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Summary .  The  hydro ly t i c  ac t ion  o f  the bee v e n o m  
phospho l i pa se  A2 on p h o s p h a t i d y l c h o l i n e  b i layers  is 
s tudied  under  a var ie ty  o f  cond i t ions  tha t  i n t roduce  
a l t e ra t ions  in the  packing ,  such as  those  induced  by  
sonicat ion,  gel to  l iquid  crys ta l l ine  phase  t rans i t ion ,  
and  osmot ic  shock.  Two phases  o f  hydro lys i s  cou ld  
be reso lved  under  a wide range  o f  exper imen ta l  condi -  
t ions.  W i t h  the  va r ious  fo rms  o f  the  b i layers  one 
observes  only  a pa r t i a l  hydro lys i s  o f  the  to ta l  avai l -  
ab le  subs t ra te  dur ing  the first phase.  However ,  the  
f rac t ion  o f  the  subs t ra te  hyd ro lyzed  in the first  phase  
changes  wi th  the  fo rm of  the  avai lab le  subst ra te ,  wi th  
the a m o u n t  o f  the  enzyme added ,  wi th  the t empera -  
ture, wi th  the  phase  t r ans i t ion  charac ter i s t ics  o f  the 
subst ra te ,  and  by the son ica t ion  o f  the  substrate .  The  
second phase  o f  hydro lys i s  is genera l ly  obse rved  when  
a cer ta in  concen t r a t i on  o f  the  p roduc t s  has  been 
p r o d u c e d  dur ing  the first  phase  o f  hydrolys is .  These  
obse rva t ions  are  in te rp re ted  to suggest  t ha t  the bee 
venom p h o s p h o l i p a s e  A2 preferen t ia l ly  ca ta lyzes  hy-  
dro lys is  o f  the  subs t ra te  ava i lab le  at  o r  near  the de- 
fects in the  o rgan i za t i on  o f  the  subs t ra te  in the  bi- 
layers.  

Introduction 

The  ac t ion  o f  p h o s p h o l i p a s e  A2 (bee venom)  on phos-  
pho l ip id  b i layers  is fac i l i ta ted  several  h u n d r e d f o l d  by  
a var ie ty  o f  addi t ives  [3, 12, 13]. W e  have shown 
[13] tha t  the  ac t iva t ing  effect o f  a lkano l s  is re la ted  
to the  free space i n t roduced  by  a lkano l s  in the  bi-  
layers.  This  impl ies  tha t  the  ac t ion  o f  phospho l ipa se s  
on the p h o s p h o l i p i d  b i layer  in the  absence  o f  an  addi -  
tive m a y  be re la ted  to the free space presen t  in such 
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bi layers .  In  this communica t i on ,  we present  observa-  
t ions  tha t  demons t r a t e  tha t  the  ac t ion  o f  bee v e n o m  
phospho l i pa se  A2 on  phospha t i dy l cho l ine  b i layers  is 
fac i l i ta ted  under  cond i t ions  tha t  i n t roduce  defect  
s t ructures ,  and  therefore  the free space,  in the  bi- 
layers.  

Materials and Methods 

Most of the methods and materials have been described previously 
[3, 12, 13]. L-c~-dipalmitoylphosphatidylcholine was purchased from 
Calbiochem, and it was judged to be better than 99% pure by 
thin-layer chromatography and by differential scanning calorimetry 
of multilamellar vesicles formed from this lipid. 

Liposomes were prepared as described earlier [3, 12]. These 
preparations are "annealed" by incubating the phospholipid dis- 
persions 10~ above their phase transition temperature for 
30M5 min. All the liposome preparations normally used are an- 
nealed in this fashion. However, if the liposomes are prepared 
well below (15 ~ their phase transition temperature, the bilayers 
contain structural defects [41 as if the bilayer in such liposomes 
has not been annealed. The "unannealed" lipsomes were prepared 
by dispersing of fihn of L-c~-DPPC by vigorous shaking on a vortex 
mixer. Occasionally, the dispersions were subjected to sonication 
for 5 sec in a bath-type sonifier. The phospholipid dispersion thus 
obtained have the appearance of a gel. The temprature of these 
unannealed liposomes (multilamellar vesicles) through the prepara- 
tive procedure and storage was maintained at 10-20 ~ 

The progress of the hydrolytic reaction catalyzed by bee venom 
phospholipase A2 was monitored by an automatic titration of the 
released fatty acid with 1 mM 2-amino-2-methyl-l,3-propanediol 
by pH-stat titrator (Radiometer model TTT-60 equipped with 
ABU-13 with 250 gl burette, PHM-62, TTA-60). All the experi- 
ments were done in 5 ml reaction mixture under a stream of nitrogen 
saturated with water at the temperature of the reaction. With this 
set up we could routinely measure the rate of hydrolysis greater 
than 1 nmol/min with an accuracy of + 1 nmol/min [see reference 
12 for details]. The response time of the instrument to the externally 
added myristic acid was less than 5 sec under all the conditions 
tested. The reaction progress curves described in this paper were 
determined at about 10-fold higher enzyme concentration com- 
pared to that used in the preceding paper [13]. Under these condi- 
tions it was necessary to wash the enzyme absorbed on the elec- 
trodes with saturated KC1 solution between the successive runs. 
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Fig. 1. The reaction progress curves for the 
hydrolysis of egg phosphatidylcholine 
(500 gN) in 5 ml of 6 mN caC12 at 37 ~ pH 
7.4. Bottom: The reaction was initiated by 
0.25 U enzyme. Two successive aliquots of 
0.25 U enzyme were added after the 
reaction ceased. A second phase of 
hydrolysis is observed when the hydrolysis 
due to the addition of the third aliquot is 
completed. The procedure outlined by the 
dotted lines was used to determine the 
latency for and the products formed up to 
the second phase of hydrolysis. Top : The 
reaction was initiated by 0.5 U enzyme and 
a second aliquot (500 gN total) of the 
substrate was added when the reaction in 
the first phase ceased. (Such a proton 
release is not observed when the same 
amount of the substrate or the enzyme 
alone is added to the mixture.) 

R e s u l t s  

The rate of hydrolysis of phosphatidylcholine bilayers 
was monitored continuously by titration of the released 
fatty acids without any additive or a bilayer modifying 
agent. Under these conditions, the kinetics of hydro- 
lysis is complex. A typical reaction progress curve 
obtained following the addition of phospholipase to 
500 gM egg phosphatidylcholine as unilamellar vesi- 
cles is shown in Fig. 1. It exhibits several interesting 
features. The burst in hydrolysis of the egg phos- 
phatidylcholine unilamellar vesicles is considerably 
slowed down when less than 7% of the total available 
substrate in unilamellar vesicles is hydrolyzed. The 
reaction reaches a slow steady-state rate in about 
5-7 min. The total number of protons (100 nmol) re- 
leased before the hydrolysis reaches a slow steady- 
state level is more than 1000-fold higher than the 
total number of the enzyme molecules (< 20 pmol) 
present in the reaction mixture. Such comparisons 
rule out the possibility that the observed proton re- 
lease is due to a substrate induced deprotonation of 
the enzyme, or an enzyme induced deprotonation of 
the substrate in the bilayer. Similarly, the proton re- 
lease is not observed when only the substrate or the 
enzyme is added to the mixture. Identical reaction 
progress curves were obtained whether the reaction 
is initiated by the substrate or the enzyme. However, 
for most of the experiments the reaction was initiated 
by the addition of the enzyme to the substrate prein- 
cubated at pH 7.4. These observations demonstrate 
that the initial phase of the proton release is not 
due to an imbalance of pH between the salt solution 

and the components added afterwards to the reaction 
mixture to initiate the reaction. This is also consistent 
with the observation that the addition of a second 
aliquot of the substrate or the enzyme induces further 
hydrolysis, the rate and magnitude of which are differ- 
ent. As shown in Fig. 1, the extent of hydrolysis by 
the second aliquot of the enzyme is smaller than that 
for the first aliquot, and the extent of hydrolysis by 
the second aliquot is independent of the time lapse 
between the first and the second aliquots. In contrast, 
the extent of hydrolysis by two successive aliquots 
of the substrate are similar, whereas the initial rates 
of hydrolysis are different. These experiments demon- 
strate that the reaction does not cease due to an inacti- 
vation of the enzyme, rather the residual phos- 
phatidylcholine is not available to the enzyme as sub- 
strate, 

In the reaction progress curves of the type shown 
in Fig. 1 the initial rate of hydrolysis is relatively 
fast such that the addition of the base could lag the 
generation of protons in the reaction medium. In or- 
der to evaluate the kinetics of hydrolysis we resolved 
the first part of the reaction progress curve. When 
the base is pre-added to the reaction mixture before 
the addition of the enzyme, a lag is observed between 
the addition of the enzyme and the beginning of the 
addition of the base. The duration of the lag depends 
upon the amount of the base pre-added to the reaction 
mixture. However, the reaction progress curve follow- 
ing the lag period is identical to the normal progress 
curve adjusted for neutralization of the pre-added 
base. Since the response time of the instrument and 
mixing time in the reaction vessel is less than 5 sec 
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and the rate of reaction does not change noticeably 
at pH 7.4 to 8.0 (the pH range observed when the 
base is pre-added to the reaction mixture), these re- 
sults demonstrate that the proton release occurs at 
a measurable rate even during the first 10 sec, A semi- 
log plot of the residual available substrate as a func- 
tion of time shows that the rate of hydrolysis is not 
a simple first-order process. Similarly, the reaction 
progress profile could not be satisfactorily curve fitted 
by nonlinear regression to the integrated Michaelis- 
Menten equation where it is assumed that (i) the total 
available substrate is equal to that given by the total 
extent of hydrolysis, or (ii) the products inhibit the 
reaction. 

The observation that only a small fraction of the 
total available substrate ( < 7% in ULV) is hydrolyzed 
under conditions described above is quite interesting 
since more than 95% of the total available substrate 
is hydrolyzed in the presence of the optimal amounts 
of activating alkanols [3, 12]. This suggests that a 
slow steady-state rate of hydrolysis after ~5  min 
could not be simply due to a product inhibition. Thus 
the proton release of the type shown in Fig. 1 may 
represent an early event during the action of phospho- 
lipase As on phosphatidylcholine bilayer. To further 
ascertain that the proton release of the type shown 
above arises from the hydrolytic action of the enzyme 
on the substrate in the bilayer, we studied the effect 
of the various components required for the reaction 
on the reaction progress curve. However, since the 
initial rate of hydrolysis could not be measured di- 
rectly and the reaction progress curve could not be 
described by a simple rate expression, we have chosen 
for the following discussion to compare only the ex- 
tent of hydrolysis under a variety of experimental 
conditions that lead to a controlled perturbation of 
the packing in bilayers. 

Effect of  Calcium on the Reaction Progress Curve 

Calcium is required for the hydrolysis of phos- 
phatidylcholine by phospholipase A2 [14]. The effect 
of calcium in the medium on the reaction progress 
curve shows that the effect of calcium is on the extent 
of hydrolysis. The half-times for the reaction appear 
to increase slightly with the calcium concentration. 
When the enzyme dissolved in a calcium-free solution 
is added to unilamellar vesicles in a calcium-free me- 
dium, the extent of hydrolysis is about 10% of the 
value observed for the reaction conducted in a cal- 
cium (6 raM) containing medium. A slightly higher 
(~20%) extent of hydrolysis is observed when the 
enzyme preincubated in 10 mM Ca 2+ is added to 
the substrate in a calcium-containing medium. The 
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Fig. 2. Effect of calcium concentration on the extent of hydrolysis 
for bee venom phospholipase A2 preincubated in a calcium-free 
(-A-) and a calcium (10 mM) containing medium ( - o ) .  

extent of hydrolysis as a function of the calcium 
concentration in the medium shows a hyperbolic de- 
pendence (Fig. 2). The maximal rate of hydrolysis 
depends upon whether the enzyme is preincubated 
in a calcium-free or a calcium-containing medium. 
The significance of this difference is not clear; how- 
ever, it may be noted that a half-maximal activation 
is produced by ~ 2 mM calcium whether or not the 
enzyme is preincubated with calcium ions. Moreover, 
we have consistently observed some activity with the 
enzyme preincubated in a calcium-free medium in 
the absence of calcium ions in the reaction medium. 
A small (but above the background) proton release 
similar to that observed in the calcium-free medium 
was also observed in a medium containing 75 g~ 
EGTA. These experiments suggest that the "calcium- 
free" enzyme has residual activity, and the extent 
of hydrolysis is affected by calcium ions. 

Effect of Varying the Enzyme Concentration 
Upon the Extent of  Hydrolysis 

The total amount of the substrate hydrolyzed during 
the initial burst at a constant substrate concentration 
changes as a hyperbolic function of the amount of 
phospholipase Aa added to the reaction mixture. (Fig- 
ure not shown.) A double log plot of the initial burst 
vs. enzyme concentration shows that the amount of 
the total hydrolyzable substrate increases with the 
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Fig. 3. The plots of the extent of hydrolysis as a 
function of phospholipase A2 concentration (1300 
U = 1 rag) for 500 t,tM osmotically-shocked egg 
phosphatidylcholine unilamellar vesicles @e-); 
500 ~tM osmotically shocked egg phospha- 
tidylcholine muRilametlar vesicles (_A_); 
5 mM osmotically intact egg phosphatidylcholine 
multilamellar vesicles (-zx~; 500 gM annealed 
osmotically shocked DPPC multilamellar vesicles 
at 45 ~ ( -x-)  and 33 ~ (o- ) .  The ordinate to the 
right refers to % substrate hydrolyzed when the 
substrate concentration is 500 g~. Reaction 
conditions are the same as in the caption of Fig. 1. 

enzyme concentration and it is different for different 
types of  liposomes. Such observations suggest that 
only a small proport ion of the total substrate in the 
bilayer is available for hydrolysis by the enzyme, and 
different proportions of the substrate are hydrolyzed 
in different forms of bilayer. Thus unilamellar vesicles 
and unannealed DPPC multilamellar vesicles are hy- 
drolyzed to a significantly greater extent than the 
annealed multilamellar vesicles. Moreover, 5 mM os- 
motically intact egg phosphatidylcholine multilamel- 
lar vesicles release about  the same number  of  protons 
as 500 ~tM shocked egg phosphatidylcholine multi- 
lamellar vesicles, suggesting that about  10-fold more 
surface may be exposed by osmotically shocking the 
egg phosphatidylcholine multilamellar vesicles [10, 
12]. Since the slopes of  the plots in Fig. 3 are approxi- 
mately the same and considerably less than one, it 
may be argued that an increase in the extent of  the 
substrate hydrolyzed depends upon the form of the 
bilayer, and it does not simply reflect an increase 
in the rate of hydrolysis that would accompany an 
increase in the enzyme concentration. 

The reaction progress curves at high enzyme ( >  2 
units/5 ml for egg phosphatidylcholine unilamellar ves- 
icles) concentrations were found to exhibit a second 
phase of hydrolysis following a lag period after the 
first phase of  proton release. The onset of  the 
second phase depends not only upon the enzyme 
concentration, but also on the form of the bilayer 
and concentration of the substrate (see below). In 
fact, the second phase of hydrolysis appears to be 

initiated when a certain critical concentration of  the 
products has formed during the first phase of  hydro- 
lysis. Thus under a variety of  conditions the onset 
of the second phase is observed when >40 nmol 
( ~ 8  gM) protons have been released during ~ 10 min 
of the first phase. We suspect that the second phase  
is initiated when the product concentration reaches 
a critical local concentration in the bilayer. 

Effect of  Phosphatidylcholine Concentration 
in Different Forms of  Bilayers on the First Phase 
of  Hydrolysis 

Phospholipids can be dispersed into unilamellar vesi- 
cles and multilamellar vesicles, which have not only 
different proport ions of the total phospholipid ex- 
posed to the external medium but they also have 
somewhat different organization in the bilayer [5, 9]. 
The amount  of the substrate hydrolyzed changes as 
a hyperbolic function of the total substrate concentra- 
tion in different forms of the bilayer (Figure not 
shown). A double log plot of  the initial burst vs. 
substrate concentration (Fig. 4) shows that the 
shapes of  these plots are not identical; they are not 
only shifted along the concentration axis but their 
slopes are also different. These observations demon- 
strate that the total amount  of  the substrate hy- 
drolyzed is directly related to the available substrate 
in the bilayer, and the extent of hydrolysis depends 
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Fig. 4. The plots of  the extent of  hydrolysis 
as a function of the substrate concentrat ion 
in osmotically shocked egg phospha-  
tidylcholine unilamellar vesicles @e-) ,  
shocked egg phosphatidylcholine 
multilamellar vesicles ~ ,  ), intact egg 
phosphatidylcholine multilamellar vesicles 
@zx-), unannealed intact DPPC multi- 
lamellar vesicles G x -),  and annealed 
shocked DPPC multilamellar vesicles ( � 9  
In all cases 0.5 U 5 ml of the enzyme 'was 
used to initiate the reaction at 37 ~ . 

upon the form of the bilayer. The amount of the 
total hydrolyzable substrate under these conditions 
is more than 1000-fold higher than the critical micelle 
concentration of phosphatidylcholine. Since the lipid 
molecules are more closely packed in multilameltar 
vesicles than in unilamellar vesicles, the difference 
in the extent of hydrolysis of multilamellar vesicles 
and unilamellar vesicles could be related to a differ- 
ence in the packing in these bilayers. The unannealed 
bilayers are hydrolyzed to a greater extent than the 
annealed bilayers, presumably due to a larger propor- 
tion of defects in the unannealed bilayers. 

Effect of Varying Phospholipase A2 Concentration 
on s Bilayers 

One of the possible explanations of the partial hydro- 
lysis of egg phosphatidylcholine bilayer by phospholi- 
pase A2 is that the enzyme acts only on the phospholip- 
id containing a specific acyl chain composition. The 
experiments in Figs. 3 and 4 show that this is not 
the case since the behavior of egg phosphatidylcholine 
liposomes is qualitatively similar to that of DPPC 
liposomes. The quantitative differences could be 
ascribed to the differences in the organization of these 
bilayers. The organization of DPPC in bilayer can 
be altered to a considerable extent simply by changing 
the temperature [1] or by preincubation of the disper- 
sions below or above the phase transition temperature 
[4]. The reaction progress curves for dipalmitoylphos- 
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Fig. 5. The reaction progress curves for DPPC liposomcs under 
various conditions (1) 500 pM intact unannealed multilamellar vesi- 
cles; (2) 50 g g  osmotically shocked unannealed multilamellar vesi- 
cles; (3) 500 gM osmotically shocked annealed multilamellar vesi- 
cles; and (4) 500 ~tM osmotically shocked annealed unilamellar 
vesicles. 0.5 U enzyme was used to initiate the hydrolysis at 37 ~ 
The substrate hydrolyzed in initial burst is 2.8% for (1), 22% 
for (2), 0.4% for (3) and 3% for (4). 

phatidylcholine in unannealcd and annealed lipo- 
somes at 37 ~ are presented in Fig. 5. The data dem- 
onstrates that the fraction of the total available 
DPPC in the various forms of bilayers is hydrolyzed 
to different extents under otherwise identical experi- 
mental conditions. Thus unannealed multilamellar ves- 
icles and annealed unilamellar vesicles are hy- 
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Fig. 6. The reaction progress curves for L-~-dipalmit- 
oylphosphatidylcholine, (a) multilamellar vesicles 
and, (b) unilamellar vesicles at the various 
temperatures around the phase transition temperature 
of the liposomes. It may be noted that both the extent 
of hydrolysis in the first phase, and the lag period for 
the second phase change as a function of temperature. 

drolyzed to the same extent, whereas the annealed 
multilamellar vesicles are hydrolyzed to a much small- 
er extent than the unannealed rnultilamellar vesicles. 
The unannealed multilamellar vesicles could be rap- 
idly annealed by preincubating these at temperatures 
above the phase transition temperature. The reaction 
progress curves of such annealed preparations is 
identical to those that are annealed during the initial 
dispersion of the phospholipid. 

To further establish the role of defect structures 
in the bilayers, we studied the effect of varying tem- 
perature on the extent of hydrolysis of bilayers by 
phospholipase A2. The organization of dipalmitoyl- 
phosphatidylcholine bilayers undergoes an abrupt 

change at a characteristic phase transition tempera- 
ture, 41.3 ~ [1,5]. Since the gel-to-liquid crystalline 
phase transition is a highly cooperative process [2], 
it is thought that large domains of phospholipid mole- 
cules undergo such a transition simultaneously. It fol- 
lows that the boundary region between the gel phase 
domains (regions of "mismatch"  or the defect struc- 
tures) would reach a maximum at the phase transition 
temperature [5, 6]. 

The reaction progress curve for the hydrolysis of 
DPPC bilayers show a strong temperature depen- 
dence. As shown in Fig. 6 the reaction progress curves 
for DPPC multilamellar vesicles, and unilamellar vesi- 
cles at the various temperatures in the vicinity of 
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Fig. 7. The extent of hydrolysis of 
liposomes as a function of temperature. 
Osmotically shocked egg phosphatidyl- 
choline (-�9 and egg phosphatidyl- 
choline multilamellar vesicles (- x -), 
osmotically shocked annealed DPPC 
unilamellar vesicles (-e-) and multilamellar 
vesicles (-~x-). In all cases the enzyme 
concentration was 0.5 U 5 ml, and the 
substrate concentration was 500 gM. 

their phase transition temperature are qualitatively 
different. As plotted in Fig. 7, the proportion of the 
substrate hydrolyzed during the first phase of  hydro- 
lysis increases monotonically with the temperature for 
the various forms of liposomes prepared from egg 
phosphatidylcholine or DPPC. The liposomes pre- 
pared from egg phosphatidylcholine do not exhibit 
an abrupt increase in the extent of hydrolysis in the 
first phase. Also with egg phosphatidylcholine lipo- 
somes the second phase of hydrolysis was not 
observed for at least up to 20 rain after the addition 
of the enzyme to initiate the reaction (data is not 
shown here). On the other hand, for the DPPC lipo- 
somes the extent of hydrolysis in the first phase 
changes abruptly near the transition temperature. As 
shown in Fig. 7 for DPPC unilamellar vesicles the 
transition is observed at 32 88 ~ , whereas the corre- 
sponding transition for DPPC multilamellar vesicles 
is observed at 38-42 ~ A large scatter in the data 
at 38 43 ~ for DPPC multilamellar vesicles is presum- 
able due to a contribution from the second phase 
of hydrolysis, the lag period for which is drastically 
lowered at the phase transition temperature (see be- 
low). 

The lag period for the second phase of hydrolysis 
shows a much stronger dependence upon the tempera- 
ture. As shown in Fig. 6, for DPPC multilamellar 
vesicles the lag period is about 1 min at 41 ~ and 42 ~ 
whereas at the lower (<  37 ~ and the higher (>  45 ~ 
temperatures the second phase is not observed for 
at least 10 rain.Similarly, as shown in Fig. 6, the lag 
period for the apperance of the second phase reaches 
its minimum of ~ 6 min at 39 ~ and then it increases 
both below and above this temperature. These min- 
ima for both the unilamellar vesicles and multilamel- 
lar vesicles correspond to the phase transition temper- 
atures observed by a variety of techniques [1, 5, 9]. 
Such a dependence of the extent of hydrolysis and 
the lag period upon the phase transition characteris- 
tics of a phospholipid bilayer provides a strong sup- 
port to the suggestion that the extent of hydrolysis 
during the first phase depends upon the organiza- 
tional defects in the bilayer. The observations 
presented here also confirm the reports that the hy- 
drolysis of the liposomes by pancreatic phospholipase 
A2 is drastically facilitated at the phase transition 
temperature [8, 15]. Thus, it seems that in general 
phospholipases require defective structures for penetra- 
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tion at the interface, and these defects are present 
at the boundaries of the gel-to-liquid crystalline 
phases. However, our data demonstrate that an early 
onset of the second phase of hydrolysis, plays a signif- 
icant role in the phospholipase catalysis. 

Discussion 

In this paper we have characterized the experimental 
conditions and identified the early events under which 
phosphatidylcholine in bilayers is hydrolyzed by bee 
venom phospholipase A2 in the absence of additives. 
The early part of the reaction progress curve is 
resolved into two components. The first phase of hy- 
drolysis is found to depend upon the enzyme, sub- 
strate and calcium concentrations, as well as upon 
the various factors that modulate the organization 
of phospholipids in bilayers, such as temperature, son- 
ication, and annealing. Several features of the hydro- 
lysis in the first phase may be noted: only a small 
fraction of the total available substrate is hydrolyzed ; 
the amount of substrate hydrolyzed varies with the 
amount and type of substrate organization, as well 
as to the enzyme and the caclium ion concentrations; 
the extent of hydrolysis increases with the disorder 
in the membrane as induced by sonication or ther- 
motropic phase change; the apparent rate of hydro- 
lysis (the half-time for the reaction progress curves 
for the burst) is remarkably constant (~  1 min) under 
a variety of conditions; the substrate that is not hy- 
drolyzed during the first phase by an aliquot of the 
enzyme is only partially hydrolyzed by the second 
aliquot of the enzyme; addition of a second aliquot 
of the substrate to the reaction mixture (in which 
hydrolysis has ceased) leads to additional proton re- 
lease. Thus one of the most intriguing features Of 
the first phase of hydrolysis is that the reaction slows 
down considerably even though a large fraction (95%) 
of the total substrate along with the catalytically ac- 
tive enzyme are present in the mixture at the end 
of the first phase. Since more than 90% of the total 
available substrate can be hydrolyzed under a variety 
of conditions where the substrate organization is 
modified by an activator [12, 13], we suggest that 
the cessation of the reaction at the end of the first 
phase is not a simple case of product inhibition. 

Tinker and Wei [11] have proposed a generalized 
model for the heterogeneous catalysis by phospholi- 
pase A2 on phospholipid bilayer. According to this 
model, after initial absorption of the enzyme it dif- 
fuses in the plane of the bilayer, and the second phase 
of hydrolysis is due to a product dependent desorp- 
tion of the enzyme. This model predicts an initial 
burst of product formation followed by slower hydro- 

lysis when the total substrate concentration is less 
than the "surface Michaelis constant ". Since we have 
observed the burst kinetics over a wide range of total 
substrate concentration, it would mean that only a 
small fraction of the total substrate is available for 
the enzyme binding and that the fraction of the avail- 
able substrate varies with the state of the bilayer. 
Our results suggest that the sites of action of the 
enzyme during the burst phase are the defect struc- 
tures in the bilayer organization. Indeed, the observed 
extent of hydrolysis in the first phase is qualitatively 
the same as expected on the basis of the "fluidity" 
of the bilayer: liquid crystalline phase>gel phase; 
unilamellar vesicles > multilamellar vesicles; unan- 
healed liposomes>annealed liposomes; egg phos- 
phatidylcholine > dipalmitoylphosphatidylcholine 
liposomes. Moreover, if the defect structures in the 
bilayer are the preferential sites of action of phos- 
pholipase A2, the proportion of the molecules in the 
defect regions should be related to the substrate hy- 
drolyzed in the first phase. It may be a coincidence, 
but it is noteworthy that the proportion of the sub- 
strate hydrolyzed in dipalmitoylphosphatidylcholine 
multilamellar annealed vesicles is nearly the same 
(0.4%, legend to Fig. 5) as the number of molecules 
in the "mismatch" region between the cooperative 
units of the gel phase [6]. If there is a common basis 
for this similarity, it would imply that even in highly 
fluid membranes the defects are localized in the plane 
of the membrane rather than uniformly distributed 
in the plane of the bilayer. 

The model presented by Tinker and Wei [11] and 
our interpretation has several implications. It suggests 
that phospholipase A2 can diffuse or scoot in the 
plane of the membrane (path 2 in the terminology 
of Tinker and Wei [11]), or it can hop from one sub- 
strate to the other (path 1) through the aqueous 
phase. The relative contribution of these two paths 
depends upon the state of the bilayer. Thus defect 
structures favor scooting of the enzyme; and, the prod- 
uct modified bilayer favors the hopping of the en- 
zyme. Optimal concentrations of lower alkanols ap- 
pear to favor the hopping mechanism [13], whereas 
the higher alkanols could favor hopping or scooting 
depending upon the activator used and the phase 
properties of the resulting bilayer [13]. These interpre- 
tations are particularly relevant to the action of phos- 
pholipase A2 on cell membranes. Thus, the distribu- 
tion and density of defects in such membranes could 
play an important role in regulating the expression 
of the phospholipase activity, e.g., in the release of 
arachidonic acid for the synthesis of prostaglandins. 
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