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actioa o![ ~ A z is ~ e c / a ~ y  influenced by fi~e organization and dynamics of bilayers of 
glycggoitkeepkocbelies (Apitz-C.astro et al. (19B8) Biochim. Biophys. Acta 688, 341-348), Howeveg, such effects of the 
quality of the iatedae¢ ate m l  observed with Inlayers of glycerophosiflmgyl methanol and other anionic phnsphelip~ 
(Jain et aL ( 1 ~ )  B i e d ~ .  Bielphys. Acta 860, 435-447). Such differences betwom the c a ~ y ~  s ~ p t i b U | ~  of 
zwittmioeie versus m Ifflayets are due to a large difference in the affinity of the enzyme for these ha~rfaces. 
~ t o ~  Az to zwi~a'ieeic iatedaoes can be promoted in the presence of c e r t w  a n ~ , ~  add~ves. For 
examl~ in the ~ - s t a ~  phase of hydrolysis, segregation of the tmeently predated Woducts of hydrolysis ceuld 
ia-ome4e binding of ~ A,  to regions o1[ higher anionic charge density in the z ~ R e ~  ~atedaee. In this 
paper we show that the dlymmai~ of segrega~oa of the naeently woduced products of hydrolysis |n zwiRerlonlc [glayers 
can be readay f o r m a l  by me~Rorlng the flemesceace intensity of the cationic dye NK-529 Ofu and Jaln (1989) 

~ _  A m  ~ a ,  15-22). The fh~'eseeaee em~slon charaet~rlstles of NK-S29 change al~aed~y aae to 
s e l l ~  el  the ~ ~ 'e  melecules as the falty acid nm4e~es segregate in the bilayer. The kinetics o~ 
segrega l~  of fatly acids d u r ~  the comse of hydnfl,vsis of bilayers o~ zwitterionic phospholipids by phospholipase Az 
exhibits an umaluh'ocal conelalioa ~ith a vmle~ of phenemena that are observed during the transition from the 
p r e - ~ l y - s t a ~  phase to the steady-state phase of hyd~rofysls in the reaction progress curves as a function of 
te,,perat~re amt in the ~ of U p o f ~  a ~ ' e ~  

Binding of phospholipas¢ A z to phospholipid inter- 
faces is a key step during the interracial catalysis: the 
bound enzyme is con~derably more active than the free 
enzyme in the aqueous phase acting on so]itary mono- 
merit substrates [1.2]. An understanding of the bio- 
physical f~tors  governing such an interracial activation 
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is beginning to emerge. For example, the dissociation 
constant for pig pancreatic phospho]ipase A t (PIP.) 
bound to vesicles of anionic phospholipids is less than 
0.1 pM [3], and the rate of intervesicle exchange of the 
bound enzyme is less than 0.00002 s -  i [4]. On the other 
hand, the dissociation constant for phosphoEpase A 2 
bound to vesicles of zwitterionic phospholipids is more 
than 10 raM, and the apparent dissociation constant 
decreases by a factor of 100 tc 1000 in the presence of 
the products of hydrolysis, i.e. lysophospholipids and 
fatty acid [5,6]. Such observatio.,ls demonstrate that 
ienic interactions play a critical role in the binding of 
pig pancreatic phospholipase A 2 to the substrate inter- 
face [7]. Additional factors also modulate the affinity of 
PLA for interfaces. For example, the affinity of phos- 
pholipase A 2 for interfaces depends not only on the 
mole fraction of the anionic additives like the products 
of hydrolysis in vesicles of zwitterionic phospholipids. 
but also on the presence of other additives that in- 
fluence the thermotropic phase transition properties of 
zwitterionic bilayers [8-10]. 
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To interpret the producb~r~duced binding of pig pan- 
creati¢ phosph~pase  A2 to zwJtter~onic interfaces we 
invoked a ro~ of  o~an~a~onal def¢cLs as h~  putative 
s/tes for bindL~g of PLA [~,6,9,11,12]. Some of  the 
consequences of this hypothesis can now be elaborated 
furth~. Slruc~uraIty d/ffcrent solut~ in a bilaycr induce 
iso~m-mal phase change and lateral phase separa~on 
[8.13]. Therefore, a solute- or temperatur¢-~nducecl mis- 
match in the o~F~,.ation of  the acs-I chains in the 
bilayer cc~,~ld provide l~tafive hydrophobie rites for the 
binding of p[mspholipase A2. This interpretation can be 
rural out by the ob~.~rcafion that vesicles of  tingle or a 
mixture of z~ttefion~c phospholipids, wl~ch do not 
ideally m/x in a bilayer, do not bind PLA at, below, or 
above the phase trans/fion temperature [6]. Such ob- 
servatioas discount any d/reef role of the def~t~ in the 
org~-~,~on of the acyl c h a ~  introduced Outing the 
gel-to-fluid phase ~ f i o n  of z~tterion/c bilayers as 
the prefecent/al s/tes for the bind/rig of phosphol/pase 
A , ,  and ~ey  aLso rule out a s/m/lar role for the phase 
boundaries created by later~Aly phase-separated gel and 
fluid phases. AL~o co~sistent ~ith ~ conclus/on is the 
observat/on that the h/gh-affufivy binding of pho~ 
photipase A 2 m bilaye~s of anienic phospholipids is not 
no~ceably influenced by their them~ropic  or solute- 
induced get-to-flu/d phase transition [4] or the critical 
m/celle concentration ['q. 

A suraewhat d/fferent interpretation of the nature of 
the o~nization, 'd defects that promote binding of 
phosphol/pase A:  to b~layers, conminLng the products 
of hydrolysL~ is that the lateral phase separation of 
fatty acids above a cr~cal mole fraction creates a 
locally tfiglier dermty of negative charges ;an the inter- 
face. and such regions are the sites for high-affini~ 
binding of the enzyme for inteffacial ca~alysls. Thus. 
anomalous kinetic effects in zw~uer/on/c bilayers arise 
because binding of  p~osphot/pese A,  to an interface 
requires a c f i ~  denshy of an/on/c charges, and the 
bound en_.~rme does not recruit uniformly d/st~bu,.ed 
arfion~c charges requ/red for the h/gh-affnfity binding. 
In this paper we pro~/de direct experimental evidence 
for segregation of fatty adds in z~Jtterionic bilayers 
under a variety of conditions that also modulate the 
pre-steady-state phase of the kinetics of interfacial 
catalysis. 

Materi ,~ and Methods 

Specific details and experimental conditions used for 
the fluorescence measurements are described in the 
preceding paper [14]. K/nefic measurements were car- 
lied out by pH-slat titration at pH 8.0 in aqueous 
solution conta/n/ng 6 mM CaCI2 [5,6,11.12]. All re- 
agents were the best grade available. Phospliolipase A 2 
from pig pancreas was a gift from Prof. G.H. DeHaas 
(Utrecht). Ves~c|es were prepared by suspending phos- 

p h ~ p i d s  Ln appropriate buffers followed by sonication 
in a bath D~¢ son/tutor {Son/cor) for 2 to 5 minutes. 
T ~ a , ~  c o d ~ o n s  ~'~d. for the kinetic studies con- 
rain dimyristoyi-sn-glycero-3-phosphoryl choline 
{D,MI~) w~th appropriate mole fraction of fatty add  
and l-myrL~bsn-glycero-3-phosphoryl choline {LPC). 
The ~-nary cod i spe~om prepared for the binding 
s t i f les  c~mm~n d~tetradceyl-m-glycero-3-phosphoryi 
chol/ne (DTPC~ w/th appropriate mole fraction of the 
prnducls. Ofl~¢ experimental conditions are described 
in the figure legend;, or  in the text. or in the preceding 
paper. 

Rm~Rs 

R e a s o n  prc~ess curves for the hydrolysis of  soni- 
cared un~l~mellar vesicles (SUV) of  DMPC by pig pan- 
creatic p h ~ l m ~ p a s ¢  A ,  are complex and exhibit 
s~ , e~ l  anomalous features [5.6,9-12]. For example, as 
~ in l~g. ! {curve a) the steady-state hydrolysis of  
annealed vesh:les precedes a latency period of tow activ- 
i~'. At the end of the steely-state phase of activity all 
the avail!able subslrale {about 65% of the total) in the 
outer mono-'~yer of all the vesicles h the reaction mix- 
ture Ls hydrol~7.ed. Else~.-her~ it has been shown that 
the latency period disappears [5]. and the equilibrium 
binding constant for PLA to DMPC vesicles increases 
over 100-fold [6], in the p~sence of a cfi~cal mole 
fmc~on of the pnxlucts of hydrolysis. A change in the 
apparent affin/~ of  the enzyme for the zwitterinnie 
interface is not seen when the free fatty acid in the 
ternary codispemons is replaced by la!ka.iols of  com- 
parable chain langllL S~nflarly. codispexsinns of ho- 
mologous diacylglycerophosphoDl chol/nes differing by 
more than four methylene residues, do not bind phos- 
pholipase A, .  Since these ct~lispe~ous are phase-sep- 
arated according to the usual biophysical criteria [13]. 
such obser~th~ns role out a direct role of the phase- 
separation and gel-to-flRid thermotropic phase transi- 
tion of the asS"~ cha/ns in the binding of phospholipase 
A 2 to vesle~$ of  zwitg¢lic~[¢ phospholipids. These ob- 
~rvations also suggest that the binding of phosphol/- 
pnse A z to the substrale interface is promoted by anion/c 
charges in Ihe interface arising from the formation and 
distribution of a critical mole fraction of the products of  
hydrol~-~is in the substmte vesicles. 

Changes in the anionic charge distribution on the 
surface of DMPC ves/cles that occur during the course 
of hydroly~ can be monitored spectrofluorimelrically. 
For e.~ample, as sho~la in Fig. ~ {curve b) ihe fluores- 
cence emission intensi~" of the cationic dye NK-529 in 
the reaction mixture is altered appreciably when DMPC 
vesicle~ are hydrolyzed by phosphollpase A ~. and the 
f i m e ~ r s e  of the fluorescence change closely follows 
the formation of products during hydrolysis. A com- 
parisun of the curves b and a (or of b" and a ' )  shows 
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Fig. I. ~ pros o.m,~s fm the pro~m release (curves a and 
a') aad for the t i m  d~a~¢ ~ NK-529 (5.2 ,aM) at 685 nm 
(cm-.~es b and b') dmit~ Lhe hych'olysh of DMi~ (0.59 raM) vesicles 
by pig pama'cat/c ~ o l i p a s e  A 2 (2 tag or 140 pmol) in 5 mM 
C ~ 2  at pH 8.0 and 2l o (7. The l~ot-~:* a" and b" ~re  obt~ned ~th 

m/n ,after sonicat/on. Profiks a ,gt:d b were obta/ned w/th annealed 
yes/ties w~k:h ~a~l been zJio~'ed to amu~ at 21 ° C for more than four 
horns. The reacl/on ,,'dome for zRr~don of the prozon release was 4 
mL arm that for tim t ' h a ~  c ~  was 2 rat and it also 
con,.a/ncd 10 mM Tris ~ F.xcitat/oa ,~ave.l~tgth was 620 nrn 

• dth ¢x¢itation amt ~fiss/on slits at 4 t~m- 

thin during the latency period there is only a slight 
increase in the fluorescence intensity which is accompa- 
nied by a slow rate of  hydrolysis. At the end of the 
latency period, with the ~ of the steady-state phase 
of hydro|ys/s, the fluorescence intensity decreases 
sharply, and then increases and reaches a maximum as 
the steady-state phase of hydrolysis progresses. The 
overall decrease in the fluorescence intensity at the 
onset of the steady-state phase of hydrolysis is between 
10 and 25%. The latency period remains essentially 
unchanged with the dye concentrations below 8 pM, 
beyond which minor com#/eafions arise due to 
self-quenchlng of  the dye in the aqueous phase. The 
latency periods for the pH-stat corve~ are defined as the 
intercepts on the time axis [5]. Similarly the latency 
period in the time profile for the fluoresc~'ce change is 
defined as tim time to tim minimum in the flaorec:enea 
change. Under a variety of conditions we found that 
these two latency period match to with/n 10% of  their 
values. A small difference in the latency periods re- 
ported later in this paper arises mainly because some of 
the pH-stat titration experiments were done several 
years ago without NK-529 in the medium, or the exact 
experimental conditions are slightly different because 
no buffer is used in the pH-stat titrutions. As we noted 
earlier [5,11] the latency periods are also very sensitive 
to the thermal history and the presence of undetectable 
trace impurities in vesicles. However, under the condi- 
tions where parallel experiments were done the cor- 
respondence between the two sets of latency periods is 

within the experimental error with no bias in favor of 
any one system. 

The magnitude of the decrease in the fluorescence 
intensity at the end of the latency period as well as the 
shape of the profile for the fluorescence ¢h~n~ depcr, d~ 
upon several variables including the concentration of 
the dye, the enzyme to vesicle ratio, temperature, pres- 
ence of other iipophilic additives, and the annealing 
conditions during the preparation of the vesicles. The 
same holds true for the pH-stat profiles. The observa- 
tions reported here are quite specific for NK-529, and 
several other dyes (e.g. ANS. porphyrin) do not report 
comparable changes. With additional controls it was 
also shown that the changes in the fluorescence are not 
due to a direct effect of the dye on the enzyme, and that 
the aggregation of the dye in the aqueous phase (if any) 
does not contribute to the fluorescence changes that are 
characterized in this paper. For example, not only the 
ratio of the dye to the enzyme is well over 700 in the 
kinetic experiments, but the time-dependent fluores- 
cence changes and the hydrolysis ceases immediately 
after the addition of EGTA (data not shown) which 
removes calcium ions that are required for the catalytic 
action of phospholipase A 2. Similarly, when hydrolysis 
is initiated by phospholipase A 2 from venom of Naja 
melanoleuca, the latency period disappears completely 
bolh in the profiles for proton release and those for the 
fluorescence change. Such observations also emphas/ze 
that the major changes in the fluorescence profiles 
relate to the change in the organization of the bilayer 
that occur up to the onset and during the beginning of 
the steady-state phase of hydrolysis of the vesicles, and 
that these changes are not necessarily a linear function 
of the extent of hydrolysis. 

Our working hypothesis for the interpretation of the 
changes in the fluorescence intensity during the course 
of hydrolysis of DMPC vesicles is that the distribution 
of cationic dye NK-529 bound to vesicles follows the 
changes in the mole fraction and lateral distribution of 
the nacently produced fatty acids and lysophosphati- 
dylcholine. Initially, formation of a small mole fraction 
of the products does not significantly alter the lateral 
distribution of the dye, presumably because the fatty 
acid molecules are randomly distributed and therefore 
there is a slight increase in the fluorescence intensity, 
When a critical mole fraction of the products is formed, 
the fatty acid molecules segregate. As a result of this 
segregation, the fluorescence intensity decreases due to 
self-quenching as the dye molecules bound to segre- 
gated fatty acids are closer to each other. With the 
increasing mole fraction of the products formed during 
the course of hydrolysis the average separation between 
the bound dye molecules increases, and this leads to an 
increase in the fluorescence intensity due to the loss of  
self-quenching. As shown in the preceding paper such a 
time-course of the fluorescence change is predicted from 
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F/g. Z De[:~adence d the h~cy pt='/od for L~ hydr~yff, s of DMPC 
{0.39 raM) ,~./cks (opera cL,'c~s~ and for the s/multa~=o~ cha~g~e/n 

temperature. ~ da~  for the sp¢~fa: ~wd,dty /n ~ e  s',eady-st~ 

d~r, efl ~ dat~ ~ t s  m~t s~6"~'n) DMPC ~.'es~e~, h aho .s~o~ 
O t ~  co~d/~o~s as in Figr 1. 

the equ/h'brium measurements with ternary ~cod/sper- 
s/ons containing a vary~g mole fraction of the products 
(of. Fig. 3 in Ref. 14). 

The react/on progress curves for the hydrolysis of 
zw/tterinn~ ves/cles are influenced by a variety of  fac- 
tors [5,10.12], therefore ~ exarMned the effects of  such 
factors on the t/me course in the pH-stat profile and 
thin for the ~ ~  changes of NK-529 bound to 
ves/ctes. As s h o ~  below the latency period in the 
f luor~ence  intensity profile (cf. curve b in Fig. 1) 
cc~'r¢lates web with the latency period in the reaction 
progress curve for the hydrolysis. 

The thermotropie trans/fion temperature of phos- 
phol/#d ves/cIes is known to modulaie the shaw of h'~e 
reacdon progress curve for their hydrolysis by phos- 
phol/pase A 2 [5,9,11]. As sho~,a in Fig. 2, the latency 
period exlfibiLg a m~n~rnmn at the phase transition tem- 
peratore, whereas the steady-state rate of hydrolysis 
hm,-~,Lse* monotor'-acaH~ with temperature. Also as 
shown in this figure a similar effect is seen for the 
|a ency period for the fluorescence change of NK-529: 
both below and above the phase transition temperature 
tim latency p~riod from the pH-sLat profile and that for 
the fluorescence change are essentially identical. Under 
these co~d/tions the latency period is not seen with PLA 
from venom of Naja melanoluca (data not shown). In 
conjunct/on with the results shown in Fig. 1 these 
results support the conclus/on that the same changes in 
the bilayer orgarfization regulate the time course for 
both of these processes. In the discmsion secdon we 
have further elaborated on the genesis of the organiza- 
tional changes that are responsible for these changes in 
the latency pm-iod as a function of temperature. 

IRe effect of the thermal Fdstary of cesicles 
The org~n~donal factors that regu~te the latency 

period for the hydro!ys/g or the fluorescence change are 
also altered by" the thermal h/story of the vesicles after 
their formation by son/cation. ELsehwere [5,11] we have 
s h o ~  that annealing of ves/cles significantly alters the 
sl-~p¢ of the reacdon progress curce for the hydrolysis 
of  DMPC ~'es/cles: the latency period increases, the 
hfifial bur~ decreases, and the steady-state rate of hy- 
drolysis is some~-hal s|ower in annealed ves/cles. A 
comparison of at~arent K~ and V= for the steady-state 
phase of hydrol)~is of  anneated (0.63 mM and 122 |U)  
and unanncalod {0A mM and ~ IU) v~icles suggests 
tha! the res/dem~ dine as well as the apparent affinity 
of  p ~ 3 ~ p ~ s e  A 2 for the ui~Lnnea~ ve~,ic]es is 
some~hm h/gber than it is for annealed vesicles. We 
have further investigated the poss/ble origin of the 
orgaa/zationa! changes thal ~ i  dunng annealing As 
shown in Fig. 1 f,~mpare a and b with a" and b').  
similar c t w . ~ s  are manifested in the time-course of the 
fl,,_m.rcs~nce and pH-smt profde; for the unanne, aled 
~¢s/ctes the latency pefi.~od/s considerably shorter and 
lhe change/n the flm~rescence intensity at the latency 
period is grealer. Such obsetva~o:'ts suggest that self- 
quenching is more pronounced in unmmealed vesicles, 
Le. the b o ~  NK-52°~ mo~W_~ a ~  ~n the average 
closer to each other in Hn~nnealed ves/cles than in 
annealed yes/ties. Th/s is also the case in DMPC vesicles 
in fl0e absence of any products of  hydrolysis, wh/eh 
impl/es that the time-averaged segregation of the bound 
dye molecules occurs in un~nr~ealed vesicles irrespective 
of the presence of the products- Very tittle is known 
about the ~ n i T ~ I / o n a l  changes that occur during an- 
nea~ng. However, some characterizes of this phenome- 
non me be~-nning to emerge on the basis of the ob- 
serva~ons sl'-mmncized below and in,',erpreted on fire 
basis of the experimental criteria developed above in 
terms of a d/fference in the latency periods. 

Annealing of  f~_~my son/cared ves/cles requires slow 
cooling from about 50°C. Vesicles annealed above the 
phase transition temperature (22°C for SUV) do not 
behave like the vesicles a n n ~ e d  below the t.ransidon 
temperatur~ For example, for the data shown in F/g. 2. 
the vesk:les are annealed at each temperature at which 
measurements were made. The time for anneuling also 
depends upon the temperature of incubation. For exam- 
plc. the annealing time for a vesicle preparation at 
15°C (quenched from 55°C) is well over 6 h. If how- 
es, er. the vesicle preparation is allowed m anneal at 
21°C for 30 m/n, f m ~ e r  arm~ling at 15°C can be 
accomp]/shed in about 1 k The possibility that anneal- 
ing leads to fusion of  small unHan~Har vesicles (SUV) 
m form large unflamdlar vesicles (LUV) is dLsenonted 
by the observation that the ves/des annealed at 15°C 
become unann¢laed by heating to 55°C for about 1 h; 
LUV can not "de-fuse" to form SUV under these condi- 
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F/g. 3. l;k:imidem:e of tim latency perk~ for the fluorescence change 
of NK-529 as a funeti¢~ of the nmie fraction of DMM¢(+) or (l : I) 
mynsac acid+ l-myt/sto~ycerq#m,~hochoiin.-, added to preformed 

of 0..59 mM DM~ {~t~en 6"rck's). The latency periods from 
pH-sml profiles are sho~a as cl,.r-~at circles. 

dons. Similarly, we do not see any change in the light 
scattering properties of  SUW during annealing. Also the 
time for annealing Ls cons/derably longer than the time 
required for gel-to-fluid phase transition. Based on such 
observations we suggest that the organizational char- 
acteristics that change on annealing are related to the 
inside-to-outs/de ratio of  the phospholipid molecules in 
vesicles. We are trying to obtain a direct or/deuce to 
further support th/s suggestion. 

The effect of the mole fractian of the products 
Elsewhere [5] we have suggested that the changes 

leading to the steady-stat~ phase of  hydrolysis involve 
formation of a critical mole fraction of the products. In 
these experiments we showed that the products of  hy- 
drolysis cod/spersed w/th DMPC abolish the latency 
period at about 16 moi%, whereas the mole fracdon 
calculated from the latency period is about 6-8 tool%. 
Now we have repeated these experiments under the 
conditions where the ternary codLspersions are formed 
by adding LPC and myrisl/c acid to preformed DMPC 
v~icles [14]. Under these conditions the products are 
present only in the outer monolayer of the substrate 
vesicles, and as show~n in Fig. 3 the latency period is 
completely abolished when the mole fraction of  the 
products approaches 6cg. A similar effect Ls obsen, ed 
with 5 tool% ]2-dimyr~toyl-sn-~ycero-3-phosphoryl 
methanol codi.,'l~ersed /n DMPC vesicles. Similar 
changes can not be brought about by zwittcfionic ion/c 
phosphoi/pids or by LPC + tetradecanoL however as 
shown elsuahere [:5], about 10 nml% LPC added to 
preformed vesic|es does cause a significant decrease in 
the latency period. These observations emphasize the 
importance of an/on/c additives as determinants for 
latency periods obsm-cad in the 3H-star and the fluores- 
cence profiles. 

The effect of the substrme concentration 
shapes of  the pH-stat as well as the fluorescence 

change profile during the course of hydrolysis of DMPC 

20 

"g 

~. ~o 

DMPC (mM) 
Fig. 4, Relationship between the latency period for proton release 
(filled circles) and for the fluorescence change (open circles) of 
NK-529 during the hydrolysis of PLA as a function of DMPC 

o~ncentration. Other conditions as in Fig. 1. 

vesicles change appreciably at different substrate con- 
centrations. As shown in Fig. 4, the latency period for 
the onset of the steady-state rate of hydrolysis increases 
with increasing concentration of DMPC vesicles. Simi- 
larly, it is noted that at higher DMPC concentrations 
the minimum in the fi'.uorescence profile is broader. 

Oar interpretation of both of these observations is 
based on the experiments described below which show 
that the rate of exchange of the products between the 
vesicles has the half-tlme of about 4 min. As shown in 
Fig..5 (upper hal0 when dye bound to the product 
containing vesicles (S + P) is mixed with the substrate 
vesicles (S), there is an immediate increase in the fluo- 
rescence intensity because the free dye binds to the 
newly added interface. This is followed by a slow in- 
crease in the fluorescence intensity due to the release of 
self-quenching as the products achieve equilibrium dis- 
tribution with the added substrate vesicles. This conclu- 
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Time (min) 
Fig, 2; The effect of the exchange of the products from ternary 
condislxysions (0.52 raM) with 47,% products added to preformed 
DMPC (0.59 raM) vesicles. DMPC vesicles were added to a mixture 
of NK+529 and ternary codispersions: (bottom) ternary cadispersions 

were added to a mixture of NK-529 and DMPC vesicles. 
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Fig- 6_ R e a ~ n  progress cup.'e~ fc~r ~e  hydrolysis of DMPC (IA 
raM) ~eslcles at 2P 'C ~ith (fror~ top) 0.168. 0.42- and 0.84 nmol 
pb~sphoI/pase A 2. "F~ pte-steady-sh~te poruon is shifted h~ ~de t  to 

emphas/z~ ~e  differer~e in t ~  ste:~y-state phase of the re~'~on. 

sion is supported by the complementary, experiment in 
which the ternary {S + P) vesicles are added to a mix- 
ture of NK-529 and DMPC (S) vesicles. As shown in 
the bottom haft of F/g. 5, under these conditions the 
fluorescence intensi~ ~ decreases initially, and then in- 
creases slowly as the product exchanges from the ternary. 
vesicles to DMPC vesicles. These experimenLs are done 
in the absence of any enzyme, and in both cases the 
half-time for the stow change in the fluorescence inten- 
sity. presumably due to exchange of the products, is 
about 4 rain, or the hrst-order rate constant of about 
0.25 rain- ~. 

A slow exchange of the producLs from hydrolyzed 
vesicles creates complex ldne6e consequences when ex- 
cess substrate ,,esiclez are present. This is observed in 
the shape of the reaction progress curve as well as that 
of the fluorescence change during the steady-state phase 
of hydrolysis. At low concentrations of the substrate 
(where the enzyme to the ves/cle ratio >> 1) the dip in 
the fluo.,~scence profile is sharp and the fluorescence 
intensity reaches a mas~mum and rema/ns there. At 
E/V<< 1, the increase in the flnorescence intensity 
after the rcfinlmum occurs in slages. Such a behav/or 

woukl be expected if the vesicles to which the enzyme is 
initially b~Jnd are signifa:anfly hydrolyzed as would be 
expected because tbe residence time of the enzyme 
~'ou[d i n c r ~  on these vesicles. 

Since the [nterves/c|e exchange of the products oc- 
curs ~ t h  the r~te cons~m of  0.25 rain- 1 it memms not 
only ff~at several minutes elapse before excess vesicles 
become susceptible to PLA. but also that the vesicles 
in~fia~y atlack~l by the enzyme become target for fur- 
ther catalysis by the enzyme. This is because the vesicles 
con~alnlng a higher mole fraction of the products and 
therefore a higher affinity for the enzyme [5,9]. More- 
over. the slow exchange of the products makes excess 
ve~cle tess susceptible for hydrolysis. As shown in Fig. 
6. ~ is seen as a secondary, phase in the reaction 
pro~ess ~ rve  from the hydrolysis seen only at higher 
eaz,me ~o vesinle ratios. The role of excess vesicles in 
increasing the ~a~ency period is two-fold: initially they olin-: more ~tes for the action of PLA in the hopping 
mode~ and in this p-ha~ the e~hange of the products of  
hydrolysis ~-~ul,i tend to lower their average mote frac- 
tion in the vesicles. Th,/s would not only increase the 
latency period, but the minimum in the fluorescence 
profile becomes shallo~,er and broader. 

Ti,,e effect of fipophilie additires 
Several l/Ix~h/~c additives are known to modulate 

the reaction progress cur~'e for the hydrolys/s of DMPC 
vesicles by PLA. Such a modulation is a direct conse- 
quence of  ~e / r  action on the binding of phospholipase 
A2 1o the sobs~ate/mcrfac~ [10,16]. A similar behavior 
is obse~,ed for the fiuore~ence intensity profile of  
NK-529 on bi[aycrs in the presence of 1/pephil/c ad- 
ditives. As s h o ~  in l /g.  7. n-oaanol and ole/c acid 
incrca~ the latency period_ As summarized in Table I, 
in the presence of 5 tool% lipoph~c additives the latency 
periods increase appreciably. Although the gencz~fl trend 
is the same, the latent" periods obha/ned by pH-shat 
profile (expcr~menLs done in 1984 in the absence of 
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Fig. 7. (A) Dependence of t ~  latency period for the fluore~ence change of NK-529 a~ a function of the/ncre~ng oc~cenlration of n-c~lanoL (B} 
Dependenoe o[ the L~ten¢~- period for Ihe proton release during hydrolysis of DMPC ~e~/ch~ ¢on1,~/e,/p.g various mole f¢'~fiocs of o~¢ic ¢~-/dl. 
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TABLE 1 

Latency r'k, rtrMs for proton release fpH-staO and for the fl~reseence 
change ~f NK-529 during the hydrot)'sis of DMPC vesicles in the 
pre~ence o]'5 mol% additives at 21°C (pit 8.0). 

O ~  conditions as given in Mater/iris and Methods. 

Additive Latency period (rain) 

prOtOn fluorescence 

tete~ change 

None 3 3 
l -Telradecanol 1 I 
trans-Tclradec-9.caol 5 6 
eis-Tctradcc-9-ca~ 22 9 
Myristie acid 3 4 
Palmifie a~/d 4 7 
Steam: acid 4 3 
Elaidic acid 5 14 
Ol¢~e acid 10 27 
7.7-Dimeth~-iicosadicm~¢ acid 7 17 

NK-529) are somewhat longer than those obtained from 
the f luor~.ence change. The ability of alkanols to in- 
crease the latency period is in the order tetradecanol < 
none < trans-tetradec-9-enol < cis-tetradec-9-enol. Since 
the partition roe[f/dent of  these solutes is large and 
comparable, the difference in their effects should be 
attributed to intrinsic difference, in the ability of these 
solutes to influence lateral distribution of anionic 
charges d::;, to segregation of the products of  hydrolysis. 

This conclusion is further substantiated by the fact 
that addition of unsaturated fatty acids also influence 
the latency periods (Table !), whereas saturated fatty 
acids have little or no effect. Since a solute can change 
the thermotropic transition properties of  the bilayer, the 
effect of  oleic acid on the latency period were also 
investigated as a function of temperature (Fig. 7B). At 
low mole fractions (below 0.0l) the latency period in- 
creases significantly without a significant effect on the 
temperature range over which the transition occurs, it is 
also interesting to note that the steady state rate of 
hydrolysis shows an anomalous dependence on the pres- 
ence of these additives (data not shown): under certain 
conditions activation is observed, whereas inhibition is 
observed under other conditions. Such a biphasic hehav- 
ior would be expected if the interracial binding equi- 
librium for the enzyme is sh/fted in the presence of 
these additives. These observations extend oui earlier 
conclusion that lipophific additives influence the inter- 
facial binding equilibrium for PLA by moduhdng  the 
ability of  the products of hydrolysis to segregate in the 
substrate biiayer. 

The effect o f  salts 
Binding of pig pancreatic phospholipase A2 to zwit- 

terionic b/layers occurs only in the presence of anionic 
additive. The possibifity of an ionic interacdou of the 

"[ABLE II 

Latency periods and relative activities in the swady-phase of the reactwn 
progress curve (pH-statl m the presence of salts 

The reaction vessel for both types of measurements contained 590/aM 
DMPC vesicles..5.2 /~M NKo29. 5 ram CaCl:. and 0.8 vg phos- 
pholipase/2 ml at pH 8.0 and 21°C. 

Salt Latency period (rain) Relative 
pH-stat fluorescence activity (%) 

None 1.6 2.5 100 

0.1 M NaCNS < 0.5 < 0.S 342 
03 M NaCI 3.2 3.2 76 
0.l M NazSO a 4.2 ¢.0 63 

cationic microinterface of the enzyme with the anionic 
bilayer interface is supported by the effect of salts on 
the latency period and the steady state rate of hsdroiy- 
sis. As summarized in Table lI, the latency periods 
obtained from the pH-stat and the fluorescence change 
are virtually identical. Similarly, the steady-state rate of  
hydrolysis also decreases for the salts where an increase 
in the latency period is observed. This supports the 
conclusion that the ionic interactions are important for 
the events that controls the latency period of modula- 
tion the equilibrium binding of pig pancreatic phos- 
phvliva,,~ A 2 ;.o substrate interface. 

The effect o[ temperature on the equilibrium binding o f  
phospholipase A ,  

The observations sumarized so far demonstrate a 
remarkable correspondence between the binding of 
phospholipase A 2 or NK-529 to DMPC vesicles. Ionic 

d 

i i I 
i~ 21 29 57 

T (°C) 
Fig. 8. The change in fluorescence intensity as a function of tempera- 
ture. F, om top (a) DTPC vesicles+NK-529-' (b) DTPC vesicles 
containing, 6-% products+NK 529: (¢) DTPC vesicles v.'ilh phos- 
pholipase Az; (d) DTPC vesicles with 12.% products and phospholi- 

pase A:. Other conditions as given in the text. 
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Fig. 9. The change in tim relative fltmrescence intenshy of  ptmslMmii- 

p a ~  A 2 at  the phase transhmn o f  DTPC ,,'csiek:s oantain/ng the 
indicated mole f ~  of the products in the outer tr~oh)~r. 

Other condit/0~ as g/v¢~ in tlm texL 

interactions modulated by gel-to-fluid thermotropic or 
isothermal phase trans/tion properties of the b/layer 
contgol the rap/d equ/hbrium between the free and 
hound phospholipase A2 or NK-529. This is probably, 
most dh-ecdy demonstrated by the data shown ha Fig. 8. 
In the top haft of this figure is shown the change in the 
fluorescence intens/ty of NK-529 in DTPC ves/cles aioue 
or those containing mol~ products in the outer 
monolayer. Only in the prescnc~ of the prodm.~s a 
decrease in the fluorescence, bat~,g;ty "s ob~__~ed at the 
phase transi~on temperature. A similar experiment for 
the bindh~g of phosphol/pase A 2 w a s  C a l ' n e d  OUt w i t h  

vesicles of DTPC alone or with those prepared by 
cosonicalion of D T ~  With 12% DMPC. As shown in 
Fig. 8 (bottom hal0, in the presence of excess phos- 
pholipase A z (after several hours) the fluorescence 
emissinn intens/ty due to Trp-3 from the enzyme shows 
an increase in the phase transition range. As discussed 
elsewhere [6,7] such an increase in the em/~on  from 
Trp-3 is a d/root measure of catalytically significant 
binding of phospholipase A 2 to b/layer. Sinfilar, experi- 
ments were done at several mole fractions of the nacently 
formed products in DTPC vesicles. As summarized in 
Fig. 9 the transition temperature dependent increase in 
the Trp-3 fluorescence does indeed increase abrapfly 
when the mole fraction of nacenfly produced products 
exceed 0.08 in the outer monolayer of DTI~ vesicles. 

DLseussiun 

The results summariz~ in this paper hdp us dahorate 
on the nature of the binding of phospholipase A 2 to  

zwhterionic bilayers. Based on the kinetic and the direct 
equilibrium binding studies, elsewhere [5,6] we have 
shown that the affmhy of pig pancreatic phospholipase 
A 2 for zw/tterionic vesicles increases by three to four 
orders of magnitudes in the presence of the products of 
hydrolysis. A role of an/onic charges in facilitating the 
binding of phospholipase A 2 [7], and a role of cationic 
charges in inhibiting the hinding of phospholipase A 2 
[10] to the interface, is also adequately demonstrated. In 

these studies it was apparem that the binding of phns- 
pholipase A 2 to zwhterinn/c b/layers is not observed 
until a cAt/ca] mole fraction of the products is nacently 
formed or introduced during formafiun of the vesicles. 
Now we have further extended thee  observations to 
elaboram on the organizatonal factors that control 
~tal)l/c-~y meaningful binding of phospholipase A 2 
during the course of hydrolysis of zwitterioni¢ vesicles. 
Two of the most important factors are the presence of 
an/on/c amph/phfles in the interface, and their pro- 
pens/ty to segregate in the b/layer. 

T~e protocols developed in this and the preceding 
paper [14] prov/de a simple and versatile method to 
monitor segregation of anionic additives in zwitterinnic 
bilayers. The results show that at the phase transition 
temperature the products of hydrolysis of DMPC by 
phnspl~oi~pse A 2 are ranaomly disw2buted up to 0.03 
mo!e fraction, beyond wh/ch segregation of fatty acids 
occurs. The data at hand does not demonstrate whether 
LPC is segregated cr not, but its presence in the bilayer 
is necessary for the segregation of the fatty acid. Segre- 
gation of fatty adds creates a local increase in the 
an/on/c charge density. This promotes binding of phos- 
pholipase A e, and therefore catalysis in the scooting 
mode [2,3,'/]. In results we have shown that the segrega- 
tion of fatty adds as mon/toted by the latency period 
for the proton relea~ or the fluorescence change during 
the hydrolysis is apprechbly altered under a variety of 
conditions: temperature, presence of additives, mole 
fractions, and relative mmmnts of the various compo- 
nents. The corre]adon between these two sets of ob- 
servations during the ¢qu/l/brium [14], as well as the 
steady-state conditions, demonstrales that a confluence 
of factors that influence the organization and dynanfics 
of anionic charges in the interface influence the interfa- 
dal catalysis by modulating the eqnil/bfium between the 
bound and free enzyme. 

The underlying model that accoants for the kinetics 
of interfaciai catalys/s under a variety of expefimeatal 
boundary conditions has been quantitatively elaborated 
eLsewhere [2]. According to tiffs model all the available 
data for the hydrolysis of z~tterinnlc vesicles can be 
described by the assumption that the binding of the 
enzyme to zwittefion/c substrate vesicles is much weaker 
than the binding in the presence of the products of 
hydrolysis. For cxampl~ as shown in Fig, 10, it predicts 
an expouen6al relaxation after a time delay during 
which a sufficlem amount of products will be formed to 
allow binding of the enzyme. The model can be 
elaborated further to predict other fcaturcs of the ex- 
perimental data. 

Two other attempts have been reported in the fiter- 
ature to account for the shape of the reaction progress 
curve for the hydrolysis of zwitt¢fionic vesicles. Both of 
these fall short of tbe/r goal, because the experimental 
boundary conditions do not adequately match the as- 
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F/g. 10. ~ ~ l~rogrcss c a r v e s  for the hydrolysis of 
v,'..s/ctes ~ formation of pl"odm:gs c¢omotes binding of PLA and 
the enzyme is read/ly ~ . ¢ .  The upimr curve shows the 
t-e~lim~h/p A-t:Z (derived by Rov-~ro ¢t aL 120]) based on completely 

d i f f e r e ~ ~  

sumptions intrinsic in their theoretical treatments. For 
example, Tinker et aL [17-19] postulated that the latency 
period arises because the enzyme has a high affinity for 
the vesicles of pare substra~ and in this state the rate 
of catalytic turnover is assumed to be slow. According 
to this model, the catalytic turnover increases in the 
presence of the products of hydrolysis because the 
products promote desorption of the bound enzyme. 
Similarly, in developing their percolation model Bi- 
Itonen et al. [20,21] have made an ad hoe assumption 
that the dimerizat/on of phospholipase A 2 ill the inter- 
face is a kinetic, ally s k ~  step in the pre-steady-state 
phase that ultimately leads to the burst of catalytic 
activity in the steady-state phase. These assumptions are 
inconsistent with the observation that the affinity of 
pore:me p!:osphoGpase A 2 for zw/tterionic vesicles is 
very low [6,7], anu the Haefics of binding of the enzyme 
to the interface is rapid [4] when the binding equi- 
librium is favorable. As shown in Fig. 10, the shape of 
the reaction progress curve i~cluding the pre-steady-state 
phase can be adequately reproduced on the basis of the 
product-induced increase in the binding of PLA without 
any ad hoe ~ssumpt/on about the dimerization of phos- 
phol ipase  A 2 induced by fluctuations in the lateral 
olganiT~ation of file bi!ayer as postulated by Romero et 
al. (1987) [20]. Similarly, one of the key assumptions of 
the percolation model that only a critical mole fraction 
of additives leads to the loss of the latency period, can 
be questioned on the basis of some quantitative con- 
siderations. According to the percolation model the 
bound enzyme is able to dimeriz¢ more rapidly when it 
is able to move laterally over fluctuation-induced con- 

tiguous regions of a phase-separated bilayer. This is an 
obligatory step for dimerization of the enzyme in the 
interface. Contrary to the experimental observations 
reported in this and earlier papers [5,6,9,1~j, the perco- 
lation model does not require the presence of anionic 
charges on the additives that are phase-s,~parated. In- 
deed, according to this model, phospholipase A 2 should 
readily bind hilayers in the gel-fluid coexistence region. 
As shown in Fig. 9 pig pancreatic phospholipase A 2 
does not bind to bilayers of DTPC in the gel, fluid, or 
the coexistence region unless a critical mole traction of 
the products of hydrolysis or other anionic phospholi- 
pids are also present. Even if it is assumed that the 
fluctuation-induced segregation of anionic amphiphiles 
is necessary for binding of the enzyme, the theoretically 
predicted mole fractions of additives that would lead to 
optimal percolation are in the range of 15 to 25 too!%. 
However, a~ shown in Fig. 3 the latency periods become 
zero in the presence of less than d mol% DMMe, that is 
a mole fraction at which contiguous regions cannot be 
reasonably established. 

To recapitulate, the experimental boundary condi- 
tions elaborated in this and earlier papers [3-6,9-12] 
provide a reasonable basis for the interpretation of the 
complex kinetics of intedacial catalysis by pbospholi- 
pase A2. According to the general scheme for intedaciai 
catalysis as developed in detail elsewhere [2], the origin 
of the latency period is in the shift of the equilibrium 
binding of the enzyme to the substrate interface, rather 
than in the intrinsic kinetics of binding of the enzyme to 
the interface. The equilibrium towards the bound form 
of the enzyme is modulated by the mole fraction and 
lateral distribution of the products of hydrolysis. The 
detailed molecular basis for the interplay of the phase 
properties and distribution of anionic charges is yet to 
be established, and we believe that the information 
provided by the spectral properties of NK-529 is an 
important first step in that direction. 
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