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Abstract--Phospholipases A 2 (PLA2) are Ca2+-dependent enzymes that are inhibited by EDTA; this 
inhibition would be expected to be reversed by restoring the Ca 2÷ concentration. By examining the 
hydrolysis of synaptosomal phospholipids by PLA2 enzymes, Naja naja atra and Naja nigricollis, and by 
toxins with PLA2 activity,/3-bungarotoxin (fl-BuTX) and notexin, we demonstrated a novel inhibitory 
action of EDTA manifested in the presence of excess Ca z+. We postulate the formation of an 
EDTA. Ca 2÷ complex which inhibits PLA2 activity in a concentration-dependent manner. Synaptosomes 
in which phospholipids are hydrolyzed by PLA2 have membranal damage expressed by increased 
acetylcholine (ACh) release and decreased osmotic activity. Addition of EDTA.Ca 2÷, which inhibits 
phospholipid hydrolysis, also reversed the PLA2 effect on ACh release, but not its effect on osmotic 
activity. The inhibition of PLA2 was observed on membranal phospholipids as well as on an artificial 
substrate of phospholipid-Triton mixed micelles. Moreover, we found that another enzyme, lactate 
dehydrogenase, was also inhibited. Our results indicate a non-specific inhibition exerted on the enzyme 
rather than on the substrate. 

In the course of our studies on snake venom phos- 
pholipase A 2 (PLA2§) (EC 3.1.1.4) enzymes and 
neurotoxins with PLA2 activity, we investigated their 
phospholipid hydrolyzing ability on rat brain syn- 
aptosomes, which was found to be correlated with 
other effects such as changes in syanaptosomal integ- 
rity and eicosanoid synthesis [1, 2]. Synaptosomes 
prepared from homogenates in an EDTA-containing 
buffer were treated with the enzymes either in the 
same buffer supplemented with excess Ca 2÷ or in an 
EDTA-free buffer with the addition of Ca 2÷. To our 
surprise, the phospholipid hydrolysis was lower when 
EDTA was present during the incubation with PLA 2. 
This observation suggested a direct inhibitory effect 
of EDTA on phospholipid hydrolysis, an effect which 
was independent of its caa+-chelating ability since it 
was manifest in the presence of excess Ca 2÷. These 
detailed findings are reported in the present paper, 
and their implications are discussed. 

METHODS 

Ficoll (type 400-DL) and Triton X-100 were 
obtained from the Sigma Chemical Co. (St. Louis, 
MO). Lactate dehydrogenase (LDH; EC 1.1.1.27) 
from rabbit muscle was purchased from Boehringer 
Mannheim, and silica gel (Kieselgel 60 HR reinst) 

~: To whom correspondence should be addressed. 
§ Abbreviations: PLA2, phospholipase(s) A2; LDH, 

lactate dehydrogenase; /3-BuTX, fll-bungarotoxin; ACh, 
acetylcholine; PC, phosphatidylcholine; PE, phospha- 
tidylethanolamine; PS, phosphatidylserine; PI, phospha- 
tidylinositol; and SDS-PAGE, sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis. 

was purchased from Merck Darmstadt. Lyophilized 
Naja nigrocollis, Bungarus multicinctus , and 
Notechis scutatus scutatus snake venoms were pur- 
chased from the Miami Serpentarium Laboratories 
(Salt Lake City, UT). Naja naja atra snake venom 
was collected and lyophilized in Hsinchu, Taiwan, 
by Dr. C-C. Yang, who also prepared the purified 
toxins and enzymes. The most basic (pI 10.6) PLA2 
(CMS-9) from N. nigricollis snake venom and the 
major acidic (pl 5.2) PLA 2 from N. n. atra snake 
venom were purified to homogeneity as previously 
described, fll-Bungarotoxin (fl-BuTX) was isolated 
from B. multicinctus snake venom, and notexin was 
isolated from the N. s. scutatus snake venom. Purities 
of the toxins and enzymes were confirmed by amino 
acid analysis and sodium dodecyl sulfate-poly- 
acrylamide gel electrophoresis (SDS-PAGE) [3--6]. 
All other reagents were of analytical grade. 

Preparation o f  synaptosomes 

Cerebral cortex was dissected from the brains of 
decapitated male Sprague-Dawley rats (150-200 g) 
and homogenized in a 0.32 M sucrose solution con- 
taining 10 mM EDTA, pH 7.4, by means of a Ten 
Broek tissue grinder. Synaptosomes were isolated 
from the homogenate by differential and dis- 
continuous sucrose-ficoll gradient centrifugations 
[7]. 

Incubation with enzymes and toxins 

Following isolation, the synaptosomes were resus- 
pended in 0.32 M sucrose buffered with 10 mM Tris- 
HC1 at pH 7.4 (Tris-sucrose) at a concentration of 
2.5 mg protein/mL. This concentration was adjusted 
by reading the optical density of the suspension at 
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450 nm in a Beckman spectrophotometer.  The pro- 
tein concentration was calculated from a standard 
curve of absorbance versus milligrams of syn- 
aptosomal protein. For constructing the standard 
curve, serial dilutions of a synaptosomal suspension 
were assayed for protein [8], and their optical density 
was read in a Beckman spectrophotometer at 
450 nm. Incubations with PLA2 enzymes and toxins 
were performed in Tris-sucrose buffer supplemented 
with either Ca 2+ and/or  EDTA as described in the 
legends to the figures. Following a 10-min incubation 
at 37 ° , the reactions were terminated by rapid lipid 
extraction. 

Determination of phospholipid hydrolysis 
For the determination of tissue phospholipid 

hydrolysis, lipids were extracted from brain syn- 
aptosomes with chloroform:methanol mixtures [9] 
and washed [10], and phospholipids were separated 
by two-dimensional TLC [11]. The individual 
phospholipids, phosphatidylcholine (PC), phosphat- 
idylethanolamine (PE), phosphatidylserine (PS), 
phosphatidylinositol (PI) and sphingomyelin, were 
detected with iodine vapor and ninhydrin spray, and 
the phosphorus content of each spot was measured 
[12]. The percent phospholipid hydrolysis was cal- 
culated by using the following methods: (1) dividing 
the phosphorus content of the lysophospholipid spot 
by the total phosphorus content of the lyso plus the 
parent phospholipid and multiplying by 100; or (2) 
determining the expected amounts of each phospho- 
lipid in the experimental plates using sphingomyelin 
(not hydrolyzed by PLA2) as an internal standard as 
follows: from the phospholipid values in untreated 
control synaptosomes the ratio of each individual 
phospholipid to sphingomyelin is calculated. From 
this ratio, and the values of sphingomyelin in PLA 2- 
treated synaptosomes, it is possible to calculate the 
amount of each phospholipid expected if there were 
no hydrolysis. By relating the actual amount on the 
plate to the expected amount, percent hydrolysis can 
be calculated. 

Preparation of synaptosomal lipid mixed micelles 
Lipids were extracted from synaptosomes with 

chloroform:methanol mixtures and washed as 
described above; the extract was evaporated to dry- 
ness under N 2. The lipids were suspended in Tris-  
sucrose buffer in the presence of Triton X-100 at a 
molar ratio of Triton:phospholipid 2:1. Mixed 
micelles were dispersed by a brief sonication and 
supplemented with Ca 2+ and EDTA as described in 
the legend to Table 7. They were then used on the 
same day as substrates for PLA2 enzymes. 

Determinations of synaptosomal plasma membrane 
integrity 

Osmotic activity. Synaptosomes (0.5 mg protein/  
mL) were suspended in physiological buffer of the 
following millimolar concentrations: 119.7 NaCI, 
23.4 NaHCO3, 0.36 MgSO4, 3.15 KCI, 0.45 
NaHzPO4, 2.97 urea and 25 CaCI2 (pH 7.4) with or 
without EDTA and incubated with PLA2 toxins and 
enzymes at 37 °. Following treatment,  the syn- 
aptosomal suspension was adjusted to 0.25rag 
protein/mL (O.D.450 = 1) and 67/~L of saturated 

NaCI solution was added to 0.5 mL of synaptosomal 
suspensions resulting in a 5-fold increase in osmo- 
larity (from 300 mOsM to 1500 mOsM) and in a 
shrinkage of the synaptosomes. Osmotic behavior of 
the synaptosomes was then monitored using a light- 
scattering technique where an increase in absorbance 
at 450 nm is correlated with shrinkage of the syn- 
aptosomes. Osmotic activity was determined within 
1.5 min following incubation. The percent increase 
in absorbance was calculated using the formula: 
(A15 - A0) x 100, where A0 = the initial absorbance 
of the synaptosomal suspension prior to NaC1 
addition and A15 = the absorbance recorded 15 sec 
after NaCI addition (when maximum shrinkage of 
synaptosomes was observed). 

Leakage of LDH. Samples were removed from 
the incubation mixtures of synaptosomal suspensions 
with PLA2 enzymes and toxins. LDH activity was 
assayed before centrifugation and in the supernatant 
following sedimentation of synaptosomes at 15,000 g 
for 15rain. LDH activity was assayed spectro- 
photometrically using pyruvate as substrate [13] in a 
UVIKON 860 spectrophotometer. 

Acetylcholine (ACh) release. Synaptosomal sus- 
pensions (1 mg protein/mL) were preloaded with 
[3H]choline (0.5/~M final concentration, 80Ci/  
mmol) for 20 min at 37 °. 

After centrifugation and washing with Krebs-Tris 
buffer containing physostigmine but no choline, syn- 
aptosomes were incubated with 5 nM PLA2 toxins 
or N. nigricollis PLA2 for 15 or 30 min at 37 ° in the 
presence of (A) 2.5 mM Ca 2+ (normal incubation 
conditions), (B) 10 mM EDTA or (3) 10 mM EDTA 
+ 50raM Ca 2+. At the end of incubation, syn- 
aptosomal suspensions were put on ice and centri- 
fuged. The pellets were discarded and supernatants 
were extracted to measure [3H]ACh [14, 15]. The 
assay is based on phosphorylation of [3H]choline by 
choline kinase in the presence of ATP and separation 
of the resulting [3H]phosphorylcholine from 
[3H]ACh by liquid cation exchange with 2% tetra- 
phenylboron in butyronitrile. 

RESULTS 

The extent of hydrolysis of individual phospho- 
lipids in synaptosomes treated with PEA 2 enzymes 
and toxins either in the presence of EDTA and 
excess Ca 2+, or in the presence of Ca 2+ only, is 
shown in Table 1. In the presence of EDTA plus 
excess Ca 2+, hydrolysis by N. n. atra PLA2 of all 
synaptosomal phospholipids but especially of PC was 
decreased appreciably compared with the level of 
hydrolysis in the absence of EDTA.  Similarly, the 
presence of EDTA plus Ca 2+ also antagonized the 
enzymatic activity of N. nigricollis PLA2, resulting 
in a decreased hydrolysis of PC and no hydrolysis of 
PI. 

The neurotoxins with PLA 2 activity (fl-BuTx and 
notexin) caused hardly any hydrolysis when incu- 
bated with synaptosomes in the presence of 
E D T A .  Ca 2÷ although they were active in the pres- 
ence of Ca 2+ only (Table 1). We therefore chose one 
of the neurotoxins,/3-BuTX, to examine further the 
inhibition of phospholipid hydrolysis by 
E D T A . C a  2+. The data in Table 2 show that, in 
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Table 1. Inhibition of phospholipid hydrolysis in synaptosomes by EDTA. Ca 2÷ 
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Hydrolysis (%) 
PLA2 

(50 nM) EDTA PC PE PS PI 

N .  n. atra - 40 ± 1.5 (3) 45.7 ± 1.6 (3) 35 +- 5.1 (3) 34.7 ± 2.5 (3) 
+ 6.2 --- 0.3 (8) 26 --- 3.0 (8) 13 ±- 2.3 (8) 0 (8) 

N .  nigricol l is  - 26 ± 1.2 (3) 24.3 ±- 1:6 (3) 17 --- 2.5 (3) 10.3 ± 6.8 (3) 
+ 8.4 -+ 0.5 (8) 25.5 --- 4.4 (6) 26.4 -+ 3.6 (8) 0 (8) 

fl-BuTx - 24.6 ± 0.6 (3) 14.3 ± 3.5 (3) 17 +- 0.6 (3) 0 (3) 
+ 1.3 ± 0.9 (6) 0.3 ± 0.3 (6) 0 (6) 0 (6) 

Notexin - 14.3 +- 0.3 (3) 20 +- 2.0 (3) 21.7 ± 3.4 (3) 4.7 ± 4.7 (3) 
+ 1.1 +- 0.9 (9) 1.9 ± 0.9 (9) 0.9 ± 0.9 (8) 0 (8) 

Rat brain synaptosomes were suspended at 2.5 mg protein/mL in Tris-sucrose buffer containing 
either 5 mM Ca 2÷ ( E D T A - )  or 25 mM Ca 2÷ plus 10 mM EDTA (EDTA+).  Incubation with enzymes 
and toxins was at 37 ° for 10 min. Control synaptosomes contained, per 100 ~g phospholipid, 5.7/~g 
sphingomyelin, 40.2 gg PC, 3.6/~g PI, 12.6/~g PS and 37.8/~g PE. Results are means ± SD for N 
indicated in parentheses. 

Table 2. Ca 2÷ requirement for synaptosomal phospholipid 
hydrolysis by fl-BuTX 

Table 3. Inhibition of fl-BuTX-induced phospholipid 
hydrolysis in syiiaptosomes by EDTA. Ca 2÷ at various Ca 2+ 

concentrations 
Hydrolysis (%) 

Ca 2÷ Hydrolysis (%) 
(raM) PC PE PS PI Ca 2÷ 

(mM) PC PE PS PI 
None 24, 22 15, 18 12, 13 0, 0 

5 44,49 23,23 11,21 0,0 
10 43,46 23,25 20,16 20,0 
15 41,45 17,20 16,14 11,0 
20 34 18 15 0 
25 27,34 26,22 15,17 10,0 

Synaptosomes suspended in Tris-sucrose buffer and sup- 
plemented with the indicated amounts of Ca 2÷ were incu- 
bated with 500 nM fi-BuTX for 10 min at 37 °. Phospholipid 
distribution in control synaptosomes is given in the legend 
of Table 1. Results are individual experiments. 

the  absence  of E D T A ,  hydrolysis  of synaptosomal  
phosphol ip ids  by f l -BuTX was opt imal  with  Ca 2÷ 
concen t ra t ions  ranging  f rom 5 to 15 m M;  it decl ined 
slightly at h igher  concen t ra t ions .  It  also appears  tha t  
in the  synap tosomal  p repa ra t i on  the re  was sufficient 
endogenous  Ca 2÷ to suppor t  a l imited phosphol ip id  
hydrolysis when  Ca 2÷ was not  added  (Table  2). In 
the  p resence  of E D T A ,  however ,  the re  was an inhi- 
b i t ion  of hydrolysis  which was not  re l ieved even  
by a large excess of Ca  2÷. Table  3 shows tha t  the  
inhibi t ion of hydrolysis  induced  by 10 m M  E D T A  
was essential ly m a i n t a i n e d  in the  presence  of increas- 
ing Ca 2÷ concen t ra t ions ,  up  to 1 0 0 m M .  Some 
hydrolysis of PS and  PI appea red  at a very high Ca 2÷ 
concen t ra t ion ,  a l though  the  values were incon- 
sistent.  

The  ques t ion  was asked w he t he r  the  effect of 
E D T A . C a  2÷ on  phosphol ip id  hydrolysis in syn- 
ap tosomes  d e p e n d e d  on  the  order  of addi t ion of 
E D T A ,  Ca z+ and  enzyme.  This  possibility was 
checked  by p re incuba t ing  synap tosomes  with E D T A  
for var ious t ime intervals  be fore  the  addi t ion  of Ca 2+ 
and  enzyme.  It was found  (Table  4) tha t  pre- 
incuba t ion  with E D T A  was not  r equ i red ;  wheneve r  
E D T A  was p resen t  dur ing  incuba t ion ,  the  hydrolysis 
by N .  n .  a t r a  PLA2 of mos t  phosphol ip ids ,  mainly  of 

0 0 0 0 0 
25 0 ,1 ,0  0,3,11 0 ,0 ,0  0 ,0 ,0  
30 0 0 0 0 
35 0 7 0 0 
40 0 ,0 ,0  20,2, 10 0 ,0 ,0  0 ,0 ,0  
45 0 17 0 0 
55 0, 0 9, 6 5, 3 13, 26 
70 0, 0 8, 14 23, 29 14, 0 
85 0, 0 3, 3 34, 50 40, 26 

100 0,0 3,2 70,34 0 ,0  

Synaptosomes suspended in Tris-sucrose-10 mM EDTA 
were supplemented with the indicated amounts of Ca 2÷ 
and incubated with 500 nM fl-BuTX for 10 min at 37 °. 
Phospholipid distribution in control synaptosomes is given 
in the legend of Table 1. Results are individual experi- 
ments. 

PC, was decreased  and  hydrolysis by ~ B u T X  was 
abolished.  This  was regardless  of whe the r  E D T A  
was added  before  incuba t ion  with P L A  2 and  Ca 2÷, 
added  toge ther  with Ca 2÷, or af ter  p re incuba t ion  
with Ca 2÷ ( lat ter  no t  shown).  

Synaptosomes  incuba ted  in the p resence  of 
E D T A . C a  2÷ appear  to be  more  res is tant  to PLA2. 
The  possibility tha t  E D T A . C a  2÷ funct ions  as an 
inhibi tor  of proteolysis ,  thus  stabil izing the  syn- 
ap tosomes  dur ing the  incubat ion ,  was checked  
fur ther .  This,  however ,  was ruled out  since the  pro- 
te in  pa t te rns  ob ta ined  on  S D S - P A G E  f rom syn- 
ap tosomes  incuba ted  in 10 m M  Ca 2÷ or  in 25 m M  
C a 2 + +  1 0 m M  E D T A  were  identical  (da ta  no t  
shown). 

The  inhibi tory  effect of E D T A . C a  2+ on  syn- 
ap tosomal  phosphol ip id  hydrolysis  by 500 n M  fl- 
B u T X  was d e p e n d e n t  on  the  E D T A  concen t ra t ion .  
A t  a cons tan t  Ca 2÷ concen t r a t ion  of 25 raM, the  

6,° 40:10-D 
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Table 4. Effect of time of preincubation with EDTA on inhibition of phospholipid hydrolysis 

Hydrolysis (%) 

Preincubation Incubation PC PE PS PI 

Ca -~* , 5 min N . n .  atra 42 49 33 0 
/~-BuTX 32 23 18 0 

EDTA, 0 min Ca 2+ + N. n. atra 8 30 12 22 
Ca ~ + fl-BuTX 0 0 0 0 

EDTA, 5 min Ca 2. + N. n. atra 9 32 17 0 
Ca 2. + fl-BuTX 0 0 0 0 

EDTA 10 min Ca z+ + N. n. atra 9 47 10 0 
Ca 2~ + fl-BuTX 0 0 0 0 

EDTA + Ca 2+, 5 min N . n .  atra 11 35 35 0 
/3-BuTX 0 0 0 0 

Synaptosomes suspended in Tris-sucrose were supplemented, as indicated, with 10 mM 
EDTA and 25 mM Ca 2~. N. n. atra P L A 2  was 50 nM and fl-BuTx was 500 nM. Preincubation 
was at 37 ° for the times indicated, and incubation was for 10min at 37 °. Phospholipid 
distribution in control synaptosomes is given in the legend of Table 1. 

Table 5. Inhibition of/~-BuTX-induced hydrolysis in syn- 
aptosomes by EDTA.Ca 2+ at various EDTA concen- 

trations 

Hydrolysis (%) 
EDTA 
(raM) PC PE PS PI 

0 23, 26 32, 32 27, 20 21, 13 
1 24, 24 2 1 , 3 0  25 9, 23 
2 17, 17 33, 25 26, 28 25, 21 
3 4, 4 12, 20 29 44, 33 
4 2,3 3,11 9,12 23,34 
6 2, 2 5, 16 35, 10 23, 26 
8 0, 0 7, 10 22, 25 0, 0 

10 0,3 2,6 7,7 0,0 

Synaptosomes suspended in Tris-sucrose-25 mM Ca 2+ 

were supplemented with EDTA in the amounts indicated 
and incubated with 500 nM fl-BuTX for 10 min at 37 °. 
Phospholipid distribution in control synaptosomes is given 
in the legend of Table 1. Results are individual experi- 
ments. 

inhibition by E D T A  increased from 3 to 10mM.  
Interestingly, the hydrolysis of  individual phospho- 
lipids was inhibited at different E D T A  concen- 
trations, i.e. PC and PE at lower E D T A  
concentrat ions than PS and PI (Table 5). Maximal 
inhibition of hydrolysis for all phospholipid species 
was reached at 10 m M  E D T A  (Table 5). Essentially 
similar effects were obta ined upon replacing E D T A  
with e thyleneglycolbis(aminoethylether) te t ra-  
acetate ( E G T A )  (data not  shown). 

The demonst ra t ion  of  an inhibitory action of  
E D T A .  Ca 2÷ on synaptosomal phospholipid 
hydrolysis p rompted  the quest ion of whether  other  
effects of PLA2 such as effects on synaptosomal 
osmotic activity, on L D H  leakage or on A C h  release 
would also be al tered by the presence of 
E D T A - C a  2+. The  synaptosomal  osmotic activity 
reflected their  intactness as measured  by shrinkage 

upon addition of hypertonic NaCI solution to the 
medium [16]. PLA2 enzymes and neurotoxins 
decrease or abolish this osmotic behavior ,  i.e. render  
the synaptosomes permeable  to NaCI. We found that 
the decreases in osmotic activity induced by ei ther 
50raM N .  n.  a tra  PEA2 or 5 0 m M  fl-BuTX were 
similar whether  tested in the presence of 25 mM 
Ca 2+ alone or 25 mM Ca 2+ + 10 mM E D T A  (Fig. 1). 
E D T A  alone blocks the effect of the PLA2 toxins 
and enzymes [1]. 

Trea tment  of synaptosomes with PLA2 enzymes 
and neurotoxins promotes  the release of A C h  
[17, 18] as well as leakage of L D H  [1]. The increase in 
ACh  release induced by 5 nM fl-BuTx, 5 nM notexin 
and 5 nM N.  n igr i co l l i s  PEA2 in a Ca2+-containing 
medium,  was decreased markedly or abolished in 
the presence of 10 mM E D T A - 5 0  mM Ca 2+ (Table 
6). Exper iments  concerned with the leakage of  L D H  
from synaptosomes, induced by PLA2 enzymes in the 
presence of E D T A .  Ca 2+, were difficult to interpret.  
While synaptosomes incubated at 37 ° in Tris-sucrose 
and 5 mM Ca 2+ had stable L D H  values, in the pres- 
ence of 10 mM E D T A  + 25 mM Ca 2+ the total L D H  
activity in synaptosomes was reduced drastically dur- 
ing incubation. This unexpected result suggested that 
E D T A .  Ca 2+ may directly inhibit the L D H  activity. 
We confirmed this possibility by incubating com- 
mercial L D H  in medium supplemented with 10 m M  
E D T A  + 25 mM Ca 2+ or with ei ther 10 mM E D T A  
or 5 mM Ca 2+ separately. Indeed,  while the com- 
mercial enzyme was quite stable in the medium con- 
taining either Ca 2+ or  E D T A ,  full activity being 
retained after 50 min at 37 °, the samples incubated in 
E D T A .  Ca 2+ retained only 6% activity. Full details 
concerning the inhibition of L D H  from commercial  
sources and from red cell lysates by E D T A . C a  2+ 
are the object  of a separate paper  [19]. 

The inhibition of phospholipid hydrolysis first 
observed with synaptosomes as substrate occurred 
also in the absence of a biological membrane .  This 
was shown by preparing a synaptosomal total lipid 
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Fig. 1. Osmotic activity of synaptosomes in the presence of phospholipases and EDTA.Ca 2+. Syn- 
aptosomes were incubated with N. n. atra or fl-BuTx (50 nM) for 40 min at 37 °, in the presence of either 
25 mM Ca 2÷ or 10 mM EDTA plus 25 mM Ca 2÷ . Aliquots of synaptosomal suspensions (0.25 mg protein/ 
mL, O.D.450 = 1.0) were used for osmotic activity determinations. Osmotic activity is expressed as 
percent increase in absorbance (shrinkage) in response to a hyperosmotic environment. Data are 
presented as means _+ SE, N = 4. Means with the same letter are not significantly different (P > 0.05). 
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Table 6. Inhibition by EDTA-Ca 2÷ of phospholipase-induced ACh release 

Acetylcholine release (%) 

A B C 
5 nM 2.5 mM Ca 2÷ 10 mM EDTA 10 mM EDTA + 50 mM Ca 2÷ 

/3-BuTX 212 - 11 85 -+ 5 111 -+ 14 
Notexin 259 ± 16 98 _+ 16 124 _+ 7 
N. nigricollis PLA2 185 _+ 6 113 _+ 7 90 ± 3 

N = 7-10 N = 6-10 N = 3-4 

Results are ACh release expressed as a percentage of the release from untreated control 
synaptosomes in conditions A, B, and C. The actual values for ACh released from controls were 
.(for a 30-min incubation): A, 120,000 -+ 6,000; B, 135,000 -+ 31,000; and C, 126,000 -+ 12,000 
cpm/mg protein. Results are means +- SD for the indicated ranges of N. 

extract which,  d ispersed with Tri ton X-100, was used 
as a substrate  for N .  nigr icol l i s  and N.  n. atra PLA2. 
The activity of bo th  phosphol ipases  was inhibited in 
the presence  of  E D T A - C a  2÷ (Table 7). 

DISCUSSION 

E D T A  is a ubiqui tous addit ion during the prep- 
aration of subcellular particles,  its "stabilizing" effect 
being due to inhibit ion of proteolyt ic  and lipolytic 
enzymes by chelat ion of  Ca 2+ and o ther  bivalent 
metals. In addit ion,  its Ca2÷-chelating proper ty  
makes it a widely used inhibi tor  of PLA2 activity 
which is Ca 2÷ dependen t .  It is quite common  to 
reverse this inhibi t ion by an excess of Ca 2÷. 

Our data show, for the first t ime,  that  E D T A  can 
be a PLA2 inhibi tor ,  even in the presence of excess 

Table 7. Inhibition of phospholipase-induced hydrolysis by 
EDTA. Ca 2÷ in synaptosomal lipid extracts 

Hydrolysis (%) 
PLA z 

(50 nM) EDTA PC PE PS PI 

N . n .  atra - 33+1  80_+1 89---4 44---10 
+ 4_+0.3 19---3 2 2 ± 4  2 4 ± 4  

N. nigricollis - 39 _+ 1 90 _+ 2 94 _+ 1 48 -+ 10 
+ 6---0.5 29-+3 47-+5 20-+13 

A synaptosomal total lipid extract containing 30/~mol 
phospholipid was dispersed in 20 mL of Tris-sucrose buffer 
containing 60/~mol of Triton X-100. For incubation with 
enzymes the dispersion was supplemented with either 5 mM 
Ca 2÷ or with 25 mM Ca 2÷ plus 10 mM EDTA (EDTA+). 
Incubations were at 37 ° for 10 min. Phospholipid dis- 
tribution in control synaptosomal lipid extracts is given in 
the legend of Table 1. Results are means -+ SD for N = 4. 
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Ca 2+, provided that E D T A  is at a sufficiently high 
concentration. In our system the inhibition induced 
by 10 mM E D T A  could not be reversed even when 
the Ca 2+ concentration was increased to 10-fold that 
of EDTA.  

We observed the Ca2+-irreversible effect of E D T A  
on the hydrolysis of synaptosomal phospholipids by 
two snake venom PLA2 enzymes (N. n. atra and 
N. nigricollis) and by two neurotoxins with PLA2 
activity (notexin and/3-BuTx). An inhibitory effect 
of E D T A  that could not be reversed by Ca 2+ has 
been described by Zucker and Grant [20] and by 
Zucker et al. [21] and Pidard et al. [22]. In their 
experiments, E D T A  inhibited platelet aggregation 
following a short incubation at 37 °, and subsequent 
addition of Ca 2÷ failed to restore this property. The 
irreversible loss of platelet aggregability was attri- 
buted to an effect of E D T A  on two surface gly- 
coproteins which, in Ca2+-deprived platelets, diffuse 
too far apart in the membrane to be able to recom- 
bine when Ca 2+ is restored [21]. The inhibitory effect 
of E D T A . C a  2+ observed by us bears no similarity 
to the effect on platelet aggregation. First, the inhi- 
bition of PLA2 was not dependent on the order in 
which E D T A  and Ca 2+ were added and, second, the 
effect was not membranal, inhibition of the PLA2 
occurring also with dispersed phospholipid-Triton 
micelles as substrate. 

Inhibitors of PLA2 may exert their effects either 
by inducing a change in the conformation of the 
substrate or by acting directly on the enzyme. As 
mentioned above, E D T A . C a  2+ inhibited PLA2 
hydrolysis of phospholipids in synaptosomes as well 
as in mixed micelles of synaptosomal phospholipids 
with Triton X-100. This suggests an inhibition which 
is independent of the state of organization of the 
substrate. Furthermore, the observation that a dif- 
ferent enzyme (LDH) acting on soluble substrate 
was also inhibited in the presence of E D T A . C a  2+ 
supports the assumption that inhibition was exerted 
on the enzyme and not on the substrate. 

The experiments with LDH allowed us to dem- 
onstrate that the inhibitor is a complex of 
E D T A . C a  2+ and not E D T A  alone. Obviously, this 
could not be demonstrated directly in experiments 
with PLA 2 which is a Ca2+-dependent enzyme and, 
therefore, all tests were performed in conditions of 
excess Ca 2+. Based on our data, we postulate that 
E D T A  has a dual inhibitory activity on PLA 2. The 
first, occurring at relatively low E D T A  concen- 
trations, which in our experimental conditions is 
under 3 mM, is the well-known inhibition due to 
Ca 2+ depletion and is reversed by Ca 2+. The other, 
that has not been described so far, is the inhibition by 
the E D T A . C a  2- complex formed at higher E D T A  
concentration and which is not relieved by excess 
Ca 2+. We interpret the difference between the 
reversible inhibition at low E D T A  concentration and 
the irreversible one at high E D T A  concentration 
(Table 5) as deriving from the respective amounts of 
E D T A . C a  2+ inhibitor formed. Thus, in our exper- 
imental conditions, the amount of complex formed 
at 1raM E D T A . 2 5  mM Ca 2+ was not inhibitory, 
whereas the amount formed at 10 mM 
EDTA.25  mM Ca 2+ gave full inhibition. 

E D T A  and other chelators have been reported to 

induce conformational changes in metallo-proteins. 
Thus, binding of E D T A  or of an E D T A -  Ca 2÷ com- 
plex to fl-lactalbumin induces a shift from A to N 
conformer [23]. Moreover, E D T A  has been shown 
to bring about slow irreversible spectral changes in 
oxidized cytochrome c even in the presence of excess 
Ca 2+ [24]. A similar conformational change may 
be the source of the PLA2 and LDH inactivation 
reported by us. Although, based on the LDH inhi- 
bition, we favor the hypothesis that the inhibitor is 
an E D T A . C a  2+ complex [19], a direct effect of 
E D T A  per  se on the enzyme conformation cannot 
be excluded. To elucidate this point, experiments in 
which spectral responses of PLA2 to EDTA,  Ca 2+ 
and E D T A . C a  2+ have been undertaken. 

Inhibitory concentrations of E D T A .  Ca 2+ may be 
reached in routine experimental conditions and may 
have important consequences when PLA 2 are used to 
investigate membrane structure and function. Thus, 
synaptosomes treated with PLA2 in inhibitory con- 
ditions appear to have a decreased phospholipid 
availability and they also release less acetylcholine. 
Of the functions we tested, only the synaptosomal 
osmotic activity was not affected by the E D T A .  Ca 2+ 
inhibitor. Since the osmotic activity is a very sensitive 
test of permeability to small solutes, it seems that the 
damage done by phospholipid hydrolysis, although 
decreased by enzyme inhibition, is still sufficient to 
affect the passage of salt. Obviously, the inactivation 
of LDH, a common indicator of cellular integrity, 
by E D T A . C a  2+ may also lead to erroneous con- 
clusions. 

The mechanism of enzyme inhibition by an 
E D T A . C a  2+ complex is not yet known. The fact 
that both PLA 2 and LDH were inhibited points to a 
non-specific mode of action. Work on the LDH 
inhibition by E D T A - C a  2+ is in progress. 
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