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In this and the following three papers we examine the kinetics of action of Og pancreatic phospholipase A ~ 
on veeries of anionic phospholipids without any additive~ The resul~ provide the first unequivoc~ 
demons~ation of i n t e d a ~  c a t h y , s  in in~ave~de scooting mod~ In this paper we describe the conditions 
in which the action of pig pancreatic phospholipase A ~ on DMPMe (e~e0  veeries in the absence of any 
additive commences without a latency. Under these conditions the free monomer subs~ate concen~ation ~ 
insignificant; the bilayer enclosed v e r d e  organ~ation rem~ns intact even when ~l the subs~ate in the outer 
monolayer has been hydrolyzed; the rate of i n t e r v e s ~  exchange and the rate of ~ansbihyer movement 
(flip-flop) of molecules is neOiobly ~ow; and the rate of fu~on of ve~des ~ in~gnff~ant. Thus an enzyme 
molecule bound to one v e r d e  hydrolyzes ~l the DMPMe molecules in the outer monolayer of the v e r d e  by 
a firsborder process with a rate constant of ~6  per min at 30°C; or v~wed another way, one enzyme 
molecule in a DMPMe v e r d e  can hydro~ze ~1 the avaflab~ subs~ate molecules at the rate of 3000 per 
min. At low anion concen~ations excess subs~ate veeries are not hydro~zed unless the rate of interveside 
exchange of the bound enzyme is stimulated by anions in the aqueous phas~ Higher c ~ u m  concen~ations 
promote not only homcfusion of DMPMe veeries but ~so heterofusion of DMPMe and DMPC ~e~cle~ It 
is proposed that c~dum-induced isotherm~ h t e r~  phase separation in DMPMe veeries induces defects in 
the bihyer organ~atio~ and such defects are the sites for phospholipase A ~ binding and for heterofusion 
with DMPC (e~e0  veeries which do not have such ~tes. 

Action of phospholipa~ A 2 on ~ e  aggregated 
form of i~ s u b s g ~  1 , ~ a c ~ n - 3 @ y c e r o -  

* To whom co~pondence shouM be add~e~  
Abb~fiafions: DHPMe ~ e 0 ,  12-di~x~phmphatidyl- 
me~an~; DMPMe ~ e O ,  12~imyfis~ph~phafid~- 
m e ~ ;  DTPMe ~ 1 2 ~ d ~ y ~ h ~ p h ~ -  
m ~ n ~ ;  DMPC ~steO, l ~ m y f i ~ o ~ p h ~ p h ~ o l i ~ ;  
DTPC (etheO, &~ad~ph~phaf id~ch~e ;  Hepe~ 4-(~ 
hy&oxyethy )-1 -piperazineethanesul~nic acid. 

phospholipids is probably one of the best cha~ 
aclerized examples of interfadal catalyfis [1-5]. A 
general scheme of interfadal catalysis that ade- 
quatdy accounts for the m~or  features of the 
action of the enzyme (E) in the aqueous phase on 
the substrate interface confi~s of the steps pre- 
sented in Scheme I. 

According to this Schem~ the catalyfis occurs 
on the substrate interface, and the enzyme re- 
mains bound to the interface during several cata- 
lytic turnover cycles as represented by the cycfic 
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Scheme I. Scheme of in~ffa~M catalysis. 

reaction sequence in the box. E* is the enzyme 
bound to the interface, E*S is the Michaeli~ 
Menten complex in the interfac~ which gives rise 
to E* and the products of hydrolyrs.  Scheme I 
was devdoped and tested for the action of pig 
pancreatic phospholipase A 2 on monolayers of 
medium chain phospholipids [1,6,7]. Due to intrin- 
sic fimitafions of the monolayer sy~em it is not 
possible to examine some of the key impl~ations 
of Scheme I. 

ImpriNt in Scheme I are two posrbifities which 
have rgnificanfly different kinetic consequences. 
For exampl~ a~er each or a few catalytic turnover 
cycles in the interfac~ E* could leave the interface 
and return to another rite on the interface via the 
aqueous phase; that i~ the intervercle exchange 
of the enzyme is rapid and the enzyme in effect 
'hops'  from one interface to the other via the 
aqueous phase. The other ex~eme case would be 
that E* 'scootg from one substrate molecule to 
the other without leaving the interface during 
several thousand catalytic turnover cycles [8,9]. In 
order to di~inguish hopping ~om scooting it is 
necessary to have an under~anding of the kinetics 
of the intervercle exchange of the bound enzym~ 
E*. Two kinetically distinct steps leading to hop- 
ping may be considered: (a) the rate of desorption 
of E* in the  interface of the pure substrate as 
determined by the rate constant k~, and (b) the 
rate of desorption of the enzyme bound to the 
b~ayer containing the products as determined by 
the rate constant kp. The on-rate constants for 
both of these interfadal binding equihbfia should 
also be conrdered;  these rate constants are found 
to be relafivdy large (>  65 per s) under aH the 
conditions we have examined (unpubhshed ob- 
servationS, and therefore essentially ignored from 
the present discusfion. According to these conrd-  
eration~ in the in t raverde  'scooting' mode of 
catMyr~ both k~ and kp would be fignificanfly 

smaller than the integrated rate constant for the 
hydrolyrs  of all the sub , ra te  in the interfac~ k i- 
HoweveL in the 'hopping' mode of cata lyr~ kp 
and k s would be of the same magnitude as the 
catalytic turnover rate constanL 

The m~or  goal of the studies reported in this 
and the next three papers [10-12] is to ch a r  
acterize the phenomenology and the experimental 
boundary conditions which determine the kinetics 
of inVaverde  scooting and of intervercle ex- 
change of phospholipase A~. In this paper we 
show that both kp and k, are at least 10000-fold 
smaller than the turnover number of over 3000 per 
min in the scooting mode of interfadal catMysi~ 
Further implications of the scooting mode of hy- 
drolysis by phospholipase Az will be examined in 
the accompanying papers where we have shown 
that the binding of phospholipase A2 and its 
semisynthetic analogs to the interface occurs via 
an anion binding rite, which is probably located in 
the interfadal recognition ~egion (IRR) including 
the N-terminus of the enzyme [10]. It is also 
shown that vesicles of a variety of anionic phos- 
pholipids are hydrolyzed by scooting mode of 
catalysis [11], although the hopping mode becomes 
fignificant for bilayers of phospholipids with zwit- 
terionic or larger anionic head groups. Inhibition 
of interfadal catalyrs by nonhydrolyzable analogs 
suggests that the rate constant for the decomposi- 
tion of E*S to E* + P (k~) is larger than that for 
E*S to E* + S, k ~ [12]. A general discussion of 
the results in the broader context of interfadM 
catalyrs  is also given in the last paper of this 
series [12]. 

M ~ e f i ~ s  and Methods 

Phosphol ipase  A 2 from pig pancreas was iso- 
lated as described dsewhere [13], and was kindly 
provided by Professor DeHaas (Uuech0.  All the 
procedures used in this study have been described 
in detail dsewhere [2,L~14,15]. For exampl~ ac- 
tion of phospholipase A 2 was monitored by auto- 
matic pH-~at  titration (Radiometer pH~ta t  with 
Servograph REC61, ABU-13, PHM-62, TTT60, 
TTA60) with 3 mM NaOH under a ~ream of 
nitrogen in 4 ml aqueous phase containing, un~ss 
stated otherwise, 0.3 mM CaC12 at 30°C and pH 
8.0. Whenever convenienL the reaction was ini- 



tiated by adding the stock solution of the enzyme 
in water, and the pH-shifl ~om the enzyme was 
neNigible. Also under all the conditions the back- 
ground drift was ~ss than 5 nmol protons per 
min, that is less than 1% of the measured rates. 
The titration effidency of the rdeased fatty add 
was cNibra~d with ex~rna~y added fatty adds to 
vefic~s of severM zwi~erionic and anionic phos- 
pholipid v e s t , s .  

All kinetic ~udies reported in this paper were 
done on ve~des of DMPMe prepared by disper- 
sing the dry sodium sMt in distil~d water in a 
bath type sonicator (Sonicor). Sonicated verities 
were stored at 56°C and an aliquot was added to 
the reaction mixture with a thermally equifibrated 
syringe. Verities prepared and sto~ed in this 
manner do not exhibR any de~ctable degradation 
for well over 10 h, and thor  fizes remNn un- 
changed as judged by centrifugation at 100 000 x g 
or by gegfiltration on Sepharose 2B. In the 
prob~contNning verities the probe to phospholb 
pid molar ratio was 8 : 92. 

Gd-f i lvat ion of verities was carried out on 
Sepharose 2B (Pharmadm exdufion fimit 40 mil- 
lion) colunm (diame~r 1 cm, void volume 10 ml) 
in 100 mM KC1 and 3 mM Hepes at pH 8.0 and 
25°C. TypicMly, a 0.15 ml lipid sample contNning 
fluorescent l abd~d  fipid or carboxyfluorescNn was 
appfied, and 1 ml fractions collected. The lipid 
duted from the column was detected fluorimetri- 
cNly in 0.1% Triton X-100 solution. Verities of 
DMPC, egg phosphatidylcholine, and DMPM~ as 
wall as the products of homo- and heterofu~on 
were gel-filtered to determine thNr s~e. The sonb 
cared vesicles of these fipids ~uted at Zl-t imes 
void volum~ whereas the products of fufion eluted 
in the void volum~ 

Kinetics of fu~on were monitored by the 
method described by Hoek~ra et N. [17] in which 
sdGquenched octadecylrhodamine B (prob~ con- 
taining ve~des were fused with probe free verities. 
Dequenching of the fluorescence of the probe 
occurs as the surface den~ty of the probe de- 
creases by mixing of hpid molecules during fufion. 
TypicNly, probe free verities (0.1 mM fipid) were 
mixed with probe containing ve~des in 20 : 1 ratio 
in a sfi~ed thermo~ated cuv~te containing 2 ml 
of 0.1 M KC1, 3 mM Hepes at pH 8.0, 30°C and 
caldum concentration as indicted in the text. Fu- 
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fion was Mways iNt i~ed by ad~ng  h e  probe free 
vesicl~ to p ~eq ~f ib r a~d  b u f ~  In some p~-  
fiminary experimen~ fufion was Mso fN~wed by 
t ~ N ~ m ~ r y  [16]. Qualimtivdy the ~esults are fimi- 
lar to hose  obtNned from the fluorescence de- 
quencNng m~hod.  

S m a d ~ a ~  fluore~ence measurements w~e  
done on an SLM 4800S interfaced to an Apple IIe 
c o m p u ~  Exdtation was set at 560 nm and emis- 
sion at 590 nm, and s l i tw~hs  2 nm for both. 
D f f ~ n t i M  ~ a n ~ n g  cMofim~ry of l i~d ~ s p ~ -  
sions was done on M~flar  2000B [2,18]. Ty~cM~,  
4 ~ m ~  ~pid ~ 35 #l buffer (100 mM KCI, 100 
mM Hepes at pH 8.~ was scanned at the rate of 1 
or 2 Cdeg/min,  and a smMl correction for the 
scann~g rate has been made in the reposed vM- 
ues of T m. The lipid ~spersions w~e  p~pared  by 
suspending a dry film or powder of lipid and then 
eq~l~raf ing it ~ seMed Muminum pan at 60 to 
80°C for about 30 min. None of these s a m ~  
were anneMed at low ~ m p ~ M u ~ s  to induce sub- 
trafition~ 

DMPMe was prepared ~om l ~ - ~ m y r i s ~ -  
~ n - # s c ~  (8.2 nm~)  and ~ c ~ o r ~ 5 - ~ m e t h y l -  
~ o x ~ l , 3 2 - ~ o x a p h o s p h ~ e  (8.2 nmol) ~ anh~  
d~ous ~ h ~  e h ~  contM~ng trieth~amine (8.2 
nmo0 by the generM procedure M~ady described 
[19]. The condensation of the 1 , ~ a c ~ n - ~ y c e r ~  
cyc~c e n e ~  p h o s p h ~ r i ~ r  with m ~ h a n ~  (2 
mol equ~Men~) was carried out in anhydrous 
~trahydrofuran, in the p ~ n c e  of t r i~hyhmine 
(2 m ~  eq~vMen~; 24 h, 25°C). D e p r o ~ n  of 
the l~-d iacyl -sn-g lycery l  ~ m ~ h ~ )  3-oxo- 
~butyl)phosphate, and conve~ion to the so~um 
sMt of DMPMe was performed by the standard 
procedu~ [19]. 

[~]~  = +6.8 ( c =  5, C H ~  3, ~ o ~  

Calcd. for C ~ H ~ N a O s P  (628.8): C, 61.12; H, 
9.94; Na, 3.66 
Found: C, 60.85; H, 10.10; Na, 3.50 
DTPMe and DHPMe were prepared from the 

corresponding 12-dialkylglycerols. 

R e s ~  

Eibl and co-workeR [20,21] have described 
synthesis and p r o p e ~ s  of the aqueous disper- 
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~ons of DMPM~ We have further characterized 
the verities of DMPMe and DTPM~ as wall as 
• e micelles of DHPMe. In aqueous ~spersions 
DTPMe and DMPMe form l a m d h r  bflaye~ as 
seen by wid~an~e  X-ray ~f f rac t io~  freeze-frac- 
ture dec~on m ~ r o ~ o p ~  and 3 ~ N M R .  The bi- 
layer o~a~za t ion  of these ~sp~f ions  does not 
change in the ~ s p e ~ n s  of Ca.  DMPMe (1:2)  
salt, ~ o u g h  the c h i n  malting endoth~mic tran- 
fition ~ m p ~ u r ~  Tm increases from 29°C ~ r  
DMPMe ~ n ~ a ~ y  6.4 k c ~ / m ~ )  and 31°C for 
DTPMe (6.8 k c M / m ~ )  to 49 (7 k c ~ / m ~ )  and 
53°C (7.7 kca l /mol ) ,  ~ s p e ~ N d ~  for the 
~ o ~ o m ~ f i c  so~um and c ~ d u m  s~ts. Thus the 
p r o p e ~ s  of ~ e  aqueous &sp~s~ns  of DTPMe 
and DMPMe a n ~ o ~  are very simih~ as is ~ e  
case ~ r  phosphatid~cholines [2,15~2]. 

Inmrfacial cam~s~ m m t r a v ~ &  scooting mode 
From ~ e  pe~pemNe of the p ~ n t  ~ u ~ ,  one 

of the most ~ s t i n g  propert i~ of DMPMe 
vesicles and l ~ o s o m ~  is that ~ ~ e  absence of 
a d ~ t N ~  they are ~ a d i ~  hydrolyzed by phos- 
phofipase A~ without any h ~ n c ~  The ~gh  affin- 
i ~  of p h o s p h ~ a s e  A 2 for ~ y e ~  of DMPMe 
and other a ~ o ~ c  hpids [11] contrasts with the 
beha~or  of verities of zwit~r io~c hp~s  ~ke 
DMPC [2,152L25], and DPPC [8,2~, w~ch ex- 
~bi t  com~ex ~ a ~ n  progress curves in ~ e  ab- 

o 

in~ 

~t 1~ 
~ c t  1~ 

F~.  1. Reaction progress cu~es  for ~ e  hydrMy~s of (a) 
DMPMe ~ s ~ O  (M, ~08 mM) and (b) DMPC ( P ~  ~ mM) 
veeries by phospho~pase A 2 ( ~  ~ 4 ml aqueous m ~ r e  at 
pH 8~  and 30°C.  Reaction was i ~ t ~ d  by a d ~ n g  phos- 
p h ~ a s e  A2 to the stirred suspens~n  of verities (~ored at 
57°C).  The reaction ~ u r e  ~ r  DMPMe cont~ned  0.3 mM  
CaCI:  and 0 ~  ~g ~ and that ~ r  DMPC cont~ned  10 mM 
CaCI 2 and 1 ~g ~ For further d ~  on the ~net ics  of the 
~ n c y  phase of DMPC ve~des  see ReL 15. The a m ~ i ~ d e  of 
~ d r o l ~ s  (A) was obtMned ~ r ~ t ~  from ~ e  reaction progress 
C U ~ e S .  

sence of addifive~ As shown in Fig. 1, under 
cert~n conditions the reaction progress curve for 
hydrolyfis of DMPMe verities is first orde~ and it 
can be compl~dy  described in terms of the in- 
~avefide scooting mode of i n ~ f f a d ~  cat~ysi~ 
We will ~so  show that during the hydrolyfis of 
DMPMe verities the comphcations due to the 
product induced binding of the enzym~ flip-flop, 
in~rveside exchange, fusion, and hydr~yfis  of 
monomefic sub , ra te  can be essentially elimina~d 
by a judicious choice of the experimen~l condi- 
tions. These ~ud~s  are extended in the accomp~ 
nying papers [10-12]. The results show that the 
comple~ty of the reaction progress curves under a 
variety of conditions arises primarily due to in~r- 
vefide transfer of the bound enzyme promoted by 
anions and by fusion of verities. 

The reaction progress curve for the hydr~ysis 
of DMPMe verities at low sMt concentration (~ss 
than 1 mM chlorid~ is first order (Fig. 1 curve ~,  
and therefore can be completdy described by two 
constants: A, the amplitude or the extent of hy- 
drolyfi~ and k i ,  the firs~order rate constant ob- 
t~ned from a semilog plot. Such a behafior is 
n o r m ~  expe~ed for a reaction progress curve 
obt~ned at the substrate concentrations confider- 
ably bdow K m .  For the phospholipase A 2 + 

DMPMe vefide sys~m it can be readi~ shown 
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~ 2. Dependence of A and k i on DMPMe ester ( D M M ~  
concentration. D ~ a  were obt~ned by reaction progress cu~es 
of ~pe ~own  Jn ~ ] ~ u ~ e  ~ ;  T ~  firs~order rate constant 
k i was obt~ned from s e ~ o g  ~ots. Reaction is J~d~ed by 
0.4 #g ~ 0  p m ~  ~ o s ~ s e  A2. O~¢r  con~tions as ~ Fig. 
]. 



that k~ does not change noticeably even when the 
substrate and enzyme concentrations are altered 
several-fold ~ther  by dilution of the reaction mix- 
ture or by the addition of more substrate. F u n h e ~  
more, as shown in Fi~ 2, by changing the sub- 
strate concentration the ampfitude of hydrolyfis 
increases and reaches a maximum; also the rate 
constant k~ reaches a constant minimum value at 
higher subs~ate concentrafion~ Thus, in the pres- 
ence of a high concentration of substrate verities 
and a constant enzyme concen~ation, only a con- 
stant amount of the substrate is hydrolyzed with a 
tingle firs~order rate constant. Under a variety of 
conditions we have found that a maximum of 
4300 mol of DMPMe in the form of sonicated 
veficles can be hydrolyzed by each mole of phos- 
phofipase A2, even when a 10-fold excess of the 
substrate veficles is presenu 

The excess unhydrolyzed substrate at the end 
of the reaction progress curve can be hydrolyzed 
by adding more enzym~ The accesfibility of the 
excess substrate verities to the enzyme in the 
reaction mixture is essentially the same whether 
the excess substrate is added at the beginning or 
at the end of the firs~order reaction progress 
curve. The posfibility that the initially added en- 
zyme has been inhibited by the produc~ or some- 
how inactivated during the first pan  of the reac- 
tion progress curve can be readily ruled out by the 
expefimen~ described later, where ~ is shown that 
the hydrolyfis of excess s ub , r a t e  verities can be 
reinitiated by added salts [10], or by i n d u i n g  
fufion of vesicles. These and other experimen~ 
[10-12] show that even in the presence of excess 
subs~ate veficles hydrolysis ceases because the 
enzyme added initially is bound to vesicles, and 
that the bound enzyme does not exchange with 
excess substrate ve~cle~ 

In the presence of excess substrate vefide~ the 
amplitude of hydrolysis also increases with the 
enzyme concentration. As shown in Fig. 3, the 
extent of hydrolyfis changes with the enzyme con- 
centration, and k i remains constant as long as the 
substrate to enzyme mole ratio is more than 6000. 
These observations can be readily rationahzed by 
the assumption that under the reaction conditions 
used in these experiment~ there is tittle, if any, 
free enzyme in the aqueous phas~ and that the 
enzyme bound to the substrate or to the produc~ 
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Ng. 3. Dependence of A and k i on pho~hM~ase  A~ (PLA) 
concentra~on. Data were ~ n e d  from ~ e  reac~on progress 
cu~es  of ~pe  shown ~ F ~  1. Reaction m~mre  contNned 
0.32 ~mN DMPMe ( e s ~  as son~a~d ~ e ~ o n s  in 4 ~ of 
0.3 mM CaCI~. O~er  con~tions as in ~ 1. At h~h enzyme 
c o n c e n ~ o n s  the ~ a ~ o n  progress cu~es were fit~d to two 
~mMmneous f i~t -o~er  cons~ant~ 

containing veficles (at the end of the reaction 
progress curve) is not readily exchangeable with 
excess substrate verities. Thus, for a given enzyme 
concentration the amphtude of hydrolysis will re- 
ach a maximum when the enzyme to vefide 
~oichiometry falls b r o w  an integral numbe~ n, 
that would reflect the number  of enzyme 
monomers in a catalytically active aggregate form 
in the interface The k i values remain constant as 
long as the substrate to enzyme mole ratio is 
larger than 6000, which suggests that there are at 
least n enzyme molecules per veficle under these 
conditions. The k i values increase above the 
standard deviation when the substrate to enzyme 
mole ratio is ~ss than 5000, which would be 
expected if there are more than n enzyme r e t i -  
cules per veficl¢ At these lower sub , r a t e  to en- 
zyme mole rafio~ the reaction progress curve is 
better described by two simultaneous firs~order 
rate constant~ 0.6 and 1.2 per min; the fraction of 
the substrate hydrolyzed by the slower process 
decreases when the substrate to enzyme ratio de- 
creases below 6000, and it reaches zero at about 
3500. This doubling of k i will be expected if 
under these conditions the stoichiometry of the 
enzyme molecules per veficle is n in some verities 
and 2n in othe~ Unde~ most of the conditions 
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used in this and the accompany ing  p a p e ~  we have 
m ~ n t ~ n e d  the t o t ~  substra te  to the enzyme mole  
rat io  more than 6000 so that  the ve f ide  to enzyme 
rat io  exceeds n, which as shown b d o w  is found to 
be one. 

The v ~ u e  of n can be c o m p u ~ d  ~ o m  the 
m a ~ m u m  number  of  moles of the s u b s ~ a ~  hy- 
dro lyzed  by a mole of the enzym~ In a variety of 
e x p e r i m e n ~  we have found that  in the presence of 
excess sonicated v e f i d e ~  an enzyme mo lecu~  hy- 
drolyzes a m a ~ m u m  of about  4300 s u b , r a t e  
molecules at the end of the f i r s~order  react ion 

progress  curve. Since only the subs~a te  in the 
outer  monolayer  can be hydrolyzed  with a large 
excess of the enzym~ it is reasonable  to assume 
that  there are 4300 s u b , r a t e  molecules in the 
outer  monolayer  of the ver i t ies  to which one en- 
zyme m ~ e c ~ e  is bound ,  and that  the rate  of 
t ransb~ayer  movement  (f l ip-flop) of the s u b ~ r a ~  
from the inner  monolayer  of the vesicle is neg l i~ -  
bly slow on the f i m ~ s c ~ e  of the react ion progress 
curves under  con~dera t ion .  Based on these, as- 
sumpt ions  it can be calcula ted that  a vesicle con- 
ta ining 4300 D M P M e  m o l e c ~ e s  of es t imated 
cross-sect ion area of 45 ~2, will have a d h m e t e r  of 
200 250 ~ ,  which is the same as the d iameter  of 
s o n ~ a ~ d  egg p h o s p h a t i d ~ c h o l i n e  or D M P C  
veri t ies.  If there are two enzyme m ~ e c u l e s  per  
vesicl~ the c ~ c u l a ~ d  d i a m ~ e r  of D M P M e  veri t ies  
would be about  190 ~ .  Indeed,  the elut ion volume 
for D M P M e  veri t ies  on Sepharose  2B is the same 
as the d u t i o n  volume for p h o s p h a t i d ~ c h o l i n e  

verit ies.  These observat ions  are c o n ~ e n t  with 
n = 1 in the c a t ~ y t ~  active state. 

Evidence for a neg l i~b ly  slow interveficle ex- 
change of the bound  enzyme is o b t ~ n e d  ~ o m  the 
react ion progress  curves shown in Fig. 4. When  
the enzyme is added  to D T P M e  veri t ies  (curve a), 
the enzyme is no longer  acceshble  to the D M P M e  
vesicles added  subsequenf l~  IL howeve~ the en- 
zyme is added  to a mixture  of the vesicles of 
D T P M e  and D M P M e  (curve b), only  a ~ac t ion  of 
the totM D M P M e  is hydro lyzed  by a f i r s~order  
process with the same k~ as observed with D M P M e  
vee r i e s  alone. On the other  hand,  if the enzyme is 
added  to the vesicles of p remixed  D M P M e  and 
D T P M e  (curve c), all the accessible D M P M e  is 
hydro lyzed  with a c o n f i d e r a b ~  s m e a r  first o rder  
rate constant .  Note  that a 10-fold excess of  the 
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Fig 4. Reaction progress curves for the hydrolysis of 0.32 
~m~ DMPMe (es~D (indica~d ~y M) ~y 0.8 ~g phospholi- 
pase A 2 (E) in the presence of 0.32 ~m~ DTPMe ~ther) (T) 
or 1.2 ~m~ DTPC (~heO added in the sequence ind~a~d. 
For examp~, for curve b the verities of DTPMe were m~ed 
with verities of DMPM~ and the ~a~ion was inifia~d by 0.8 
~g E. On the other hand for curve c, vefic~s were prepared by 
mi~ng DTPMe with DMPMe (1:1) and the ~acfion was 
~ifia~d with 8 ~g phosph~ase  A z. Other condit~ns as in 
Fig. 1, and see ~xt for further details. 

enzyme is added  in these experiments ,  f ignif icance 
of which is descr ibed later  [12]. It is also relevant  
to compare  cur~e a with curve d where it is shown 
that  all the enzyme added  to D T P C  vesicles re- 
mains  accesfible to D M P M e  vesicles that  are ad- 
ded  subsequently.  By thNr very def ign the experi-  
ments  summar ized  in Fig. 4 provide  the strongest  
p roof  yet that  the enzyme bound  to D T P M e  
vesicles is not  exchangeable.  M o r e o v e c  the en- 
zyme does not  b ind  to DTPC as shown by the 
direct  b inding e xpe f ime n~  [2,3]. It is also possible  
that  the enzyme bound  to D T P C  ether re t ic les  is 
readi ly  exchangeab l~  and such a b inding  is not 
cata lyt ical ly  meaningful  (see also ReN. 3 and 15). 

I n t e r v ~  exchange m ~ e  presence of KCl 
I n ~ r v e ~ d e  ~ans fe r  of  the bound  enzyme is 

Mso p r o m o ~ d  in the presence of anions.  As shown 
in Fig. 4 (curve ~ the rate of t ransfer  of the 
enzyme ~ o m  D T P M e  v e f i d ~  to D M P M e  ves i c l~  
is n e g l i g e e .  Howeve~ as shown in Fig. 5A, in the 
presence of 0.1 M KC1 the h y d r ~ y f i s  of  excess 
s u b s t r a ~  by the enzyme bound  to D T P M e  vee r i e s  
(curve b) or  by  the enzyme bound  to the 
p r o d u c ~ c o n t ~ n g  ve e r i e s  (curve ~ can be at- 



tained with a short latency phase. From the latency 
periods in curves a and b, it can be shown that in 
the presence of 0.1 M KC1 the kp and k~ values 
are smaller than 0.75 and 0.34 per min, respec- 
tively. It may also be noted that, as shown in Fig. 
5B, k~ does not depend fignificanfly upon the 
enzyme concentration, whereas the steady-~ate 
rate of hydrolysis a~er the exchange increases 
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Fi~ 5. (A) Curve ~ reaction progress curve for the hydrolysis 
of 0A mM DMPMe (e~e 0 (M) added to premixed 80 ~M 
DTPMe (~heO (T) and 0.4 ~g phospholipase A~ (E). Curve b, 
reaction progress curve for hydroly~s of 0~ mM DMPMe 
(es~O added to a mixture of 0~8 mM DMPMe and 0A ~g 
phospholipase A 2 in which the hydroly~s has ~ready ceased. 
Reaction mixture cont~ned 0.1 M KCI and 0.3 mM CaCI~, 
pH 8 at 30°C. The ~ n c y  period was measured by ex~apolat- 
ing the ~eady-~a~ phase of hydrolysis to the base-fin~ and 
the rate constants k~ and kp are defined as reoproc~ of the 
latency period. (B) Effect of the enzyme concentration on the 
(top) latency period and (bottom) on the s~ady-~ate rate of 
hydrolysis. Data were obt~ned from the reaction progress 
curves of type shown in Fi~ 5A. 
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linearly with the enzyme concentration. Such a 
behavior would be expected if the bound enzyme 
had equihbrated between the two ve~cle popula- 
tions. The resul~ in Fig. 4 (curve a) show that the 
re~dence time of the enzyme on DTPMe ve~cles 
is more than 20 min in the absence of salt, and as 
shown in Fig. 5A (curve b) the average residence 
time (reciprocal of the rate constant k,) decreases 
to about 3 min in the presence of 0.1 M KC1. 
Similarly, the average re~dence time of the en- 
zyme in the ve~cles with all the substrate mole- 
cules hydrolyzed in the outer monolayer (recipro- 
cal of kp) is about 1 min. The ~gnificance of these 
re~dence times in terms of the k i values will be 
elaborated on in the Discus~on. 

The apparent specific activity of the enzyme in 
the steady-state phase of the reaction progress 
curves (shown in Fig. 5A, and summarized in Fig. 
5B) is 55 IU, compared to about 300 IU, if the 
apparent zero-order initial rates were measured 
with DMPMe vesicles alone in the presence of 0.1 
M KC1. As discussed later [12] one of the reasons 
for this could be that the apparent affinity of the 
enzyme for DTPMe ether ve~cles, K~, is about 
6-fold higher than g m for DMPMe ester ve~cle~ 

Homo- and heterofusion of vesicles 
Formation of larger veeries on fu~on of 

DMPMe veeries with themseNes or with DMPC 
veeries in the presence of c ~ d u m  is ind~ated by 
gd  fiRration on Sepharose 2B and by the octade- 
cylrhodamine B probe m~hod  [17]. Under condi- 
tions outlined in the M~hods, sonica~d veeries 
of egg phosphatid~choline, DMPMe and DMPC 
dute  at Zl-times the void volume in cMdum-ffee 
buffeL This suggests that these veeries have the 
same ~ze, within the hmits of resolution of this 
~chniqu~ In the presence of c~dum,  DMPMe 
veeries fuse to form larger particles which dute in 
the void volum~ According to these criteria 
DMPMe vesicles fuse not only with other DMPMe 
veeries but Mso with DMPC vesicles in the pres- 
ence of cMdum. These condu~ons are in accord 
with the results of fluorescence dequenching (see 
b row)  and turbidim~fic measurements [16]. 

Yet another qualitative demon~ration of in- 
creased ~ze of fused veeries is based on the 
observ~ion that under c e ~ n  conditions (cf. Fig. 
4, curve d) an increase in the extent of hydroly~s 
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~ig. 6. ReaGion progress curves for the hydroly~s of DMPMe 
(es~r) ve ld ts :  (bottom) DMPMe (0.32 raM) v e ~ s  with &4 
~g phosph~ipase A z in 0.3 mM CaCl2; fufion is induced by 
adding 6 mM CaCI 2 at the end of the fir~-order reaction 
progress curve. (top) DMPMe (0.32 mM) verities that had 
been ~lowed to fuse for 3 or for I min in 1.5 mM CaCI 2 are 
then trea~d with EGTA to bring Ca concen~ation ~o ~3 mM, 
and then treated with 0.4 #g phosphohpase A 2. H~her pro- 
portion of the subsga~  is hydrolyzed when the fufion with 
c ~ o u m  is ~lowed to proceed for a longer period of time or 
when higher concentrations of c ~ o u m  are used. At c ~ d u m  
chloride concentrations greater than 6 mM the proportion of 
substrate accesfible to phosphohpase A 2 decreases well bdow 
20%. 

is observed during the firs~order intraveicle 
scooting of phospholipase A 2. This is due to an 
increase in the average i z e  of fused ve~de~ As 
shown in Fig. 6, when the v e i d e  to enzyme ratio 
is about 5, only about 20% of the total accessible 
subs~ate is hydrolyzed before the reaction ceases. 
HoweveL if the verities are allowed to fuse, a 
higher proportion of the accessible subs~ate is 
hydrolyzed, and ult imatdy that the propo~ion of 
the accesfible hpid reaches 0.5 of the total lipid 
present in the reaction mixture. This behavior is 
expected if large unilame~ar v e s t , s  are formed in 
which the proportion of lipid in the inner and 
outer monolayers is equal. In these experiments 
the tot~ amount of the accessible sub , ra te  is 
monitored by adding an excess of the enzyme so 
that each vefide has at least one enzyme molecu~. 
For sonicated veicles the proportion of the acces- 
sible lipid is 0.63 of the total lipid present, and 
this proportion can be maintained for well over 10 
h by keeping the verities at 57°C, under cond~ 
tions precluding fusion. 

When fufion is allowed to continue for long 
periods of time (more than 2 h at 1.5 mM caldum 
chloride) or when fu~on is induced by higher 
concentrations of caldum chloride (more than 6 
mM), the proportion of the acces~ble phospholi- 
pid decreases to a point far bdow 0.5 as if multi- 
lamdlar ~posomes ~re formed when the verities 
precipitate out. As expected, this change in the 
proportion of accesfible phosphofipid is not read- 
ily detectab~ by the fluorescence dequenching 
technique. The proportion of the total lipid acces- 
f i n e  to phospholipase A 2 remains at or above 0.5 
under all the conditions when fusion has occurred 
without any detectable predpitation. Experiments 
with phospholipase A 2 also suggest that the fused 
vesicles are not leaky enough to permit the trans- 
b~ayer passage of phospholipase A 2, and that the 
inner monolayer of the vefide is not exposed to 
the enzyme even when the enzyme is present du~ 
ing fufion. 

Kineacs of fusion by dequenching of octadeqrL 
rhodarnine B containing ves t , s  

The qualitative evidence for fu ion  of v e id e s  
summarized in the preceeding section is substanti- 
ated by the fluorescence dequenching method [17]. 
As shown in Fig. 7, in 20 : 1 ratio DMPMe vesicles 
+ DMPMe(rh) vesicles (the octadecy~hodamine- 
containing v e id e s  are represented as DMPMe 
(rh)), exhibit an increase in the fluorescence inten- 
sity in the presence of calcium ions. The tot~ 
increase in the fluorescence intenfity at the end of 
the fufion profile is typically about 7-fold, as 
expected on the bails of the sd~quenching curve 
obtained by Hoeks~a et ~. [17[. The increase in 
the fluorescence of the probe stops almost instan- 
taneou~y at any point along the fusion profile on 
addition of EGTA, however the increase in the 
intensity that has preceded the addition of EGTA 
is not reversed. Formation of larger v e id e s  dur- 
ing the course of the fu io n  profi~ of type shown 
in Fig. 7 is also indicated by an increase in turbid- 
ity, howeveL the time-course is somewhat differ- 
ent. Such a behavior is due to the fact that the 
dequenching and the turbidity change have diffe~ 
ent responses as a function of the underlying 
fufion events. 

Fufion p ro f i t s  of the type shown in Fig. 7 are 
a complex function of several paralld and sequen- 
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F ~  7. Increase in fluorescence m ~ n ~  of o ~ a d e c ~ o d a -  
mine B in DMPMe (es~O v e N c ~  D M P M ~ )  a~er ~ x i n g  
~ w ~ f r e e  DMPMe v~cles  ~.15 mM) in ~e  presence ~ 
3.18 mM CaC12 at 30°C and pH 8~. Ad~tion of EGTA 
~ N N ~  ~ e  increas~ whereas ad~tion of more cNoum promo- 
tes • e increase in the fluorescence ~ n N ~  W ~ n  ~e  cMoum 
concentration is about 10 mM the ma~mum increase in fluo- 
rescence m ~ n ~  N acNeved fa~eL and ~en  a decrease in 
fluorescence is accompa~ed by ~e  appearance of p ~ o ~ t ~  

tial event~ and as such cannot be adequatdy 
described by a set of ~mple parameters. Howevec 
a relativdy ~mple parameter can be devised to 
describe the initial fu~on event on the ba~s of the 
following con~derafions. The increase in the fluo- 
rescence inten~ty of octadecylrhodamine contain- 
ing veNdes on fuNon is due to the mixing of fipid 
molecules from the probe-containing and the 
probe-~ee ve~cles. 

Sel~quenched probe molecules are diluted, re- 
sulting in a hnear increase in the fluorescence 
inten~ty. In this system, quenching or a decrease 
in the fluorescence intensity is a hnear function of 
the concentration of the probe in the veNcle [17]. 
Under all of the conditions employed in this study 
the proportion of the probe free ve~cles is 20-fold 
higher than that of the probe-containing ve~de~ 
Therefore by deign,  the fuNon profiles measure 
fu~on only between a probe ~ee and a probe-con- 
taining ve~cl~ Since the propo~ion of the probe- 
free veNdes is initially very large, sub~antially aH 
of the fu~on events involving the probe-con- 
taining veNcles will be with the probe-free ves~les. 
As fu~on progresse~ the probe-containing ve~cles 
will encounter other probe-containing ve~cles 
more o~en, thus kinetic complexities arise. 

The fluorescence dequenching is not due to 
interve~de exchange of phospholipid m o ~ c u ~  
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FI~ 8. (A) Dependence of kf on DMPMe (DMMO concentra- 
tion. Conditions: 100 mM KCI, 1.8 mM CaCI2, 10 mM Hepes, 
pH ~ 30~C; homofufion was initi~ed with DMPMe verities. 
The line ~ drawn to slope = 2. (B) Dependence of kf on Ca 
concentration for 0.15 mM DMPMe (e) and DMPC (C)) 
ve~de~ 

because as shown in the following papers the 
fraction of the available subs~a~ does not change 
appreciably with the time of incubation. SimihdN 
spontaneous in~rvefide exchange of the probe 
can be ruled out by the fact that the rate of 
dequenching depends upon the cNdum as wall as 
the vefide concen~afion. As shown in Fig. 8A, the 
rate of fu~on shows a second order dependence 
on the vefide concentration when the ratio of the 
probe-~ee and of the prob~contNning verities is 
kept constant at 20. This is consistent with the 
assumption that the initiN fu~on event involves 
two v e f i c ~  On the other hand dependence of kf 



on caldum concentration shows a threshold effect 
(Fig. 8B), whereby the rate of fu~on increases 
abruptly at concentrations greater than 1.5 mM 
CaC1 z. 

The extent of fusion and kf were found to be 
essentially idenfic~ in 0.3 M KC1 and in  2H20. 
Fu~on p ro f i t s  for DTPMe and DMPMe ve~cles 
are also identical. This absence of any difference 
in the rate of fusions serves as a very useful 
control for the expefimen~ described in this series 
of papers in which it is assumed that deuterated 
wateL anions, and ether hnkage of the lipid to not 
appredably  perturb the interface. Similarly, kf at 
3 mM caldum is 1.5 per min, and less than 0.02 
per min at 0.3 mM caldum, which means that 
under the conditions used for the kinetic measure- 
ments in this series of paper~ the compfications 
due to fu~on are negligibl~ 

Heterofusion or fus~n of two different types of 
vesicles 

Curve d in Fig. 4 shows that DMPC veeries 
fuse with DMPMe veeries at high Ca z+ con- 
cenwafion~ Heterofusion of DMPC veeries with 
DTPMe v e ~ e s  cont~ning phospholipase Az can 
be readily demonsWated by adding 6 mM CaC12, 
whereby a rapid hydrolysis of DMPC is observed. 
This is possible o n ~  in fused veeries where 
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~g.  9. Increase in fluorescence i n ~ n ~  v~ time. Veeries 0.15 
mM li~d c o n ~ m ~  8 mM% ~ c ~ o ~ m m e  B were ad- 
ded at ~ r ~  to a buf~r  comNNng 0.1 M K ~ ,  3.18 mM 
CaCI~, 3 mM Hepes at pH 8.0 and 30 ° C. ARer 1 mm v e ~ e s  
of approp~me ~Nd ~ . ~  raM) were added. O~y  a part of the 
o v e r ~  increase ~ ~ e  fluorescence is shown here. Cu~e  a for 
D M P ~ r ~ + D M P M ~  cu~e b for D M P M e + D M P M ~  
curve c for D M P M ~ r ~  + D M P ~  and cu~e d for D M P ~ r ~  
+ DMPC. 

DTPMe acts as an 'ac t ivator  in the mixed lipid 
vesicles by promoting inmffadM binding phos- 
pholipase A 2. I n ~ r v e ~ c ~  exchange of the enzyme 
from DTPMe veeries to DMPC veeries could not 
account for this hydrolysis, because DMPC ve~des  
are not hydrolyzed without an activato~ This is 
also confirmed by the probe m~hod.  The fusion 
profiles of four different combinations of vesicle 
populations are shown in Fig. 9. Under idenficM 
condition~ the k~ for cMdum induced fu~on are 
in the order DMPMe + DMPMe(rh) 1.5 per min, 
DMPMe + DMPC(rh) 1.5 per rain, DMPM~rh )  
+ DMPC 0.7 per min, D M P C & h ) +  DMPC less 
than 0.05 per min at 3.18 mM calcium chlofid~ 
These results show that not only do the DMPMe 
veeries  fuse with other DMPMe veeries but also 
with DMPC veeries in the presence of cMdum 
ions. Such heterofu~on is not observed in the 
absence of cMdum ions. The absolu~ rates for the 
first three combinations of veeries are signifi- 
cantly higher because of the experimentN d e i g n  
whereby only the fu~on-mediated dilution of the 
probe in fused doublet veeries is measured. In the 
first three cases formation of larger pa~ ides  on 
fusion could Nso be d e m o n ~ r a ~ d  by gd filtra- 
tion. 

D~cuss ion 

Resul~ in the preceding section show that the 
hydrolysis of DMPMe vesicles by phospholipase 
A 2 occurs by a firs~order process under the con- 
ditions where intervesicle exchange of the bound 
enzym~ fufion of vefide~ and the rate of transb~ 
layer movement of the lipid molecules in the bi- 
layer are negligibly ~ow. These resul~ are best 
interpreted by the populate  that the hydrolysis 
occurs in the in~avef ide  scooting mode. Several 
implications of this working hypothesi~ within the 
~amework of Scheme I, are dabora ted  on in this 
section and in the accompanying papers [10-12]. 

The catalytic turnover in the in~avesicle scoot- 
ing mode is rapid. As pointed out in the preceding 
section, whenever the vefide to the enzyme ratio 
exceeds on~ a maximum of 4300 substrate mole- 
cules are hydrolyzed by each molecule of pho~ 
phofipase A 2. Since the firs~order rate constant 
(k~) for the hydrolyfis of 4300 molecules in the 
outer monolayer of a vefide containing one en- 



zyme molecule ~ 0.6 per min, the catalytic turnover 
number  in the in~avef ide  scooting mode of hy- 
drolyfis would be about 3~00 per min. This is only 
a lower-fimit estimate of the true catalytic turnover 
number  of the enzyme molecule in the interface 
because the pseudo zero-order ~ e a d y - ~ a ~  rate of 
hydrolyfis is never attNned. In a first order reac- 
tion progress curve resulting from catNysis in the 
scooting mode, the apparent rate decreases lin- 
early with the decreafing mole fraction or in~ffa-  
ciM concenuation of the subs~ate. This could 
mean that the apparent affinity of the bound 
enzyme for the products in the bilayer is the same 
as it is for the substrate. Other posfibilities are 
discu~ed in the last paper of this series [12]. 

The average catMytic turnover number of 3000 
per min Nves a l o w e ~ m i t  estimate of the interfa- 
ciN rate constants k~ or k~, as > 3000 per min. 
Since k~ and kp are confiderably ~ss than 0.5 per 
min, it is reasonable to surmise that far more than 
6000 substrate molecu~s can be hydrolyzed dur- 
ing the re~dence time of the enzyme on the ve~ 
ide. These lowe~fimit vNues for the turnover 
numbers under different conditions are meaning- 
ful because they suggest that during the refidence 
time of about 2 min in the presence of 0.1 M KC1, 
a single phospholipase A z molecu~ is capable ef  
hydrolyNng a fignificant fraction of the pho~  
pholipid molecules in the mcnolayer hMf of a cell 
membran~  

As shown in this and the accompanying paper~ 
the re~dence time of the enzyme on the bflayer 
interface decreases in the presence of anions in the 
aqueous phase. SimiladN anionic charge and 
organizationM defects (instabilities) in the inter- 
face increase the catalytic turnover presumably by 
increafing the refidence time of the enzym~ With 
long refidence times, corresponding to a high a~  
finity of the enzyme for the subsffate inteffac~ it 
will be f i~ual ly impossib~ to obtNn pseudo-zero 
order inifiN rates of hydroly~s because the en- 
zyme remNns in the product-free en~ronment  for 

only a few turnover cycles. 
With DMPMe verities essentiMly 98% of the 

reaction progress curve can be fitted to a sin~e 
first order rate constanL Howeve~ it is hkdy  that 
in large unilamellar verities or call membranes 
where there are more than 50000 substrate mole- 
cules in a monolayer hML the bound enzyme 

445 

could be exposed to a sub~antially produc~free 
environment (say less than 20 mol% produc0 for a 
few minute~ and therefore a pseudo-zero-order 
rate of scooting could be at tuned.  Under cer t~n 
conditions (cL curve c, Fi~ 4) with large fused 
verities we have indeed obt~ned inifi~ rates of 
hydrolysis corresponding to a turnover number of 
well over 10000 per rain; howeve~ the reaction 
progress curves remain first orde~ 

On the other hand very short refidence times 
resulting from large k s or kp, co~esponding to a 
lower affinity for inteffac~ probably describes the 
initi~ po t ions  of the reaction progress curves for 
DMPC verities as shown in Fig. 1. Under these 
conditions the apparent catalytic turnover number 
is ~ss than 10 per min; fimilafl~ DTPC verities 
do not bind phospholipase A 2 in the absence of 
any additive [2]. It may ~so  be poin~d out that 
once a c f i t ~  mole fraction of the product is 
formed in the vefide~ the binding affinity and 
therefore the residence time increase~ and the 
average cat~yfic turnover number exceeds sever~ 
thousand per min [2,3]. 

O b ~ o u ~  a pseudo-zero-order inifi~ rate of 
hydrolys~ of a large number of verities by phos- 
pholipase A 2 will be achieved under conditions 
where in~rvef ide  exchange occur~ but it is slow 
enough so that the refidence time is large enOugh 
to hydrolyze a sub~anf i~  proportion of the sub- 
strate molecules in a vef id~  say about 15%. An 
exact proportion will depend upon ac tu~ v~ues  
of the various rate constants as wall as the vesicle 
to enzyme ratio. But the refidence time should be 
short enough so that the bound enzyme is on the 
average ~ansfe~ed to another reticle before the 
reduced mole fraction of the subs~a~  in the inter- 
face beans  to retard the rate of hydrolysis. The 
refidence time of the enzyme in a micellar form of 
the substrate is confiderably reduced, however the 
rate of ~ a n s ~ r  of the enzyme from one particle to 
the other is ~so  in effect substantially fa~f i ta~d 
by a sho~ fife-time of micelles, where essenfi~ly 
all the monomers in most micelles are exchanged 
in less than 0.1 s. The concept of average resi- 
dence time of the enzyme on the substra~ inter- 
face could thus accounL at least in part, for one of 
the most perp~xing aspects of the i n ~ f f a d ~  
catMysis, i.e., the same enzyme can exhibit over a 
100-fold change in the rate of hydrolyfis of the 



same sub , r a t e  depending upon the quality of the 
interface in which it is present (see Refs. 1-5 for 
several other examples). 

The concept of the average refdence  time and 
of the in~avesicle scooting of the enzyme are quite 
fignificant in evaluating the assay procedures and 
spe~fic activity data for purification of in~acdlu-  
lar phospholipase A 2. In crude biological materi- 
als, for exampl~ the phospholipase A 2 activity is 
genera~y not detectab~ unless fgnificant  purifi- 
cation has been achieved [26-29]. This is probably 
because the enzyme bound to a fipid interface is 
not readily transferred to the externally added 
substrate interface. Moreove~ membranes and 
other lipid constituen~ of serum and plasma could 
modulate the phase properties of the optimally 
activated externally added substrate verities. Thus 
the spe~fic activity obtained with external sub- 
strate interface can not be used as a true measure 
of the degree of purification, unless it is assured 
that the enzyme has been completdy transferred 
~ o m  the native interface to the added sub~ra t~  
Several reports on int r infc  activators and inhibi- 
tors [30-32] of phospholipase A 2 in tissues are 
probably a~ffac~ afifing ~ o m  the pecufiar bind- 
ing and exchange behavior of phospholipase A 2 

with phospholipid interfaces. This f tua t ion  would 
be particularly acute with d e t e r g e n ~ e e  or non- 
micdlar  assay system~ where the rate of inter- 
vesicle transfer of the bound enzym~ the sequence 
of addition of the subs~ate, enzym~ and cal~um, 
as well as the time for the in te rve fde  exchange of 
the enzyme directly or by fufion of v e f d e s  could 
give sub~antially different specific activities. 
Several in~acdlular  phospholipase A z [33] appear 
to have little tendency for in te rve fde  exchange 
even in the presence of anions. In micellar sy~ems 
interpa~icle exchange times would be confider- 
ably faste~ and therefore these complications may 
be minimal. 

The original goal of the fu fon  studies de- 
scribed in this paper was to estabfish the condi- 
tions under which the kinetics of action of phos- 
pholipase A~ can be studied without complica- 
tions ~om i n t e r v e s ~  ~ansfer of the bound phos- 
pholipase A 2 by fu~on of vefc le~ The value of k~ 
is less than 0.02 per min for DMPMe vefcles in 
0.3 mM Ca. Additional control expefimen~ re- 
ported here also show that the rate of fu fon  does 

not depend upon deutera~d w a ~  anions and the 
enter analog of phospholipid. These results sug- 
gest that the bflayer interface is not appredably  
modified under these conditions. 

By defaulL as much as by defgn,  our inifi~ 
f u f o n  studies led us to characterize a novd phe- 
nomenon of he~rofu fon .  The results r eposed  in 
this paper show that the fu fon  charac~fis t~s  of 
D M P M e +  DMPMe and of D M P M e +  DMPC 
vesicles are essentially identicM. This observation 
rules out a role of i n ~ r v e f d e  bridging by c ~ d u m  
as the rate fimiting step for the fusion process 
~mi la r l~  if predpitat ion of v e f d e s  is taken as an 
indication of in~rvef ide  Ca-brid~ng and conse- 
quent i n ~ a m d l a r  dehydration, it should be pos- 
sible to d i~oda t e  the fu fon  events from other 
effects of c ~ d u m  on anionic ~ e f d e ~  Unfo~ 
tunatel~ at t~s  stage there is no convenient 
m ~ h o d  to quanti tat ivdy monitor changes r d a ~ d  
to predpitat ion of vesicles at low lipid concentra- 
tions. However, by monitoring the proportion of 
the to t~  subs~a~  accesfib~ to phospholipase A 2 
we have been able to show that during predpita-  
tion of v e f d e s  with less than 5 mM CaC12, the 
proportion of the accessib~ sub , r a t e  decrease 
drasticall~ and mul t i l amdhr  structures are prob- 
ably formed. 

The whole range of observations described in 
this paper can be readily expl~ned by the hy- 
pothesis that c ~ d u m  induced ~o the rm~ phase 
separation in anionic phospholipids could gener- 
ate organization~ defects at which the hydro- 
phob~  r e , o n  of the bflayer is somehow exposed 
enough to permit, not only the binding of phos- 
pholipase A 2 and other p~o~ins ~ 3 ~ 3 ~ ,  but 
Mso in~ufion cf complementary molecular ~a -  
tures of the fu fng  v e s t , s .  Thus, the kinetics of 
he terofufon process offe~ a unique oppo~undy  
to test the assumptions underlying theories of 
fusion. Our observation~ for exampl~ are not in 
accord with the suggestion that i n ~ r v e f d e  bridg- 
ing by c ~ d u m  is a precondition for fusion [36]. 
~mi la f l~  remov~ of water of hydration at the 
interface [37-39] can not be the reate-fimiting s~p  
because the rate of h~ero-  and homodif fufon  are 
essentially identic~. Nachlid and Gutman [40] 
have Mso found that the water at the interface 
does not n o d ~ a b ~  influence the rate-fimiting ~ep  
for i n ~ f f a d ~  transfer of protons. The a~ivation 



energ ies  for  d e s o l v a f i o n  of  s o l u ~ s  at the b i l ayer  

i n ~ r f a c e  is r a the r  small ,  typ ica l ly  less t han  3 

k c ~ / m o l  [41]. O n  the  o the r  hand ,  the ac t i va t i on  

energ ies  for  h o m o -  and  h e ~ r o f u f i o n ,  a b o u t  25 

k c ~ / m o l  ( u n p u b f i s h e d  o b s e r v a t i o n S ,  suggest  that  

the  ra t e - f imi t ing  step invo lves  the  h y d r o p h o b i c  

r e , o n  of  the  bHayeg  W e  b d ~ v e  that  defec ts  or  

r eg ions  o f  m i s m a t c h  [42,43] in which  h y d r o p h o b i c  

r e ~ o n s  are  exposed  to the a q u e o u s  phase  act  as 

r i tes  for fu f ion  as wall  as for i n c o r p o r a t i o n  o f  

p ro t e in s  [44]. E x p o s u r e  o f  such h y d r o p h o b i c  re- 

~ o n s  cou ld  ~ s o  d e ~ a b ~ e  the  h y d r a t i o n  l aye~  

a n d  thus  i n t e r v e s i d e  c M ~ u m  b f i d ~ n g  will no t  be  

necessa ry  for  d e h y d r a t i o n .  

A c ~ o ~ m ~  

W e  g r a ~ f u l ~  a c k n o w l e d g e  severM very  ~ i m u -  

l a t ing  and  useful  d i s c u s ~ o n s  wi th  Pro fessor  G . H .  

D e H a a s  and  K a r l  Koeh le r .  S o m e  ~ery useful  

sugges t ions  were  Mso m a d e  by  the  r e ~ r e e s .  W e  

w o u l d  Mso hke  to  t hank  dr. A n i b M  D i S M v o  for  

the  g d - f i l ~ a t i o n  e x p e r i m e n t .  Th i s  w o r k  was  sup-  

p o r e d  by  P H S  ( G M 2 9 7 0 3  to M . K . L ,  and  

H L 2 3 1 2 6  to F .R . )  and  a ~ a v d  g ran t  f r o m  N A T O .  
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