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Action of pig pancreatic phospholipase A 2 on vesicles of over 50 synthetic l~-diacylOycero-3-phosphate 
de~vafives and an~ogs is examined in the absence of any additive~ In genera~ sho~er acyl c h i n s  and small 
substituents on the phosphate make a be~er subs~at~ whi~ phospholipids with ~rge apolar substituents are 
not hydro~ze~ The inteffacial turnover rate constant for scooting kinetic~ ki, for the va~ous phospholipids 
were from less than ~1 to 1 per min. Interve~de exchange of the bound enzyme is faster in vesicles of 
phospholipids with larger polar sub~ituen~, and ~ ~ promoted in the presence of anions like chlodd~ 
sulfate and thiocyanat~ These factors lower the res~ence time of the enzyme on the bilayer and therefore 
effectivdy decrease the rate of h y d r o l y ~  The apparent K m for the enzyme in the interface of anion~ 
phospholipids in the presence of s ~  is in the 40 to 100 ~M range which is 3- to 7-times larger than the 
dissoc~tion con~an~ for the bound enzyme measured by fluorescence enhancement of Trp-3. The quantum 
yield of the bound enzyme in veeries of the va~ous lipids is found to be up to 4~old differenL h is 
sugge~ed that this difference ~ due to the E* + S to E*S equilib~um, where E*S has higher fluorescence 
intensity. The ro~  of c ~ u m  in generating the enzyme binding ~te at the anion~ inteffac~ the role of 
anion anchoring site on the enzym~ and the rdafionship between the ca t~yt~  e f f ~ n c y  and the 
fluorescence quantum yields are d~cussed. 

I ~  

In the preceding papers of this series we have 
shown that the hydrolysis of the veficles of 
DMPMe occurs predominantly in intrave~cle 

~ o ~ g  mode [1], and lhat an a~on  ~ n ~ n g  f i~  
~ v ~ ¼ n g  ~ e  N-~rminus ~ o n  of ~ e  enzyme is 
implicmed in i n ~ f f a ~  anchoring of phosph~i- 
pase A 2 [2]. In t~s  paper we examine the ef~ct of 
chan~ng the second subsfi~ent on ~ e  phosphate 

* To whom c o ~ p o n d e n ~  shodd be addre~ed. 
A b b ~ n s :  DHPMe ~ e ~  1 2 ~ p h ~ p h a f i d ~ -  
m~han~;  DMPMe ~s~O, 1 , ~ m y f i s ~ p h ~ p h a f i d ~ -  
m~han~; DTPMe ~ e ~  12~ i~adec~phosphaf id~-  
m~tan~;  DMPC (es~O, 1,2-~myris~ph~phatid~choline; 
DTPC ~ e ~  ~ a d e c f l p h o s p h m ~ c h ~ i n e ;  ~soPC, 1- 

p M m i ~ l y s o p h o ~ h a t i d ~ c h ~ e ;  NATA, N - ~  t~pto- 
phanamide; OPN, cis-ocmd~-9-en~ph~phocholine; PNPG, 
o c ~ d e c ~ p h ~ p h o ~ y c ~ ;  N7, the N - ~ r m ~  heptapepfide 
from p~ pancrea~ p h o s p h ~ e  Az; cm~ crificM m~elle 
concen~afion; Hepe~ 4-(2-hydroxyethyl)-l-piperazineethan~ 
~f fo~c  a~d. 
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Scheme I. Scheme of in~rfad~ catalysiK 
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in 1,2-diacylNycero-3-phospham on the catalytic 
and binding charactergfics of pig pancreat~ phos- 
pholipase A 2. The resuRs are inmrpreted in the 
generN context of the modal for inmffadN cataly- 
sis impfidt in Scheme I, where the enzyme in the 
aqueous phase (E) binds to the interfacm and the 
catalytic turnover by the bound enzyme occurs by 
the stops shown in the box [1]. 

M ~ f i M s  ~ d  M ~  

Phospholipase A 2 ~om pig pancreas was kindly 
provided by Professor DeHaas, and cydo- 
pentanophospholipids (Nos. 43-46 in Table I) by 
Dr. Anthony Hancock Action of phospholipase 
A 2 on sonicated aqueous disperfions of more than 
50 phospholipids was examined. Thor  structure, 
thermotrop~ properties and source are ~ven in 
Table I. New preparations of sever~ phospholi- 
pids are described bdow. In all cases, fipid purity 
was judged to be better than 98% by thin-layer 
chromatography and by differenti~ scanning 
calorim~ry of thor  aqueous disper~ons. All other 
procedures are described in the accompanying 
papers [1-3]. Typ~allG verities were prepared by 
dispersing a dry film or powder of sodium s~ts of 
phospholipids in distil~d water in a bath type 
sonicator (Sonicor SC-50T). Reaction progress 
curves were obt~ned by pH-stat ti~ation of the 
substrate in 4 ml of 0.3 mM CaC12, pH 8.0 at 
30°C by initiating the reaction with 0.1 to 10 ~g 
pig pancreatic phospholipase A 2 di~olved in the 
salt solution used for pH~tat  ti~ation [1]; as 
indicated in the text or in the figure legendK some 
studies were carried out at 45°C. TiWation ef- 
fidency of extern~ly added myristic add  at pH 8 
was determined in the presence of sever~ lipid 
disperMons and found to be > 95%. For studies 
employing phosphatid~ add  dispersionK the 
c ~ d u m  chloride concen~ation was kept at ap- 
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prox. 0.075 mM. Sped~ care is necessary in ufing 
phosphafidic add  verities as they tend to fuse and 
aggregate readily [3,4]. 

The aqueous disperfions of most lipids ex- 
anfined in this study were in the bHayer vesicle 
form. Sonicated dispersions of these hpids could 
be kept for at least 4-6 h as small unilamdlar 
verities in a c ~ d u m  ~ee s~t solution at 56°C. 
Disperfions of some of the hpids were in m ~ d h r  
form (Nos. 5, 5a, 31, 31a and posfibly 18-20). 
C r i t ~  micelle concentrations of these lipids in 
the presence and in the absence of pig pancreatic 
phospholipase A z were obt~ned by monitoring 
the fluorescence of diphenylhexatfiene. The the~ 
motrop~ phase ~anfition properties of most of 
the hpids are ~so summarized in Table I. 

All fluorescence measuremen~ were done on 
an SLM 4800S spec~ofluofimeter. Binding of pig 
pancreatic phospholipase A 2 to veeries or to 
micellar dispersions was measured by monitoring 
an increase in the fluorescence in~nfi ty at 333 nm 
(exaltation 290 nm, slitwidths 4 and 4 nm) as a 
function of phospholipid concentration as d~  
scribed in det~l dsewhere [2,5]. Fluorescence ani- 
sotropy was measured in the T-mode with exalta- 
tion at 300 nm (4 nm slitwidth) and emission at 
345 nm (16 nm ~itwidth) with 5% potasfium 
p h t h ~ a ~  liquid filters. 

Sever~ hpids used in this study were purchased 
(Nos. 15, 16, DMPC ~om Avanti, Birmingham, 
AL, Nos. 2, 2a, 1~ 14a, 16~ 71-75 ~om Medmark, 
Munich) or were ~ from Professor BRtman (No. 
62). Other ~pids were synthefized by the proce- 
dures ~ready pubfished [6-9] or described bdow. 
The c ~ d u m  salt of O(1,2-di-O-myristoyl-sn- 
~ycero-3-phosphoryl)ep~holesterol was synth~ 
s~ed by a procedure an~ogous to that described 
[6,7] except that the coupling reaction between 
ep~holesterol and the 1,2-diacyl-sn-glycerol cycfic 
enediol phosphotriester was allowed to proceed 
for four days at 25°C in anhydrous dichloro- 
methane solution (2.0 mmol of reactan~ in 20 ml 
of golvent) in the presence of triethylamine (4.0 
mmol). The compound had [ a ] o = - 7 . 7  ( c = 2 ,  
CHC13;  2 5 ° C ~  The phase ~anfition properties of 
its aqueous disperfions are confiderably different 
than those of the phosphatidylcholes~rol an~og 
[8]. The c ~ d u m  s~t of dimyristoylphosphati- 
dylep~ho~sterol (No. 42) could not be readily 
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TABLE I 

PHASE T R A N S I T I O N  A N D  KINETIC PARAMETERS FOR ANIONIC D I A C Y L G L Y C E R O P H O S P H O ~ D S  (AT 35°C): 

RCOOCH 2" (RCOO)CH. CH zO~O)(OX)O 

Spe~fic a ~ t i e s  were m e ~ e d  ~ 0.1 M K ~  m ~ ° C  ~ 0.5 mM ~ b ~ r m e  ~ d ~  ~ .3  mM CaCl2, pH 8~). ~ o ~  r d e ~ e d  p ~  

~ b ~ r m e  m ~ e  ( = H / ~  m the presence of excess enzym~ A is the ~ t ~  m ~  of p ~ d u ~ s  ~ r m e d  by each m ~ e  of ~ e  enzyme at 

the end of ~ e  firs~order phase of ~ e  ~ a ~ n .  n.d., not ~ t e r m i ~ &  3CTp~ thymine-5'-phospho-3%thymin~ 

N o. RC X T~ ( ° C ) / ~  H ( k c ~ / m o l )  Spedfic H / S  A 

for a ~ i ~ t y  

Na s~t  Ca s~ t  (I.U.) 

1 12 H 20 /7  42 /2  - 300 0.96 

2 14 H 52/7.5 62/7.5 - 200 0.7 
2a ~ k ~  H 55 /8  - - 

3 16 H 58/10 68 50 0.5 

4 18 H 63/1&5 82.5/%5 - 20 

5 6 CH 3 - - 240 1.0 

5a ~ k ~  CH 3 - - - 

6 14 CH 3 28/8.5 49 /6  > 350 0.63 

6a Mkyl CH 3 3 0 / 9 ~  50/6.5 - - 

7 16 CH 3 46 /9  66/12 - 120 0.5 

8 18 CH 3 57/12 75/12 40 

9 16 CH 2CH 2C(CH 3 ) 3 41 /10  42/10  54 0.7 
10 14 (CH2)3CH 3 23/11 22.8/10 - 100 0.6 

11 14 (CH2)4CH 3 21/11 25/12 - 50 0.6 

12 14 (CHz)TCH 3 - 3 . 5 / 4  28/3.5 < 9.1 - 

13 14 (CH 2 )11CH 3 5~ 3 / 8 5  35.9/14 - 
49.1/6 

14 14 -CH2CH2OH 25/10  70/21 - 50 0.55 

14a alkyl -CH 2CH2OH 27/11 

15 14 -CH 2CHNH 2COOH 37/8  155 0.64 

16 14 CH 2CHOHCH ~OH 2 Z 4 / ~ 5  6 3 ~ / 1 2 / 5  250 0.6 

16a ~ k ~  CH zCHOHCH 2OH - - 
17 16 CH 2CHOHCH zOH 41 .2 /~5  102 0.6 

18 14 5 ~thymine n.d. n.d. 300 0.56 

19 14 3'-thymine n.d. 73 - 36 - 

20 14 3'-TOT n.d. n.d. - 20 - 

21 16 -6-~ucose 39.5 63/5.5 - 30 -- 
22 16 -6 - (1 -me th~ucose )  53 /1~5  65 - 30 - 

23 16 -6-(triacyl- - 67 /7  - 40 - 

~ucose) 
24 16 - 6 - ( ~ a a ~ -  - 20 - 

~ucose) 
25 16 -6-(1-meth~triacyl- 38 54/6.5 13 - 

~ucos~ 
26 16 -64tfibenzylglucose) - 38/21 50 - 
27 12 cardiolipin 25.5 48~/8 .5  50 2.0 

28 14 cardiofipin 40 6Z6/11  - 60 1.3 
29 16 cardiolipin 54 78 120 0.72 

30 18 cardiolipin 54 /30  - - 10 
31 6 sn-3,3-bisPA - - 30 
31 a ~ k ~  sn-3,3-b~PA - - 
32 12 sn-L3-bisPA 5 Z 3 / 1 4  4 1 ~ / 1 5 5  23 1.7 

33 14 sn-L3-bisPA 61.4/23 4 1 ~ / 2 5  16 0.75 
34 16 sn-3~-bisPA 74/26  50/28 7 
35 18 sn-L3-bisPA 73.1/30 64.5/36 5 

3 600 

4 300 

1 800 

2 600 

4 800 

3 800 

2 600 

4 4 ~  
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No. RC X ~ ( ° ~ / ~ H  (kc~/mol) 
~ r  

Na s~t Ca s~t 

Specific 
acOvity 
(I.U.) 

H/S A 

36 16 
37 16 

38 6 

39 12 
40 14 
41 16 
42 14 

sn-3,1-bisPA 
sn-lA-bi~A 

1,1 G~hydmxD 
hexadecane 

Chdmmrd 
C h d ~ r ~  
C h ~ r ~  
E p ~ h ~ e ~  

Cydopenmnophospholip~s 
43 16 1 2/N3PCH2CH2C(CH3) 3 45 
44 16 1 ,L3/O-1P choline 38 
45 16 1 2 / 3 q P  choline 36 
46 16 1 2 / 3 ~ P  ~oline 45 
47 16 1 3 / ~ l P  ~oline 
~8 16 1~3/O-2P choline 
~9 16 13/2-2P choline 
50-56 16 I ~ / ~ I P  (CH2) c h ~ e  

n = 3 - 9  

72.2/23 5~/24 
74 50 

46 
44 
42 
38-46 

32/4 
38/7 
47/11 
28-40 broad) 

3 
NDH 

NHD 

NDH 
NDH 
NDH 
NDH 

n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 

• spe~ed, and the hydr~ed sam~e exhibits a 
broad endoth~m from 28 to 40°C. 

An~ytic~ dam: Cll6H~08OI6~Ca. 2H20 
C~cd.: C, 69.76; H, 10.70 
Found: C, 69.92; H, 10.59 
The so&um s~t of O = (1,~di-O-p~mimyl- 

sn-glyc~3-phosphoryl)-3,3-dim~hyl-l-bman~ 
(No. ~ was prepared by first ~acting 1,~&-O- 
p ~m i~y l - sn -g lyc~  and ~ c h l o r ~ 5 - ~ m e ~ -  
o x o - l , 3 , ~ o x a p h ~ e  in anhydrous ether cont~n- 
ing tri~h~amine by h e  g e n ~  procedure ~ready 
described [7,9]. The coupling reaction b~ween 
33-d im~hyl - l -bu~n~ and the 1 , ~ c ~ n -  
~yceryl cyclic e n e ~  p h o s p h o t f i ~ r  was ~- 
lowed to proceed for 36 h at 25°C ~ anhydrous 
~ahydro fu ran  in the presence of tri~h~amine. 
Other s~ps were as described [7,9]. [ a ]o=  +4.9 
( c  = 5, CHC13) .  

Ana~fic~ d~a: C~H~OsPNa 
c~cd.: C, 65.22; H, 10.68; N~  3.05 
Found: C, 64.80; H, 10.59; Na, 2.93 
An an~ogous procedure afforded the fol~wing 

compounds: O-(1,2-di-O-myris~yl-sn-~yc~ 3- 
phosphorylkl-butan~ (No. 10), -1-pentan~ (No. 
11), - l ~ a n ~  (No. 1~, and -1-dodecan~ (No. 
13). The s y n t h ~  of an~ogous ~ a m i ~ p h o s -  

phatid~ MkanNs by a ~ f f ~ e m  procedure has 
been described by N N  [10]. The so~um sMt of 
O-1l,2-di-O-tetradecyl-sn-glyc~o-3-pho~horyl) 
meNan~ (No. 6~ w ~  p ~ p ~ e d  from 1,2-di-O-te- 
u a d ~ m N y ~ r ~  and ~ c N m ~ 5 ~ i m ~ h y l - ~  
o x ~ l , 3 , 2 ~ x a p h o ~ h N e  by the usuN procedure 
[7,9]. The coupfing s~p with mmhanN was carried 
out ~ anhydrous ~vahydmNmn for 18 h at 
25°C ~ the presence of tri~h~amine. [a]D = + 1.0 
(c = 5, CHC13). 

AnNyticM d~a: C32H6606PNa- 2HzO 
CNcd.: C, 60.34; H, 11.07; Nm 3.61 
Found: C 60.87; H, 10.81; Na 3.29 
O-(1,2-Di-O-etradecyl-sn-glycero- 3-phosph~ 

ryl)chN~e (DTPC) w ~  p ~ p ~ e d  ~om 1,2-di-O- 
t euadec~n-Nyce r~  and p h o ~ h ~ u s  oxycMoride 
by a procedure patterned a~er that described by 
Brockerhoff and Ayeng~ [11]. The zwit~rion was 
obtNned as a powder upon stirring with ac~one. 
[ a ]o=  +4.7 ( c=  5, CHC13); ~H-NMR has ~ 
nMs at 3.45 ppm (CH3)3N and at 1.35 ppm broad 
Mk~ in the expe~ed ratio. 

AnN~icM da~: C36H~NO6P. 2HzO 
CMcd.: C, 63.02; H, 11.75; N, 2.04 
Found: C, 62.38; H, 11.40; N, 2.01. 
• he sodom sNt ~ O,O-NNl,~di-O-hexanoyl- 
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Fig. 1. S~u~ure of O,O-NNl,2-~-O-hexano~qn-Nycero-~ 
phosphoryl)lA~hexadecanediol,  x = n = 1 ( ~ 3 ~ .  

sn-glycero-3-phosphoryl)-1,16-hexadecanediol 
(No. 38, Fig. 1) was prepared by first reacting 
1,2-di-O-hexanoyl~n-glycerol and 2-chloro-~5-di- 
methyl-2-oxo-l,3,2-dioxaphosphole in anhydrous 
ether containing triethylamine by the general pro- 
cedure pre~ou~y described [7,9]. The coupling 
reaction between 1,16-hexadecanediol (2.5 mmol) 
and the 1,2-diacyl-sn-glyceryl cyclic enediol phos- 
photfies~r (5.0 mmol) was allowed to proceed 4.5 
days at 30°C in anhydrous te~ahydrofuran (30 
ml) in the presence of tfi~hylamine. Other steps 
were as described [7,9]. [a]o = +9.34 (c = 3, chlo- 
roform/methanol (1 : 1, v/v) at 20°C). 

Analyt~al data: C~H~O~P2Na~. 2H~O 
Calcd.: C, 53.27; H, 8.73; Na, 4.43 
Found: C, 53.24; H, 8.58; Nm 4.77 

R e s ~  

Effect of the head group of phospholipids on the rate 
of thor hydrolys~ by phospholipase A: 

AH ~udies reposed in this paper were done 
with pig pancreatic phospholipase A 2- Initial rates 
of hydroly~s of micellar and monomefic disper- 
sions of dihexanoylphosphatidylmethanol (No. 5) 

and its bisphosphatidic add analog (No. 31) were 
measured. As shown in Fig. 2 the rate of hydroly- 
fis increases with the subs~ate concentration. For 
No. 5 the rate of hydrolyfis is very slow at low 
concentrations and then it increases abrupdy 
above 0.5 mM. This concentration is significantly 
lower than its critical micdle concentration (6 
mM). However, as measured by DPH fluorescence 
(data not shown) the cmc is lowered in the pres- 
ence of the protein. Which suggests that the pro- 
tein and hpid form aggregates far bdow the cmc 
of the lipid alone. Formation of such aggregates 
can also be demon~rated, as shown in Fig. 2, by 
monitoring the intrinsic tryptophan fluorescence 
intenfity of the enzyme as a function of di- 
hexylphosphafidylmethanol (No. 5a) concentra- 
tion. Such a large change in the fluorescence emis- 
sion intenfity of pig pancreatic phospholipase A2 
is observed only when the enzyme is bound to the 
interface. These observations on the hydrolyfis oL 
and binding to, aggregates of dihexanoylphospha- 
tidylmethanol show that its rate of hydrolys~ is 
about 200 I.U. in the microaggregate or the micd- 
lar phase and about 10 I.U. in the preaggregate 
phase in which the enzyme presumably binds to 

240 
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Fi~ 2. Specific a ~  of pig pancreatic p h o s p h ~ a s e  A 2 

(curves a and ~ and ~s r d ~ N e  fluorescence e ~ o n  ~ n f i ~  
at 333 nm ~ u ~ e s  ~ and ~ )  as a function of di- 
~ x a n o y ~ h o s ~ d ~ m ~ n ~  ~ 5, No. 5a cu~es b and ~)  
and tetrahexanoyl ~ p h o ~ h ~ i ~ c  add (No. 31, No. 31~ 
curves a and ~). The ~her an~ogs were used ~ r  binding 
studie~ The a c ~  data p~nts  are not shown for the ~ake of 
daf i t~  howeve~ the q u ~  of data is compara~e to those 
shown m ~g.  4. ~1  fluorescence measureme~s were done at 
30°C, pH 8 in 0.1 M KCI, 5 mM C a ~ ,  and 50 mM Hepes 
~ r  ~ e  ~n&ng  sm~es; the ~ n ~  measuremems were done in 
0.3 mM CaCI2. 



monomeric substrat~ The dispersions of tetra- 
hexanoyl bisphosphatidic add  (No. 31) and its 
ether an~og (No. 31a) ~so show a concentration 
dependent increase in the rate of hydrolysis and of 
the ~yptophan fluorescence (Fig. 2). However, 
with this hpid we could not detect any 'mono- 
mefic' region for hydrolysis. The preaggregate re- 
, o n  could not be detected by diphenylhexatriene 
fluorescence even in the absence of the protdn,  
thus suggesting that its cmc is bdow 1 ~M. This 
beha~cr  of short chain anionic ~pids is at confid- 
erab~ variance from the behavior of zwiaerionic 
~pids which form hpid-protein aggregates and hy- 
drolyze short c h i n  homologs (data not shown, 
however, see ReL 12) only above the cmc of the 
lipid ~one. The observations summarized in Fig. 2 
are confistent with the suggestion that the binding 
of monomeric anionic fipids to the enzyme pro- 
motes its affinity for the substrate interfac~ 

Among the short acyl c h i n  fipid~ No. 38 (Fig. 
1) is particularly in~resfin& It has two 1,2-d~ 
hexanoyl~n-~ycero-3-phospha~ moieties coup~d 
to hexadecan~1,16-diol. Like the aqueous disper- 
sions of Nos. 5, 5a, 31 and 31~ the aqueous 
disperfions of No. 38 are micellar as indicated by 
sharp iso~op~ 31p_NMR fign~ (data not shown). 
However, we could not detect any hydrolysis of 
the aqueous disperfions of No. 38 (spedfic activ- 
ity << 0.01 I.U., if any). This is remarkab~ be- 
cause the enzyme apparently binds to these 
micelles and the monomerr hpid molecules have 
~pp~opriate sn-3-phosphate stereochemistry in 
both h~ves of this bipolar molecul~ As discussed 
late~ this lack of hydrolysis shows that only 
amphipathic molecules can be hydrolyzed by 
phospholipase A~; apparently bipolar molecules 
~ke No. 38 are not substrates. 

Aqueous dispe~ions of most of the phosphol~ 
pids lis~d in Tab~ I form bflaye~endosed verities 
on sonicatiom Some of these fipids (Nos. 13, 37, 
39-56) did not show any indication of hydrolysis 
by phospholipase A 2 under the following condi- 
tions: at, bdow, or above thdr  phase ~anfifions 
temperature, at lower or higher s~t or c ~ d u m  
concentration, and in the presence of additives 
fike n-octanol. Apparently these compounds ~ther 
can not serve as s u b s f f a ~  or thdr  rate of hydrol- 
y~s under the conditions we have examined is 
significantly less than 10 nmol /min  per mg en- 
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zyme. Kinetics of phospholipase A 2 ~ction in the 
scooting mode on sever~ other substrates could 
not be examined in detail because the spedfic 
acti~ty of the substrate was too low. See Table I 
for the spedfic acti~ty data. 

D~ailed kinetic investigation of the dianionic 
phosphatidic add  ~efides was hampered by the 
fact that its disperfions are rda t ivdy unstable 
over an 8- to 10-h time period, and that thdr  rate 
of fufion and predpitafion [3] is ex~emdy senti- 
five to c ~ d u m  concen~ation. Opfim~ hydrolyfis 
of d ihuro~-  (No. 1) and dimyfisto~phosphatidic 
add  (No. 2) can be achieved at about 0.075 mM 
CaC12 when the substrate concentration is about 
0.3 mM. Howeve~ it is very difficult to remove 
c ~ d u m  bound to phosphatidic add  and thus pre- 
cisely c o n ~  the tot~ concentration of c~dum.  
Moreove~ phosphatid~ add  verities under some 
conditions undergo rapid fufion and fize change 
in the presence of ~kali met~ s~ts. The ratio of 
c ~ d u m  to phosphatidic add  in the bflayer ap- 
pears to be cfitic~. The presence of two ionizable 
groups ~so creates compfic~ions in the inmrpr~ 
tation of the data. For all such reasons the resul~ 
on phosphatidic add  are v~id only within a fimi~d 
range of condition~ The beha~or  of DMPA is 
probab~ ide~ to observe a firs~order rea~ion 
progress curve indicative of in~avefide scootin~ 
because the rate of in~rvef ide  exchange of the 
enzyme bound to phosphatidic add  verities is 
ex~emdy ~ow, as would be expec~d for a sm~l 
anion in the interface. 

Kinetic param~ers for the hydrolyfis of sever~ 
phospholipids by p ~  pancreatic phospholipase A z 
are summarized in Table II. For fipids with s m e a r  
head groups as in phosphatidic add  (Nos. 1-4), 
phosphafid~ m~hanol  (Nos. 6-9), phosphati- 
d ~ y c e r ~  (No. 14), -serine (No. 15), -~ycerol 
(Nos. 16, 17), and cardiolipin (Nos. 27, 28), a 
firs~order reaction progress curve could be ob- 
t~ned even when the ratio of substrate vefic~ to 
enzyme exceeded 5. The ra~  constant for in~ffa-  
d ~  turnove~ k~, for these fipids are typ~ally ~ss 
than 0.5 per min, thus suggesting that the ra~  of 
in~rvef ide  exchange for the enzyme is confide~ 
ab~  ~ower than this. 

Based on the extent of hydrolyfis by a ~ven 
amount of enzym~ we have ~so c~culated the 
number of ~pid molecules in the ou~r  monolayer 
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of the verities of the various phospholipids as 

3000 to 5000. However, for some of these p h o ~  
pholipids the fize of the verities is ~ so  dependent  
upon  thd r  history a~er  sonication. For  exampl~  
with D M P G  (No. 16) the smallest verities with 
about  2000 ~pid molecules in the outer monolayer  

are formed immediately a~er  sonication, and these 
verities appear to be stable if kept at t > 50°C.  If 
the veer ies  are kept at 30°C,  the ~ze increases to 
A = 4500. SimilarlN with 1-pMmitoyl-2-oleoyl- and 

d io leo~-phosphat idylNycerol  A = 3400. These 
observations suggest that the fize of verities and 

the number  of fipid m o ~ c u ~ s  in a vef ide  does 

change fignificantly with the structure of the lipid 

molecules, as well as with the history of the 

verities. While these resu lu  are as expected, we 
are not aware of any other protocol with which 
the average number  of lipid molecules in a vef ide  

has been measured directly. However, our ob- 
servations are con f i~en t  with the current  ideas 
about  the packing c o n ~ r N n U  in highly curved 

verities [37-39]. 
In the presence of the excess enzym~ about  

60% ( H / S  ratio 0.6) of the t o r n  substrate could be 
hydrolyzed. This is con f i~en t  with the hypothefis 
that these d~per f ions  are in a vef ide  form, and 

that only the substrate in the outer monolayer  of 
the uni lamellar  veficles is accesfible to the en- 

zyme. A strong tendency of the verities of anionic  
phospholipids to undergo fufion in the presence of 

CaC12 above 1 m M  is also indicated by the ob- 
servation that in fused veficles about  50% of the 

total fipid is accessible and that the extent of 

hydrolysis at the end of the f i rsvorder  phase of 
hydrolyfis is conf iderably  higher than it is for the 

vesicles before fufion, and the extent of hydrolysis 
increases with the time of fufion. 

In the presence of salts the beginning of the 

f irs~order reaction progress curve degenerates into 
r d a t i v d y  finear ~eady -~a t e  rate of hydrolysi~ 

and  ul t imately all the available substrate is hydro- 
lyzed. Specific activities of the enzyme at 320 ~M 
substrate concent ra t ion  are given in T a b ~  II un-  

der the co lumn 'before ' .  When  salts are added at 
the end of the f i rsborder  reaction, the hydrolys~ 

of the excess subs~ate  is rNnitiated which follows 

a finear course for several minute~  Spedfic activi- 
ties measured under  these condif ion~ that is, 'af teF 

the format ion of product~  are given in Table II in 
the 'af teF column. The spedfic activity data sum- 
marized in Table II Hlustrates an i m p o ~ a n t  point:  

the overall rate and the mode of hydrolyfis of 

TABLE II 

THE k~ VALUES AND THE EFFECT OF ANIONS ON THE RATE OF HYDROLY~S OF PHOSPHOH~D VESICLES 
BEFORE FORMA~ON OF PRODUCTS AND AFTER FORMATION OF ANY PRODUCTS 

Lipid Temp k i Initial rate (~mol/min per mg enzyme) 

No. (°C) (min ~) Before A~er 

sog- c~- CNS s o ~ -  Cl CNS 

2 45 1 ~5 . . . .  
6 30 0.73 280 320 265 222 371 178 

45 0 . 7 6  . . . . .  
7 45 0.33 100 103 78 188 94 27 
8 45 < 0.05 48 48 19 - 
9 45 < 0.1 0.7 12 17 - - - 

10 30 0.1 41 46 55 - 
14 30 0.30 65 52 58 58 46 41 
15 45 0.46 88 142 142 - - 
16 30 0.22 49 46 47 41 57 27 
17 45 0.32 10 116 84 202 75 65 
18 30 m~d~s? 178 482 463 113 198 164 
20 30 ? 17 18 15 - 
27 30 0.2 58 48 48 53 38 19 
29 45 < 0.1 198 120 137 

- - 135 78 48 Tern 30 < 0.2 - 
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different substrates are v ~ y  much dependent upon 
the presence of a~ons.  Based on the ~gumen~  
developed eaffier [2], it may be ~ s ~  that 
~ese  effects of a~ons  are due to thor  a b i ~  to 
~ter  the rate of ~ e ~ e  exchang~ A ~ r i ~ n g  
aspect of these results is that ~ e  rdative and 
a b s ~ u ~  effects of a~ons  ~so depend on the 
nature of the head group ~ b s t i ~ e n ~  T~s  is 
con~stent ~ t h  the suggestion ~ a t  the a~on  b a d -  
ing ~te on ~ e  enzyme is ~vNved in its anchoring 
to the aNoNc interface [2]. F a t ~  add anions 
~g~ficanfly Nmr the r~afive effects of the aNons, 
presumab~ by c o m ~ t i ~  ~ aNons ~ the aque- 
ous phase for the a n o n  b ~ N n g  ~te on the en- 
zyme during its ~ r v e ~ d e  uan~er .  

The fir~-order phase was rda t ivdy  ~ g N ~  
cant or absent in the reaction progress curves of 
severn ~ o s ~ N d s  such as N~earo~phos-  
p h a t i d ~ m e ~ a n ~  ~ o .  8), p h o ~ h a t i d ~ b m a n ~  
(No. 1~  and its Ngher anNogs ~ o s .  11, 12), 
~ o s ~ d ~ N u c o s e  derivatives ~ o s .  18-26L and 
N ~ h ~ N c  adds ~ o s .  32-37). In some of 
these cases the rate of hydr~y~s  is so ~ow th~  
the ~ e ~ d e  exchange rate of the enzyme over- 
takes the rate of ~ d r o l ~ s  by m ~ a v ~ M e  'scoot- 
~g ' .  In other cases the initiN burst of hydr~y~s  
by the scooting mode is ~gmfican~ and is fN- 
lowed by a ~ower but finear s te~y-state  pha~  of 
hydr~y~s  due to ~ m r v e ~ d e  exchange, wNch 
~ t i m N ~ y  leads to the comNe~  hydr~y~s  of ~ 
the a c c e s s ~  substrate. As shown eaNer [1,~, 
such reaction progress cu~es arise under con~-  
tions in wNch the rate of ~ m r v e ~ d e  exchange of 
the enzyme is faster than the rate of ~ s  by 
inuave~de  s c o ~ .  TNs beha~or  is observed 
~ t h  those f inds that have r ~ N ~ y  large sub- 
~ m e m ~  We are ~ n g  to res~ve such curves to 
obtNn k~ for ~ s  in the ~ v a v e ~ d e  scoot- 
ing. 

The ~ rucmrM feature of ~ a c ~ N y c e r o -  
p h o ~ h N e s  ~ a t  appears to be ~ s ~ u ~ y  neces- 
sary for the c m N ~ c  action is the ' s n - 3 ~ N r ~ .  
Among ~ e  finds that show ~gNficant pseudo- 
zero-order Nnetics ~ n a m d  by in~rve~de  
t rans~r  ~ ~ e  enzym~ N ~ h o ~ h a t i d ~  adds ~ o s .  
31-37) are of par t icdar  ~ r e ~ .  For examN~ the 
enantiomefic 1,1-bisPA ~ o .  37) is not suscepfiNe 
to hydrNy~s. However, both hMves of the mM~ 
cule are hydrolyzed in sn-LNNsPA (Nos. 31-35), 

° T ~  
0 r?~ , ~ 

f 

i 2 r a i n  I 

~g. 3. Rea~n  pro~e~ c u ~  for ~e hydrolysis of DMPMe 
(DMMO (ester) ~0 ~M) added to a m~mre of phosph~ase 
Az (~8 ~ E) wi~ DTPC, or DTPG, or DTPA (80 ~M each. 

and only the sn-3- half is hydrolyzed in sn-3,1-bi~ 
PA. This is c o n ~ e n t  with the suggestion that the 
chirality recognition function of the enzyme is 
assodated with the active ~te rather than with the 
interfadal anchoring region [12-14]. As men- 
tioned eaflie~ several hpids with smaller head 
groups exhibit reaction progress curves dominated 
by inuave~cle scooting kinetics. One of the condi- 
tions for this is that the enzyme bound to the 
substrate interface does not readily become acces- 
~ble to the excess substrate ve~cles. This can be 
demongrated in several different ways. For exam- 
ple the enzyme bound to DTPMe ether (No. 6a) 
vesicles is not acces~ble to DMPMe ester (No. 6) 
ve~cles added afterwards unless salt is added [2]. 
Such exchangeabihty of phospholipase A:  bound 
to DTPMe ether veeries is different for different 
sub , ra te  veeries as shown in Fig. 3. Based on 
such experimen~ the apparent affinity of the en- 
zyme for ve~cles increases in the order: phos- 
phatidylcholine < bisphosphatidic acids < phos- 
phatidylglycol < phosphatidylglycerol < phos- 
phatidylmethanol < phosphatidic add. 

~n~ng  ~ ~ o s p ~ a s e  A 2 to ~ o ~ M  inter- 
~ce  

B ~ n g  ~ o ~ h ~ s e  A 2 t o  btayer  veeries 
resuRs in an ~crease in the fluorescence ani- 
sotropy of T~-3 .  As mentioned ~ ~ e  preceding 
paper ~ e  a~so~opy  of the s e ~ n ~ c  enzymes 
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does not change noticeably. For phosphofipase A 2 
the increase in aniso~opy is found to depend 
upon the concentration of the fipid and it ap- 
proaches a ma~mum v~ue that does not depend 
upon the nature of the fipid. Thus the anisotropy 
of phospholipase A 2 increases ~om 0.11 to 0.20 ± 
0.02 in the presence of sever~ phospholipids (Nos. 
2a, 6a, 14a, 16a, DTPC, and 71, 72, 75). These 
results show that the increase in aniso~opy is due 
to adsorption of the enzyme on veeries, howeve~ 
such a binding ~ not catalytically fignificant since 
the change in the anisotropy is the same in the 
presence of DTPC and DTPM~ both of which 
have very different ca t~y t~  suscepfibifity to phos- 
pholipase A 2. In terms of the Scheme I it would 
mean that the increase in anisotropy is due to 
binding of E, howeve~ with this technique one can 
not distinguish b~ween E* and E*S. 

Yet another measure of the affinity of the 
enzyme for the interface can be obt~ned by the 
binding ~otherms for titration of the enzyme with 
verities of the ether an~ogs of phospholipids (Fig. 
4). As shown dsewhere [2,5], in these expefimen~ 
the fraction of the enzyme bound to verities is 
propo~ion~ to the increase in the fluorescence 
intenfity at 333 nm. The binding ~otherm shown 
in Fig. 4 can be resolved by nonlinear regresfion 
anMyfis to obt~n C, n and K d, where K d is the 
d~sodation constant for the bound enzyme into 

5.0 

~o 2.0 

1.0 

6 0 : 1  

i i i i i i I 

0 08  0 24 0 4 0  0 56 0 7 2  
Lipid ( mM ) 

Fig. 4. Effect of DTPMe (upper curvO and DTPC 0ower 
curve) on the rdative fluorescence in~nf i~  of 6.2 ~M ~ g  
pancreatic phosphofipase A 2 at 333 nm ~ 30°C pH 8~ in 0.1 
m KC1, 10 mM Hepes and 0.3 mM CaC12 (10 mM CaCI 2 for 
DTPC). The Smooth line in the upper cu~e  ~ the c ~ c d ~ e d  
line to fit the vMues of n = 6~ K d = 0.3 ~M and C = 3.1. 

the free enzyme and a rite confisting of n fipid 
molecu~s [5]. C is expressed as the rdative peak 
intenfity ( I m / I o )  of the bound enzym~ It is prob- 
ably more meaningful to examine the apparent 
dissodation constant v~ue~ n . K  d, because the 
'affinity' v~ues obt~ned from the M~haeli~ 
Men~n type of kinetic an~yfis ( K m )  a re  gener- 
~ly expre~ed as tot~ monomefic subs~ate con- 
centration. 

The vMue of n can ~so be obt~ned indepen- 
dently. As shown in Fig. 5, the enth~py of ther- 
mo~op~  ~anfition of DTPMe ether (No. 6a) 
decreases with increasing mole fraction of the 
enzym~ and it approaches zero when the mole 
fraction of the enzyme in the fipid dispersions is 
about 0.025, that is the gd-to-hquid c r y ~ f i n e  
phase ~anfition in DTPMe ether dispersions is 
not observed when the fipid to enzyme ratio is 
bdow 40 : 1. In these dispe~ions both sides of the 
bihyer  are exposed to the enzym~ therefore the 
same fimiting ratio for binding of the enzyme to 
the sub~ra~ in verities would reach when the 
enzyme to substrate mole ratio is 60. The vMue of 
n = 60 is consistant with the curve fitting param~ 
ters for the binding isotherm shown in Fig. 4. In 
fact the first pa~ of this binding ~otherm is finear 
as would be expected if the binding affinity is 

10 

E 

o 

4 0 : b  

0 0 I  0 ,02  
X ( PLA z ) 

Fig. 5. Enth~py of phase ~an~tion of DTPMe disper~ons in 
the presence of pig pancreatic phospholipase A 2. The 35 ~l 
sample for differential scanning c~ofimetry (on Metthr  2000B 
at 2 Cdeg per min in a se~ed ~uminium pan) cont~ned 4 
~mole ~pid with varying mole ~actions of the enzyme 
(x(PLA2~ in a buffer contorting 200 mM Hepes and 0.5 mM 
CaCl 2 at pH 8.0. DTPMe was dispe~ed in the presence of 
phospholipase A 2. 
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~gh. By extrap~ating ~e  finear portion (as shown 
~ Fig. ~ ~e  ma~mum change in the fluorescence 
i n t e n ~  is ~tained at fi~d to protein m~e ratio 
of about 60:1. T~s ~ a ~asonab~ vMue of n 
~nce under the conditions for fluorescence mea- 
su~ments o~y  the outer mon~ay~  of the veeries 
is expo~d to ~e  p r o t ~  and if a correction is 
made for t~s ~ f ~ n c e ,  the fip~ to protein ratio 

for bM&ng world be 40:1. One of the sim#est, 
but not the oM~ phyMcM ~ r p r ~ a f i o n  of n 
would be that one enzyme m~ec~e can somehow 
occlude and ~ r ~  with ~e  coop~ativity of the 
thermotro#c ffan~fion of 40 subMra~ m ~ e c d ~  
in the interface. PhyMcM studies (X~a~ electromi- 
croscopy, carboxyfluor~cone ~ a p p ~  show that 
the b~ayer organization in these veeries is not 

TABLE Ill 

B INDING PARAMETERS FOR PHOSPHOLIPASE A 2 TO AQUEOUS DISPERSIONS OF MONO- A N D  DIAL- 
KYLPHOSPHOLIPIDS 

All binding curves were ob t~ned  by a d ~ n g  aqueous ~ s p ~ o n s  of phosph~ip ids  to 6.2 ~M ~ g  pan~eaf ic  phosphol ip~e  A 2 in 0.1 
M KCI, 10 mM CaC12 ~ .3  mM  ~ r  ao&c  phospholi~ds),  20 mM H e p ~  ~ pH 8.0 and 30°C.  THe ~ n & n g  ~ o ~ m s  of ~ p e  shown 
in Fig. 3 were ~ s ~ v e d  by n o ~ e ~  ~ g r ~ o n  a n ~ y ~ s  to ob t~n  n- Ko and C. In many cases con~derable covafiance was o b e y e d  
between n and Ko. 

No. CH 2 CH CH 2 n . K d n l m / 1  o 

1 2 3 (~tM) 

57 M y f i s ~  OH 
58 P ~ m i ~  OH 
59 S ~ o ~  OH 
60 Oleo~ OH 

61 C16H3~O OH 

62 C 1 6 H ~  OH, C H3(mc  ) 
63 P ~ m ~  H 
64 P ~ m ~  OH 
65 P ~  OH 
66 ~ e ~ o ~  H 
67 P M ~  p ~ h ~ h ~ i ~  
68 P M ~ I  OH 
69 P M ~  OCH 3 

70 S ~ o ~  OCH 3 

71 
72 
73 
74 
75 

2a 
6a 

14a 
16a 
37 
38 
43 

Te~adec~phosphoch~ ine  
Hexadec~phosphocholine 
Octadec~phosphocholine 
C i s - o c ~ d e c - 9 - e n y l p h o s p h o c h o l i n e  

Octadec~phospho~ycer~  
DTPA ether (diC14) 
DTPM ~her  (diC14) 
D-DMPMe ~her  (diC14) 
DTP ~ycerol ether (diCta) 
DTP ~ycerol ~he r  (diCl~) 
sn- l , l -b isPA ( ~ a p ~ m i t o ~ )  
1,16-dihydroxyhexadecane 
l ~ / ~ 3 P  C H ~ C H  2 C(CH3) 3 
DTPC ~he r  
DTPC ~rnary  mixture 

phosphochofine 900 33 2.2 
phosphocholine 250 42 2.3 
phosphochofine 170 40 2.1 
phosphocholine 1200 32 2.2 

SH-1 
phosphochohne 250 42 

SH-3 

phosphochofine 1.38 
phosphocholine 400 42 2.2 
-PO3-O(CH 2)6" NMe3 170 20 1.7 
-POs-O(CH 2) s • NM% 150 20 1.45 
-PO 3 " O(CH 2 ~ -  NMe 3 210 20 1.55 
H 150 30 1.65 
phospho~ycerol  100 35 2.2 
phosphocholine - 1.20 

Snol 
phosphocholine - 

Sn-3 

330 35 2.6 
160 42 2.6 
140 50 2.65 
130 30 2.9 
120 40 3.5 

44 1.31 
30 3.15 
30 2.9 
112 2.15 
160 2.15 
120 1.25 
65 - 1.95 
350 2~ 
> 2000 (?)12 
180 1.95 

1.50 

1.40 

1.73 

1.51 
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disrupted even when the fipid to protein mole 
ratio is 20 : 1 (to be published). 

As summarized in Table III, the values of n K  d 

for most fipids are in a narrow r~nge of 15 to 40 
~M, even though some of the dispersions are 
miceller while others are bilayers. The mNor diffi- 
culty in obtaining these data is due to fimitations 
intrinfic in the defign of the experimen~ to gener- 
ate binding ~otherms of type shown in Fig. 4. The 
protein concentration is 5 to 10 ~M, therefore the 
substrale concen~ation that would bind about 5% 
of the enzyme is already above the n K  d value. 
Other more senfitive methods need to be devd- 
oped for measuring n K  d values less than 15 ~M. 

The v~ues of relative peak inten~fies ( I m / l o )  

of the bound enzyme show a fignificant difference 
in the various phospholipid interfaces. The uncer- 
tainty in this data is less than 5%. In all cases we 
have examined, phospholipase A 2 in micelles or 
b~ayer exhibits essentially identical emission spec- 
tra with peaks at 333 nm. In these cases the 
relative peak intenfit~s are probably direcdy re- 
lated to the fluorescence quantum yidd of the 
enzyme in the interface. Howeve~ we have not 
used the quantum yidd values because these have 
a somewhat unquanfifiable contribution ~om 
scattering at lower emission wavdengths. 

Several interesting features of the relative inten- 
sity data summarized in Tab~ III may be noted. 
The l m / I  o values exhibit a rda t ivdy small depen- 
dence upon the chain ~ngth. The nature of sub- 
stituent in sn-2  and 3 pofition appear to change 
the fluorescence inten~ty of the bound enzyme 
significanOy, even though the shape of the emis- 
fion difference spectrum does not change noticea- 
bly. Thus the analogs of 1-palmitoylphosphati- 
dylcholine (compare Nos. 58, 61, 63, 64, 65, 67, 
69, 72) exhibit a 250% difference in the emission 
peak intenfities. Similarly, substitution of a hydro- 
gen by methyl group in sn-2  por t ion  (Nos 62 and 
69) can appreciably decrease the l m / l  o ratio. Also 
the sn-1-  and sn-3-phosphatidyl derivatives appear 
to give different I m / I  o ratio even though n K  d 

values are essentially identical. These observations 
suggest that a spedfic interaction between the 
enzyme and the lipid molecules in the interface is 
responfib~ for the fluorescence quantum yield of 
the enzyme in the interface. 

Even though the peak intenfity of phospholi- 

pase A 2 in the various phospholipids changes by a 
factor of three, the average fluorescence fi~fime 
(based on the three lifetimes and their ampli- 
tude~ are found to be within 50% of the values for 
phospholipase A2 in aqueous phase (data not 
showm howeve~ it is comparable to the resul~ 
shown in Re~ 3). As shown dsewhere [31] fluores- 
cence quenching with brominated fipids is static, 
that is the fluorescence in~nfi ty decreases without 
any significant decrease in the fi~ times. All these 
observations suggest that the increase in the fluo- 
rescence in~nsity of phospholipase A 2 on binding 
to the fipid interface is largdy due to dequenching 
of Trp-3. In the fight of the argumen~ devdoped 
in the preceding paper [2], it would imply that the 
dequenching of Uyptophan fluorescence on bind- 
ing to the interfac~ exhibits a suong dependence 
on the structure of the head group. 

For phoshofipids in a bilayer form there is 
fignificant variation in the rdative peak intenfi- 
ties. Here agNn zwitterionic PC and anion~ b~-PA 
show low I / I  o, while anionic fipids like DMPMe 
exhibit highest vMues comparable to those ob- 
tNned with micellar aNyl phosphocholine disper- 
fions. These observations imply head group 
spedf idty  in inducing higher fluorescence emis- 
fion. Th~ could happen, for exampl~ when a 
monomer sub , ra te  molecule in the interface binds 
to E* in the interface, and the fluorescence de- 
quenching occurs due to formation of E*S. Thus, 
phospholipids that Nve highest fluorescence emis- 
sion in~nfi ty are also more susceptible to hydrol- 
yfis by phospholipase A~, as if they favor E*S 
form of the enzyme. On the other hand the in- 
crease in fluorescence anisouopy is due to the E* 
and E*S forms of the enzymm This is also in 
accord with the observation that the fluorescence 
increase with ~rnary codisperfions [5,15], as well 
as with other lipid in~rfaces ~ ,2 ,1~1~ is a mea- 
sure of catMyticNly meaningful binding of pig 
pancreat~ phospholipase A2 that is the formation 
of E*S. The fignificance of this hypothesN will 
also be discu~ed in the following pape~ 

D ~ c u ~ n  

The observations reposed in this paper pertain 
to the question of the substrate specifidty of 
interfadal enzymes like phospholipase A 2. Even a 



co~dat ion  of substrate structure with spedfic ac- 
ti~fies for hydrolysis under comparable condi- 
tions, or even under optimized conditions for each 
substrate is suspect because factors rdated to in- 
mrve~de exchange and the in tef fad~ equilibrium 
( E * +  S to E 'S )  can not be readily normalized. 
The usu~ kinetic param~ers K m and Vm~, there- 
for~ have tittle mechanistic ~gnificance in the 
context of the inmffad~  catalytic turnover in the 
in~ave~de scooting mode. To a first appro~ma- 
tion the approach util~ed here pro~des a guide to 
permit some useful generalizations by comparing 
k~ and the effect of anions. 

The ~ze and polarity of the head group sub- 
stituent is an important factor in determining the 
overall cat~ytic turnover in the inmfface. In gen- 
e ra ,  the rate of hydroly~s decreases if the hydro- 
phobicity increases tither due to an increase in the 
c h i n  ~ngth or the head group. Large polar head 
group substituents decrease the average re~dence 
time of the enzyme on the in~ffac~ One of the 
simplest in~rpretation of these observations is 
that the enzyme anchored to the in~fface, E*, 
extracts the monomer phospholipid ~om the bi- 
layer to form E*S complex at the in~fface. If 
howeveL the subs~ate is anchored on the opposi~ 
~de, as in No. 38 (Fig. 1), d i~od~ng the monomer 
bipolar phospholipid from the aggrega~d particle 
to form E*S would be ~ u a l l y  impossib~. Ther~  
for~ it will not be hydro~zed as is indeed the 
case. This condu~on  is ~so con~s~nt  with the 
fluorescence quenching experiment~ according to 
which Trp-3 is acces~b~ to water soluble 
quenche r  for dynamic quenchin~ and ~so to 9- 
or 11-bromo subsfituents on the ac~ c h i n s  [31]. 
Similarly, destabilization of monomer in the 
bilayer could account for a decrease in the cata- 
lytic turnover wilh increasing ac~ c h i n  ~ngth. 

The spedfic acti~ties obt~ned under apparent 
zero-order smady-state condition~ change appre- 
d a b ~  in the presence of anions. This susgests that 
the i n ~ f f a d ~  anions somehow comp~e with an- 
ions in the aqueous phase for an anion binding 
~te on the enzym~ Three pos~biht~s may be 
con~dered: (~  the po~five charge of the enzyme 
'colloi~ interac~ with the negative surface charg~ 
and anions in the aqueous phase d~ermine the 
relative surface charge den~ties that regula~ the 
infract ion;  (b) a spedfic anion binding site on 
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phospholipase A z molecule can be occupied by 
anions in the in~fface or the anions in the aque- 
ous phase; (c) a cationic ~ on phospholipase A 2 
is actually created by a c ~ d u m  bridge between 
the enzyme and an anion. 

Rdative polarizability of anions is an im- 
portant factor in determining the anion binding 
selectivity [18], whereas monov~ent  cations in the 
aqueous phase modify the dectrostafic i n~ ra~  
tions at the levd of the doub~ layer around the 
enzyme and the vesicle interfaces. Since hpids 
with a net negative charge but larger head groups 
(Nos. 15-26) exhibit shorter in te f fad~ re~dence 
periods, and cations have tittle or no effect~ the 
pos~bifity ' ~  can be essentially discarded. At this 
stage we favor possibility 'b' ,  and it may ~so be 
noted that the pos~bflifies 'b '  and 'c' are not 
mutually exdu~ve. 

Yet another role of i n ~ f f a d ~  anionic charge 
arises from the fact that div~ent ions ~ke c ~ d u m  
can ~ter  the charge profile and the phase proper- 
ties of bflaye~. Such in~ractions [19-24] could 
induce in,abilit ies or defec t ,  and thus promote 
binding of the monomer sub , ra te  to anchored E*. 
U n f o ~ u n a t ~  at this stage we can not directly 
measure contributions of such factor~ 

Phospholipase A z does not exhibit a large dig 
ference in its apparent binding affinity, nKd, but 
a more ~gnificant change in the fluorescence 
quantum yidd of phospho~pase A~ in the v e r d e  
interface of the various anionic subs~ates. A pa~ 
ficularly provocative suggestion, in the context of 
the gener~ Scheme I of i n ~ f f a d ~  catalxs~ [29], is 
that it is not the binding equilibrium at the inter- 
face (E to E*) but the monomer binding equi- 
librium within the in~fface (E* + S to E 'S)  that 
ul t imatdy determines the substrate spedf idty  of 
the bound enzyme. This suggestion lends i tsdf to 
experimental scrutiny if one assumes that the fluo- 
rescence peak intensity of the bound enzyme is 
sub~anti~ly if not exdu~vdy  due to the E*S 
form rather than the E* form of the enzyme. It 
follows that the peak i n a n i t y  will change not 
only with the structure and conformation of the 
substra~ monomer [25-27] but it will ~so be 
co r rda~d  with the i n ~ f f a d ~  ca t~y t~  turnover 
rate constan~ k~. Data summarized in Tab~s I 
and III are con~s~nt  with both of these predi~- 
ions, as wall as with our earlier results which 
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suggest that ~ e  N n ~ n g  measu~d by the fluores- 
cence change is c ~ y f i c N ~  meaNngfd  [5]. TNs 
impfi~ ~ a t  the E* + S ~ E*S eq~fibrium for ~ e  
various sub~ra~s is ~ f ~ N n t .  Thus it is interest- 
ing to note that the ~ r v ~ i c l e  exchangeaNfi~ of 
the enzyme bound to DMPMe veeries is substan- 
t ial~ ~ower than ~ a t  for the enzyme bound to 
Nsphosphafi~c add interface. TNs suggesU that 
the E*S to E* + S step is ~ower than the E* to E 
step in Scheme I. The o b ~ r v ~ n s  in lhe follow- 
ing paper Mso suppo~ tNs condu~on.  
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