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In Ihe ~ a v e s i c l e  scooting mode of i n ~ d a d ~  c~f lyf i~  the in~ffaci~ com~ex E*S is formed by the 
interaction of the membrane bound phospholipase A 2 (E*) with the subs~a~ monomer (S) ~ the ~ t e d a c ~  
In the presence of nonhydro~za~e subs~ate an~ogs (D the ~nefics of ~ f f a c i a l  catalysis is modifie~ ff 
phospholipase A 2 ~ added to a m~ture of the veeries of L-DMPMe es~r  and of DTPMe ether or 
D-DMPMe este~ the ex~n t  of h y d r o l y ~  A, decreases and the i n t ed ad ~  scooting rate constan~ ki, 
r e m ~ s  unchanged. On {he other han~ when the enzyme ~ adged to the t e ~ d e s  prepared from premixed 
L-DMPMe es~r  with D-DMPMe es~r  or L-DTPMe e ~ e ~  k i decreases but A rem~ns constanL 
Q u ~ i ~ t i v d ~  these rese ts  are ~ excellent accord with the Scheme I for i n t ed ad ~  c a t ~ y ~  Howeve~ a 
quanti~tive departure has been noted, wh~h suggests that the inteffad~ ~ o c i a f i o n  constant for E*S ~ 
larger than that for E*I.  These r e s ~  are interpre~d to suggest that the ca~lytic rate constant for 
decomposition of E*S ~0 E* + P is larger lhan lhe ~ate consent  fer decomposition of E*S to E* + S. 
Broader i m i t a t i o n s  of the scooting mode of in teffad~ c ~ y ~ s  are discussed. 

In the preceding three papers we have ex- 
amined and daborated the expefiment~ conse- 
quences of in~ffa~al  cat~yfis as r d a ~ d  to the 
kinetics of hydroly~s in the in~avefide scooting 
mode [1], to effec~ of anions in the aqueous phase 
and the bilayer, to the effect of substitution of 

* To whom co~espondence shou~ be addressed. 
A b b r e ~ n s :  DHPMe e ~ ,  l ~ - ~ h e x ~ p h ~ p h a f i d ~ -  
m~han~; DHPMe ~ 1 , ~ h ~ o ~ p h ~ p h a f i d ~ m e ~ n ~ ;  
DMPMe e~eL 1 , ~ m y f i s ~ p h o s p h a f i d ~ m ~ h a n ~ ;  DTPMe 
ethel 1 . 2 - & ~ a d ~ p h ~ p h a t i d ~ m ~ h a n ~ ;  D-DMPM~ 2,3- 
&myfi~o~ph~phatid~m~han~; cmc, cfific~ micelle co~ 
~ r ~ m  The compound numb~s refer to those ~ven in 
Ta~e 1 of ReL 3. 

amino and  re ,dues  in the N-terminus region of 
p h o s p h o l i p a s e  A 2 [2], and to the effect of the 
structure of the head group of the substrate in the 
bilayer [3]. In this paper we examine yet another 
assumption imphcit in Scheme I. According to 

E E 

~ I .  ~ m e  ~ ~ ~ 

this ~ h e m ~  a nonhydrolyzable subs~am an~og 
(I) in the ~mfface cou~  form a nonproductive 
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complex, E ' I ,  and therefore act as an inhibito~ 
We have exanfined the effect of such analogs on 
the in~avesicle scooting kinetics under two differ- 
ent conditions: (a) When the analog I is present as 
separate verities with the verities of the subswate, 
and the enzyme in the aqueous phase competes for 
the two populations of the verities. (b) When I is 
codispersed with the substrate before formation of 
the vefide~ and the enzyme in the aqueous phase 
competes for the two fipid species in the codis- 
persed veficles. The resul~ are qualitativdy con- 
fistent with the predictions of Scheme I. However, 
quantitative dependence of k i and a on the mole 
~action of I suggests that k 2 is relativdy rapid 
compared to k_a. The experimental boundary 
conditions dabora ted  in this study are also dis- 
cussed in the general context of interfacial cataly- 
sis. 

Mateda~ and Methods 

All the experimental protocols and source of 
reagents and fipids are described in the preceding 
three papers [1-3]. Appropriate references are also 
given in the text or in the figure legends. 

R e s ~  and D~cus~on 

Kin~i~ of hydroids of L2-Nhexanoyl-sn~h~- 
phatidylm~han~ (DHPMe ~ter, No. ~ in ~e 
presence of 1,2-dihexyl-sn~hospha~dylm~hanN 
(DHPMe ~he6 N~ 5~ 

Aqueous disp~sions of DHPMe ester and 
DHPMe ether form micelles with cfific~ m~elle 
concentration ~ m O  of about 6.5 mM. As shown 
in Fig. 2 of Ref. 2 DHPMe ester is hydr~yzed by 
pig phosphol ipa~ A 2 n o t  o ~ y  above the cmc, but 
~so  bdow its cmc. This is p r o b a b ~  due to f o r m ~  
tion of m i ~ o a g g r e g ~  of phosphol ipa~ A 2 w i ~  
anionic amphip~hs  [2]. Under these c o n ~ t ~ n s  
the reaction progress curves have a p ~ u d ~ z e r o -  
o r d ~  component, and 100% of the subs~ate in the 
reaction m ~ t u ~  is ~ t i m ~ d y  hydr~yzed.  The ini- 
t i~  r a ~  of hydr~yfis  depends not o ~ y  on the 
subs~a~  and the enzyme concen~ation, but ~ e  
in~ial rate of hydr~yfis  decreases in the presence 
of 1 , ~ h e x ~ p h o s p h a t i d ~ m e t h a n ~  (No. 5a, 
DHPMe etheO. As shown ~ Fig. 1, ~ e  i ~ f i ~  ~ t e  
of hydr~yfis  decreases fineafly w i ~  ~ e  increafing 

1.0,  

O~  I 0  
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Fig. 1. Effect of varying the mole fraction of di- 
hexylphosphafid~methanol (DHPMO ~he~ No. 5a) on the 
hydrolyfis of 0.15 mM (~) or 1.25 mM (C)) di- 
hexanoylphosphatid~methanol (DHPMe es~L No. 5) by 2 #g 
phosphofipase A~ at pH 8~ in 0.1 M KCI and 10 mM CaCI2. 
Spe~fic acti%ty for ~15 mM subs~ate ~one was 30 I.U., 
howeve~ the data is norm~ed. At 1.25 mM DHPMe este~ 
phosphofipase A~ is in a m~roaggrega~ with the lipid (see 
Fig. 2 in ReL 3). 

mole fraction of DHPMe ether in the reaction 
mixture. These observations show that the rdat ive 
affinity of the enzyme for the ether and ester 
anNogs are essentially identicN, not only in the 
microaggrega~s of the enzyme with the subsUa~, 
but Nso when the substrate is in the miceHar form, 
as is the case at high m o ~  fractions of the ad- 
ditive, DHPMe ether. 

Ef~ct  of the phosphofipase A 2 concentration 
on the initiN rate of hydrolysis of DHPMe ester 
disperfions was Nso examined. As shown in F~.  
2, the inifiM rate of hydrNysis of DHPMe ester 
(No. 5) in the presence of equimolar concentration 
of DHPMe elher (No. 5a) increases hneady with 
the phospholipase A 2 concen~ation. The ~ope of 
this plot is one for the monomer as wall as for lhe 
microaggregate form of the substrate. The ~ope of 
one suggests that the catalytically active form of 
the enzyme is p robab~  monomefic (see Nso Ref. 
1), or the equifibfium for the aggregated form of 
the enzym~ if any, is not not iceab~ pe~urbed by 
a 300-f~d change in the enzyme concen~ation. 

Effect of DTPMe ether and D-DMPMe ester on the 
kinetics of hydrolys& of L-DMPMe ester oes~les in 
the scooHng mode 

According to Scheme I, phospholipase A 2 in- 
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Fig. 2. Ef~ct  of phosphohpase A 2 (PLA) concentration on ~ e  
hydr~ysis  of 1.25 mM (~) and 5 mM (©;  DHPMe e~e~ N ~  
5) c o ~ s p ~ d  w i ~  e q ~ m d ~  ~ h e x ~ p h o s p h a t i d ~ m e ~ a n ~  
(DHPMe ~heL  No. 5~.  The I~e ~ drawn to ~ope 1. Note 
• at the ~ ta l  h ~ d  concentration w o d d  be d o u s e  of the 
substrate concentration ~ m ~ d  ~ a b s d ~ a ;  ~ e  m ~ s  of hydrol- 
yfis are norm~ize& Other con~f ions  as in F i~  1. Thus, ~ e  
s u b s ~ a ~  world be in the micellar state above 6.5 mM. 

teracts with the substrate interface (E to E*), and 
with the substrate monomer in the interface (E* 
to E 'S) .  These two types of affinities of the en- 
zyme can in p f i n d p ~  be measured by the proto- 
cols outlined in Fig. 4 in ReL 1 and dabora ted  
bdow.  

(a) When phospholipase A 2 is added to a mix- 
ture of the veeries  of DTPMe ether and DMPMe 
ester, the k i for the firs~order reaction progress 
curve rem~ns  constanL whereas the extent of 
hydroly~s (A) decreases with the increa~ng mole 
fraction of DTPMe ethe~ As shown in Fig. 3A, 
the mole ~action of DTPMe ether ve~de~  X A, at 
which the extent of hydrolysis (A) decreases by 
50% is about 0.15. It may be recalled that A is 
rda ted  to the number of phospho~pid molecules 
in the o u ~ r m o ~  monolayer of the v e r d e  to which 
E is bound, thus, the kinetics of binding of phos- 
p h o l i p a s e  A 2 from aqueous phase to the substrate 
v e r d e  would determine the v~ue  of A in the 
presence of excess ve~de~  

(b) The affinity of the enzyme for the substrate 
monomer  in the in~fface can be e v ~ u a ~ d  by 
following the reaction progress curves for the hy- 
droly~s of DMPMe ester v e r d e  cont~ning vary- 
ing mole fractions of DTPMe ether. As epected on 
the ba~s of Scheme I and shown in the first paper 
of this series (Fig. 4 in ReL 1), under these cond~ 
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tions the extent of hydrolyfis, A does not change 
fignificandy, but k i decreases. As shown in Fig. 
3B, k i decreases with the increasing mole fraction 
of DTPMe ether in DMPMe ve~de~ whereas the 
extent of hydrolyfis is not appreciably altered. Of 
course a correction for the decreafing mole frac- 
tion of DMPMe ester in the verities has been 
made in the values of A shown in Fig. 3B. The 
mole fraction of DTPMe ether, X B, at which k i 

decreases by 50% is 0.16. 
Although the observations summarized in Figs. 

3A and 3B are qualitativdy con~stent with the 
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Fi~ 3. (A) Effect of varying the mole Raction of DTPMe 
vefiOes mixed with the verities of DMPMe (0.3 ~mol) on the 
amplitude (A) and the rate constant, k i. (B) Effect of varying 
the mole ~action of DTPMe ether codispersed with DMPMe 
ester (0.3 ~mol)  on the amplitude (A) and the rate constanL 
k i. The reaction mixture con t~ned  4 ml of ~3  mM CaC12 and 
the indicated amount  of the fipids. The reaction was initiated 
by adding ~ 4  ~g phospholipase A 2. Reaction volume 4 ml, 
30 o C, pH 8.0. Other conditions as described in ReL 1. 
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Fig 4. (A) Effe~ of the increasing mole ~action of D-DMPMe 
ester on k i and A for the hydrolysis of L-DMPMe es~r in the 
scooting mode of in~f fad~  c ~ y f i ~  Top: for the m~ture of 
verde;  bottom: for the veeries prepared from premixed lipid~ 
Conditions as ~ven in Fi& 3. (B) Effe~ of the var~ng mole 
~action of D-DMPMe es~r on the steady-state ra~ of hydr~- 
yfis observed a fa r  addition of 0.25 M NaC1 at the end of the 
firs~order ~action progress curves ~om which the data shown 
in Fig. 3 or F~. 4A was obtaine& 

Scheme I, the fact that X A = X B = 0.15 suggests 
that the apparent affinity of phospholipase A 2 is 
higher for DTPMe ether than it is for DMPMe 
ester. The fact that essentially imflar  results are 
obtained for A or k~ measured according to the 

two protocols suggests that a common rate-limiv 
ing step must be shared by the two protocols. We 
suspect it is E * +  S to E*S. In order to under- 
stand the origin of the bulge in the mole fraction 
plots of K~ and A (Fig. 3) we studied the effect of 
D-DMPMe ester on the kinetics of hydrolysis of 
L-DMPM~ As shown in Fig. 4A, the effect of 
D-DMPMe on the kinetics of hydrolyis  is essen- 
tially identical to the effect of DTPMe ether. With 
both the nonhydrolyzable ether and ester analogs 
of the substrate (L-DMPMe) the extent of hydrol- 
ysis in the mixture of vesicles is inhib~ed by 50% 
at the mole fraction of about X A = 0.16; imilarly, 
the k i for hydrolysis of DMPMe ester in the 
mixed veicles is lowered by 50% in the veicles 
containing X, = 0.13 mole fraction of D-DMPMe 
ester in the vesicles prepared from premixed lipids. 

These observations show that the effect of D- 
DMPMe and of DTPMe ether on the kinetics of 
hydrolyis  of L-DMPMe ester in veicles is essen- 
tially identical under two different protocol~ 
Qualitatively the effect of DTPMe ether or that of 
D-DMPMe ester on the reaction progress curves 
for the mixture of the vesicles or that for the 
mixed fipid veficles is in excellent accord with 
Scheme I. Howevec the values of X A and X, are 
not what would be predicted on the bails of 
Scheme I [3]. The results in Figs. 3 and 4 are also 
not apparently conis tent  with the observations 
summarized in Fig. 1, where it is shown that the 
inhibitory effect of DHPMe ether is hneafly pro- 
poritonal to its mole fraction in the mixed micelles. 
For exampl~ if the affinity of phospholipase A 2 
for the DTPMe ether or for D-DMPMe ester is 
the same as it is for L-DMPMe este~ both X A and 
X~ would be 0.5 in each case. As with micellar 
substrate, under somewhat different conditions one 
can obtain X A = X~ = 0.5 for D-DMPMe ester 
veicle~ or L-DTPMe ether vesicles mixed with 
the L-DMPMe ester veicles. As shown earlier 
[1,2], addition of anions at the end of the firsborder 
reaction progress curve leads to a steady-state 
pseudo-zero-order rate of hydrolyis  during which 
all the excess available substrate is hydrolyzed. 
The steady-state rate of hydrolyis  of L-DMPMe 
veicles in the presence of the varying mole frac- 
tions of D-DMPMe or DTPMe ether veicles is 
shown in Fig. 4b. Under these conditions a finear 
decrease in the rate of hydrolyis  is observed with 
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the increasing mole fraction of verities of the 
analo~ Thus, on the time averaged bails the en- 
zyme encounters the analog verities in the same 
proportion as they are present in the reaction 
mixture. In conjunction with the data shown in 
Fi~ 1, these observations show that the apparent 
affinity of the enzyme for the ether or the ester 
subs~ate analog ~ fimilar to that for the substrate 
under the conditions where the enzyme is able to 
exchange read~y between the hpid micelles or the 
vesicles, that is when the rate of interfacial trans- 
fer of phospholipase A 2 (e.g. during interveficle 
exchange) is the rate fimiting step. 

The bulge in the mole ~action plots for the 
inhibitory effect of additives (Figs. 3 and 4) is 
observed only under the conditions of scooting 
kinetics. A possible explanation for this bulge 
could be in the defign and interpretation of these 
experiments. For example, for the plo~ of type 
shown in Figs. 3 and 4A, the enzyme and the 
substrate concentration is kept constanL and the 
analog concentration is varied to change its mole 
fraction; thus the overall interface concentration 
also changes, if a step in the overall reaction 
sequence somehow depends upon the enzyme to 
interface ratio, a bulge of the type shown in Figs. 
3 and 4A could result. As shown in Fi~ 5, the 
extent of hydrolysi~ A, shows an anomalous de- 
pendence on the concentration of D-DMPMe and 

of L-DMPMe present as separate verities in 1 : 1 
ratio. As shown earlier [1], with L-DMPMe ester 
ve~des ~one  such a decrease in A at higher 
substrate concen~afions is not observed. Also 
according to Scheme I, it is expec~d that in the 
scooting mode the extent of hydrolyfis would re- 
ach a maximum and rem~n constant at that ~vd .  
However, as shown in Fig. 5, the extent of hydrol- 
yfis decreases above 80 #M tot~  ~pid concentra- 
tion, yet the k~ values appear to rem~n constant 
above 80 #M totM hpid concentration. Higher k~ 
at lower ~pid concentrations are expected if more 
than one enzyme molecule is present in each ves- 
icle. These resul~ suggest that a cfific~ ratio of 
the enzyme to interface is apparently required for 
a maximum extent of hydrolysis when D-DMPMe 
ester or DMPMe ether verities are ~so  presenL 
This is ~so demon~rated in the data shown in 
Fig. 6. At 1 : 1 mole ratios of D- and L-DMPMe 
vesicles the extent of hydrolysis depends upon the 
to t~  ~pid concentration. At 0.2 mM tot~ ~pid 
concen~ation, A is smaller than it is for 0.05 mM 
mixtur~ Howeve~ if addifion~ enzyme is added 
(eL curve c, Fig. 6) the extent of hydrolys~ in- 
creases. Based on the data shown in Fig. 5 or Fig. 
6, it appears that the anom~ous decrease in A 
with increasing mole fraction of the additive is 
observed when the vefide to the enzyme ratio 
exceeds one, i.e., when the enzyme molecule 
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0.1 mM L-DMPMe ester; ~u~e ~ ~25 mM D-DMPMe with 
• 25 mM ~DMPM~ and ~u~e ~ ~1 mM D-DMPMe verities 
with ~1 mM ~DMPM~ The reaction ~ each case was 
initiated wi~ ~4 #g phosph~ase A 2 (E), and 1.2 #g phos- 
pholipase A 2 was Mso added ~ cu~ed c as ~ c ~ e &  
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compems for the subs~ate and the ether veNdes. 
In such a ~tuation the enzyme appears to bind 
preferenfiMly to veeries of the anMcgs rather than 
the subsuate veeries. 

The role of a cfiticN ratio of the enzyme to the 
veeries for a maximum extent of hydroly~s is 
intfiguin~ One of the ~mplest  inmrpretations of 
this data would be that compared lo a bound 
monomer enzym~ an aggregated form of the en- 
zyme can exchange more readily between the 
vesicles in the absence of the p r o d u ~  In the 
codispersions of the s u b ~ r a ~  with the substrate 
anMog the bound aggregated enzyme will be di- 
luted. This ~tuation is however not manifested in 
the etent of hydrolysis in the presence of the 
excess subs~at~  as shown earlie~ the extent of 
hydrolysis does not decrease ~gnificantly at high 
subs~a~  concen~ation. SimilaflN as shown in 
Fig. 2, in the micellar form of the subsVa~, the 
enzyme concentration dependence is finear over a 
300-fold enzyme concentration and over at least a 
10-fold hpid concentration. Such observations es- 
sentially rule out a ~mple catMytic role for the 
aggregated enzym~ SimilarlN we do not believe 
that these effects are due to a difference in the 
nature of the inmfface of the stereoisomerk fipids, 
because the phase uan~t ion  and fu~on p r o p e ~ s  
of these fipids are essentiNly the same (see Nso 
Re~ 11). 

These resul~ show that the bu~e  in the mole 
fraction plots (cL Figs. 3 and 4A) of the parame- 
ters of the scooting kinetics is not an artifact. The 
extent of bulge depends upon the reNtive amounts 
of the enzyme and the subs~ate in the reaction 
mixture. The parameters A and k~ do not repre- 
sent a sinNe kinet~ step in the Scheme I, instead 
these pa ramem~ represent a cumulative effect of 
severn thousand turnover cycles. As discussed 
b~ow, the ofiNn of this apparently higher affinity 
of phosphofipase A 2 for the substrate anMogs is 
impfidt in the assumptions of Scheme I. 

The departure from hneafity in the mole frac- 
tion plots is observed both in the mixture of the 
veeries, as w~l as with the premixed binary 
ve~de~  Therefor~ the ofiNn of the bulge in the 
mole fraction plots must be r ~ a ~ d  to a stop that 
occurs in the bilayer interface. This step is com- 
mon in the two protocols and it ~hould occur 
before the catalytic s~p.  According to Scheme I, 

the ~ f f a d N  turnover is characterized by a 
M ~ h a ~ M ~ n  ffpe of reaction sequence en- 
ca sed  ~ ~ e  box. As i m N ~ t  in Scheme I, the 
in~f fadM d ~ s o d ~ n  constant for E*S is Nven 
by: 

k 2 + k  1 
Km kl 

For a nonhydr~yzaNe subsUate anNog (!), 
k 2 = 0, ~ ~  ~ e  ~ f f a d M  ~ o d a f i ~  ~ n -  
stank ~ ,  for E*I  is k ~/k 1. For most enzym~ 
subs~ate reactions kz is ~ sumed  to be smM1 and 
therefore K m = ~ [10]. If kx ~ 0, ~ e n  K m > ~ .  

Indeed, data shown in Figs. 3 and 4 suggest ~ a t  
for D-DMPMe ester and b D T P M e  ~her,  K d = 
0.15 Km. If  we ~ s u m e  ~ a t  k~ and k_~ are ~ e  
same for ~ e  two forms of ~ o ~ h ~ N ~ ,  it would 
imply that k 2 = 5k 1" U n ~ r m ~ N  we do not 
have any ~rec t  mmhod to m e ~ u ~  ~ese  interfa- 
da l  rate constants. Howev~,  tNs would not be an 
unreasonable ~ n ~ p  for an enzyme that re- 
mNns bound to the b~ayer ~ r  many c ~ y t i c  
turnover cycles. It may also be noted t h ~  ~ e  
a p p a r e n t  K m for the ternary c o ~ @ ~ o n s  of 
DMPC is about 3-foM Ngher ~ a n  the K d 
m e ~ u ~ d  from t ~  N n ~ n g  ~ p e r i m ~ U  [4,11]. 
N ~ N @ ,  as shown in the p ~ n g  paper [3], the 
apparent K d is Mways smN~r  by a factor of 3 to 
7 ~ a n  the apparent K m for a varieff of fipids. 

D ~  consequences of these p ~ ~  are 
bNng ~ a m ~ e d .  M ~ n w N ~  c~ tNn  ~ t ~  
inferences can be drawn on the basis of the ob- 
servations at hand. In the Tabe III  of the preced- 
ing paper [3] we have shown that the fluorescence 
m m n ~ f f  of ~ e  enzyme bound to micd~s  and 
N lay~s  of the various p h o ~ h d ~ N s  depends upon 
~ e  s~uc tu~  and con~rmat ion  of N y c ~ o p h o ~  
pham mNon of ~ e  m ~ e .  These ~ ~ s  
i m p ~  that the NnNng  dem~ed by fluorescence 
enhancement is c ~ N y ~ y  m ~ N n ~ ,  that is, it 
represents ~ e  ~ y ~ y  active E*S form rather 
than the E* form of the bound enzyme. The 
vMues of K d in the range of 1 #M Nso ~ p ~  that 
k ~ should be r~af iv~y smMl, wNch co~d  lead 
to k~>k_~. Such intfin~c fimRmions lead to 
some very mmmsting pos~bihfies regarding the 
nature of interfacial binding eq~fibfia and the 
m m f f a d ~  concentrations. Such h m ~ m ~ n s  co~d  
be uNque to the ~mmct ion  of W o ~  in bi- 
layers. 



Gener~ discussion 

This study pro~des the first unequivoc~ ex- 
periment~ demons~ation and a phenomen~o~- 
c~ description of i n ~ f f a ~  cat~yfis in scooting 
mode. Although our experiment~ sys~m is a bi- 
layer in~rface, we believe that these resul~ have a 
gener~ validity for monolayer~ micelles, and bio- 
membranes. In~avefide scooting and in~rvefide 
exchange of bound phospho~pase A~ have pro- 
found implications cn regul~ion of phospholipase 
A 2 acti~ty, on the nature of the underlying hpid- 
protein interactions and the underlying equifibri~ 
and on a d ~ d  unde~tanding of i n ~ f f a ~  
kinetics in genera. In this section we qualitativdy 
eamine the broader imphcations of the observa- 
tions reposed in this series of paper~ as wall as 
those pub~shed earlier on the action of phos- 
phohpase A 2 on the bilayer [4-7] and other forms 
of the sub~ra~ [7-1~. 

In~f fad~  c ~ y s ~  is unusu~ in the sense that 
the structure as well as the organization of the 
substrate influences the cat~yfis. By con~olling a 
variety of complicating factors we have been ab~ 
to obt~n rdativdy unamb~uous and fimp~ 
kinetics for hydrolyfis in the in~avefide scooting 
mode. This is posfible because unlike any other 
form of the ~pid/water in~fface, the verities of 
anionic substrate pro~de a stable in~ffac~ i.e., 
low cmc, very slow rates of in~rvefide and trans- 
b~ayer exchange of the sub~ra~, little or no 
fufion, no latency phase, and the b~ayer matrix is 
r ~ n e d  even at very high protein-toqipid rafio~ 
Such conditions reduce the number of posfib~ 
in~rpretations for the i n ~ f f a ~  rate constant for 
scooting (ki), for the ex~nt of hydrolysis (A), and 
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those ~ r  d~o~f ion  of the bound enzyme (kp and 
ks). 

Our o ~ e ~ a t i o ~  ~e  ~ n ~ y  ~ n f i ~ t  ~ 
• e Scheme I, but ~ver~ ~e~fic  de t~s  have 
em~ged. Some of ~ese are ~ t i cd~ed  in the 
cartoon shown in ~ 7 and others are ~ u ~ e d  
bdow. I~ t i~  b ~ n g  ~ ~e  en~me ~ ~e  in . r -  
face (E to E*) is p ~ n ~  by ~ - m e ~ e d  
~nic ~m~ction~ W ~  the enzyme is anchored 
to the brayer ~a  the a~on Nn&ng ~ the 
substrate monom~ from the ~ y ~  is di~odged 
by the defects or ~ a b ~ f i ~ .  Once ~ the ~ter- 
face, c ~ c  turnover by ~e  enzyme is described 
by a ~m~e firsborder process. Based on t~s 
~ t ~  modal we be~n to unde~tand the 
com~e ~ c  b ~ a ¼ ~  ~ ~ o ~ h ~  A 2 ~ 
b~ayer interface, and thus r~ionN~e a varify of 
o b v i a t i o n :  ~e  ~ p ~ t  m~  of h y ~ N  is 
s t imNm~ ~ aNoNc i m ~ ;  an ~ p ~ t  
activation of hydrNyfis at ~w E/S ratios is 
observed when the ~ f f a d N  ~ a n ~  of the bound 
enzyme is promo~d; anomNous activation of the 
~itiN rate of hydrNyfis is observed when enzyme 
to vefide ratio exceeds one; catio~c ad~fiv~ ~ 
the interface are ~ N N m ~  because ~ey pmmo~ 
d~o~t ion  of the bound enzyme; hydrophobic 
~ m ~  ~ o m o ~  ~ s  if t ~  m ~ ~  
interactions of the substrate ~ the ~ y ~  are 
weakene& and such s~u~s could ~ b ~  h y d r ~  
sis if ~ey comp~e ~ t h  the substrate for E*; the 
rate of hydr~y~s decreases ~ t h  increa~ng c h i n  
l ~ h  ~ d  ~ e ~  ~ ~ e ~  ~ s m ~ ;  
effect of a~ons ~ the aqueous ph~e depends 
upon the p ~ f i o n  of the various equ~ibria imphdt 
~ Scheme I. 

CN~ctivdy, these o ~ e ~ a f i o ~  and the un- 

s i: 
- 

Fig. 7. A c ~ o n  ~ p ~ n f i n g  some of ~ e  m ~ o r  s~ps  ~ v ~ v e d  m ~ e  ~ f f a o M  ~ n e f i ~  ~ ~ o m ~ g  and h o p i n g  m o d e .  T h e e  s~Fs  
are impliot  in Scheme I. 
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denying modal shown in Fig. 7 address to the 
broader questions of speNfic acti~ty and sub- 
strate spe~fidty of phospholipase A 2. Ob~ouM~ 
the cri~ria used for solub~ enzyme and soluble 
monomeric subs~ate can not be readily adop~d 
to the sequence of events implicit in Scheme I and 
Fig. 7. Under the conditions where in~rvef ide  
exchange of the bound enzyme is ignificant, the 
overN1 rate of hydrolyfis is due to a complex 
in~rplay of several equ~ibri~ However, it is un- 
der these conditions s~ady-~ate rates of hydroly- 
fis are obtained. O b ~ o u ~  the fignificance of the 
kinetic parammers like K~ and Vm~ obtNned 
~om such data is confiderably obscured. The 
fituation becomes far more amenable to a quanti- 
tative anMyfis in terms of k~ and A, when the 
kinetics of hydrolysis are monitored in the in- 
~ave~de  scooting mode without any in~rve~de  
exchange. 

Some of the generM expefimentM boundary 
conditions for the phenomenon of in~f faoN 
catMys~ that have evolved ~om our studies can 
hdp  in daborating the implications of Scheme I 
and the modal shown in the cartoon in Fig. 7. 
These imphcations are d~cussed bdow. 

(a) In~ffaNN activation of phospholipase A 2 
has not been adequat~y explNned. In the context 
of Scheme I, in~f fadN activation has two pos i -  
ble oriNns. Long refidence times in the interface 
p romo~ hydrolysis in the scooting mode, and 
therefore lead to firs~order kinet~m the extent of 
which deends upon the number of substrate 
monomers in the interface. With excess vesicles in 
the presence of anion~ in~rve~de  ~ansfer of the 
bound enzyme promo~s the extent of hydrolysis 
by lowering the refidence time of the enzym~ 
Thus, the mode and extent of activation depends 
upon the protocol and the conditions for the 
assay. 

(b) Perturbations in the bflayer organization 
that cause a change in any one of the many 
equihbria implidt in Scheme I would influence the 
kinetics of hydrolyfi~ As discussed before, activa- 
tion or inhibition by Hpid-solub~ additives could 
be due to thor  effect on one of the many s~ps. 
The most susceptible of these is the binding equi- 
~brium that depends upon the anion binding si~. 
Thus cation additives [12-16] in the interface and 
the anions in the aqueous phase act as potenti~ 

inhibito~ by decrea~ng the residence time of the 
enzyme in the interface. The effect of chNn length, 
phase properties, and the additives on the kinet~s 
of hydrolysis in inUavefide scooting mode can 
Mso be accounted for on the bails of fimilar 
confiderations. 

(c) A catMyfic role for the dimeric form of 
phospholipase A 2 in the in~rface has been sug- 
gsted [1~. As discussed eadier [1,2], the expefi- 
mentMly measured vNues of A and k i have pro- 
~ded a unique opportunity to answer this ques- 
tion. The data suggests that a single enzyme mole- 
cule per v e i d e  is adequate to hydrolyze aH the 
sub~ra~ in the ou~r  monolayer of the vef id~ 
and with the excess subs~ate the rate or extent of 
hydrolysis does not chang~ If there is a mono- 
meradimer equihbrium for the bound enzym~ 
presence of excess subs~a~ interface would shift 
the equihbfium to lower the catalytic acti~ty by 
the dimefic form of the bound enzyme. This is not 
the case, which suggests that the formation of 
dimeric pig phospholipase A 2 is not necessary for 
its catalytic a~ i~ ty  in the bihyer  inteface. 

(d) Anchoring of phospholipase A~ to an 
anion~ interface is of high affinity, yet the en- 
zyme does not pen~rate  in the hydrophob~ re- 
Non. We suspect that the true di~oNation con- 
stant for the bound enzyme into a ~ee enzyme 
and a rite of n (=  40) fipid molecules is about 0.4 
#M or less. This is in accord with the observation 
that the rate constant for binding ( E > E * )  is 
rda t ivdy  large (>  40 per s), and that the rate 
constants for desorption (kp and k~) are small 
( < 0.2 per min). This interpretation may be some- 
what imp~st ic  because the bound enzyme can be 
absorbed and desorbed ~om a hypotheticN bind- 
ing rite without effectivdy ~aving the vesicle. The 
role of instabihties in the bilayer organization in 
making the substrate monomer acces ib~  to E* to 
form E*S is a yet unexplored aspect of the same 
prob~m. A generN discusfion of such aspects of 
lipid-protein in f rac t ion  is renewed elsewhere [17]. 

(e) S tud , s  with zwit~rionic phosphatidylcho- 
fine refines [4-7] are Nso in accord with the 
suggestion that the in~rfa~N anion~ charge and 
instabihfies in the organization of the b~ayer are 
impo~ant for the overall kinetics. The binding 
affinity of the enzyme for DMPC ester or DTPC 
ether verities are low as indicated by k i n ~ ,  



fluorescence, c~orimetry, gd fil~afiom and ex- 
change expefiment~ When DMPC bflaye~ con- 
tain additives that form d e ~ s  and impart anionic 
inteffaci~ charge, the binding of phospholipase 
A 2 to the verities increases. 

(~ The modal undedfing Scheme I was ofi~- 
n ~  suggested by Verger and DeHaas [8] to 
account for thor kinetic data for the action of 
phospholipase A 2 on monolayers cf medium c h i n  
phosphatidylcholine~ Agreement of our observa- 
tions with this modal is so striking that we could 
expl~n ~l of our observ~ions in terms of this 
modal. The most fignificant point of dif~rence 
arises from the rat~fimiting s~p. The pre~eady- 
state rate of incorporation of phospholipase A 2 in 
monolayer was postulated to be slow, with latency 
period of sever~ minutes, whereas no such ~ n c y  
is observed with monolayers of anionic hpids. In 
an~ogy with our recurs with anionic and zwit- 
~fionic ~pids we propose that the ~ow pre- 
steady-sta~ phase in monolaye~ is due to forma- 
tion of a cfitic~ mole ~action of the produ~s that 
promo~ binding of the enzyme to the in~ffac~ 
which ultimately ~ads to in~ffao~ c ~ y f i s  in 
the scooting mode. Our data shows that the ra~ 
constant k 2 for the decompofition of E*S to 
E * +  P is large enough (compared to  k _  1 and 
probably ~so to  kl) to contfibu~ a sever~-fold 
increase in the vMue of k m compared to  K d. In 
the ofi~n~ Scheme of Verger and DeHaas [8], k~ 
~ considered rate limiting. These confiderations 
are ~gnificant for evaluation of the rdafive affini- 
ties of the subs~a~ additives in the in~fface (cL, 
Figs. 3 and 4). 

To recapitulat~ in~f fad~ cat~yfis in scooting 
mode has been unambiguou~y demons~a~d for 
the action of p~ pancreatic phospholipase A 2 on 
verities of anionic phospholipids. Yet we do not 
have a fully i n ,g rand  quantitative in~rpretati~n 
of these observations. Moddhng and experiment~ 
de~rmination of the various rate constants should 
ulfimatdy hdp us in attaining this go~. Essen- 
t i ~  irreversible anchoring of phospholipase A 2 
to b~ayer involves ionic as well as hydrophobic 
in~raction~ The protocols devdoped in these 
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pape~ could provide an opportunity to study the 
structure of phospholipase A2 in the interface by 
X-ray crystallographic an~yfi~ the kinetics of in- 
hibition of phospholipase A2, and the nature of 
the microinterface b~ween the enzyme and the 
bHaye~ 

We thank Dr. Karl Koehler for cfitic~ reading 
and comments on the manuscript. This study was 
supposed by PHS (GM 29703 to M.Kd.). 
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