buffer, 
pH 8.9. 
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A: PLA, was incubated with CaCl, (1 pmole) and 1.85 nmol 
arachidonylphosphatidylcholine and incubated for 10 

minutes at 25’C in 100 mM Tris-HCl buffer, pH 8.0. PLAz 
activity is plotted as a function of PGEz ( A ) or PGFz 
( l ) in the presence of CaCl, or CaCl, and 1 ~JM CaM ( i ) 
and ( n ) respectively. The origin of the curves represents 
the baseline values oflenzymatic activity in the presence or 
absence of CaM, viz., 11.0 pmol of a.a./pgm/min in the 
absence of CaM and 17.0 pmol of a.a./pgm/min in the Presence 
of CaM; B 8 C: PLA? activity plotted as a function of CAMP 
z; ;,“f;P concentrations in the absence ( l ) or presence ( n ) 

The orlgln of the curves represents the baseline 
value8'of enzymatic activity in the presence or absence of 
Cab1 shown in Fig. 1. 

In the absence or presence of CaM, PGF,, stimulated PLA, in a 

dose-dependent manner achieving maximum activation of 63.6% and 

106% increases in enzymatic activity respectively (Fig. Za). 

Prostaglandin E, in the absence or presence of CaM induced 50% 

and 35% inhibitions of PLA, at 1 nM and 10 nM, respectively (Fig. 

2a). Thus PGFzu and PGE, had opposite effects on PLA, in the 

presence and absence of CaM. Cyclic-AMP and cGMP inhibited PLAz 

activity in the presence or absence of CaM (Figs. 2b and 2~). 

Upon DMS cross-linking in the presence of Ca’+, polypeptides of 

Fir 14K and 21K were observed (Fig. 3a). They constituted 77% and 

23% of the total protein, respectively. When DMS cross-linking 

was performed with Ca2+ in the presence of CAMP, cGMP or PGEz, 

the number of polypeptides remained essentially unchanged (data 

not shown). Cross-linking using DMS in the presence of PGF,, and 

Ca2+ showed new polypeptides with M,s 24K, 28K, 31K and 33K 

corresponding to polymers of PLA, (Figs. 3b). In the presence of 

PGFza and 1 mM EGTA, cross-linked polymers were not present (Fig. 

3b) indicating the Ca2+ dependence of PGF,,-induced polymeriza- 
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Fig. 3. SDS-PAGE S-15% gel analysis and Coomassie blue staining. 
A: polypeptide composition of PLAz with DMS cross-linker in 
the presence of Ca2+ (Lane l), 1 mbl EGTA (Lane Z), 1 mM Ca2+ 
and 7 ug CaM (Lane 3): or 1 mM EGTA and 7 ug CaM (Lane 4); 
B: polyeptide comgosltion of PLAp cross-linked with DMS in 
the presence of Ca + and 10 pg PGFP, (Lane 1) or 1 mM EGTA 
and 10 pg PGF2 (Lane 2). C: 
details of ban%s of gel B. 

Larger magnification showing 

tion. Prostaglandin E,, CAMP or cGMP did not alter the extent of 

PLA2 polymerization (data not shown). Upon DMS cross-linking in 

the presence of Ca2+ and CaM, additional cross-linked polypep- 

tides were observed (Fig. 3a). The 14K and 21K polypeptides 

corresponded to those observed with cross-linker and Ca2+ alone. 

The new PLA,-CaM complex appeared as a 30K polypeptide (Fig. 3a). 

The presence of CaM-CaM polymers was not suspected since CaM does 

not cross link with itself (17). 

Cross-linking of PLA, with DMS in the presence of PGF,o, 

PGE, , cAblP or cGMP in the presence of Ca'+ and CaM did not reveal 

any significant changes in the level of PLA,-CaM complex forma- 

tion (data not shown). The inhibitory effects of CAMP, cGMP and 

PGE, in the presence of Ca2' alone or Ca2* and CaM may be due to 

the direct interaction of these modulators with monomers or poly- 

mers of PLA2. The induced conformational changes may be such 

that substrate/enzyme interactions are impaired or, alternatively, 

these modulators may inhibit substrate binding to the enzyme and 

thereby inhibit substrate hydrolysis, 
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Classically, both CAMP and cGMP have been demonstrated to 

exert metabolic effects only via stimulation of protein kinases 

(18) ; in this communication, PLA, is the only other enzyme repor- 

ted to be directly controlled by CAMP and cGMP, Both CaM and 

CAMP, two key cellular regulators, may regulate PLA2. Calcium/ 

CaM activates this enzyme, whereas CAMP directly inhibits the 

enzyme in the presence of Ca*+ or Ca'*/CaM. Thus PLA, is a 

common focal point for both CaM and cyclic nucleotides having 

opposite effects. Prostaglandin E, and PGF,,, in addition to 

regulating adenylate and guanylate cyclases, respectively (ll), 

also may exert antagonistic effects by the inhibition and stimu- 

lation of a common enzyme, PLA,. 

Calcium has been hypothesized to activate PLA, by binding to 

the enzyme thus inducing conformational changes and by facilita- 

ting nucleophile deprotonation (19, 20). Membrane PLA, is stimu- 

lated by CaM and hormones (21, 22) and inhibited by anesthetics, 

antibiotics, and lipomodulin (19, 20, 23-25). Our findings, that 

PLA, can be directly regulated by the modulators herein described, 

imply that PLA? is an important enzyme with a finely regulated 

mechanism. 
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