
Biochimica et Biophysica Acta 940 (1988) 51-62 51 
Elsevier 

BBA 73975 
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The time-course of binding of phospholipase A 2 and prophospholipase A 2 to vesicles and micelles of a 
variety of substrate and nonhydrolyzable phospholipid analogs is obtained by monitoring the change in the 
fluorescence intensity of Trp-3 on the protein or of the 5-dimethylaminonaphthalene-l-suifonyi (dansyl) 
chromopbore on the surface of the vesicles. The time-dependent increase in the fluorescence intensity of 
phospholipase A 2 is observed only under conditions where catalysis and equilibrium binding are also 
observed. The overall kinetics of binding is described by two rate constants. A rapid second-order rate 
constant (ka) for binding of both the proteins is 2 • 107 per s per mol expressed in terms of phospholipids as 
monomers, and 10 t° per s per moi expressed in terms of vesicles. This is probably a diffusion-limited 
encounter of the protein with vesicles as the first step in binding. An additional first-order rate constant 
(k b -- 4 per s) was also discerned for the binding of phospholipase A 2 but not for prophospholipase A 2. The 
rate of desorption of the bound phospholipase A 2 in the presence of EGTA is very slow (less than 0.0002 per 
s), whereas the rate of desorption of the bound prophospholipase A z is much more rapid (2.9 per s). The 
mechanistic significance of these rate constants is elaborated in terms of the differences in the rates of 
interracial catalytic turnover of phospholipase A 2 and prophospholipase A 2. As shown elsewhere (Jain et al. 
Biochim. Biophys. Acta 860, 435-447) the hydrolysis of anionic vesicles by phospholipase A 2 occurs in the 
scooting mode such that the bound enzyme remains on the target vesicles for several thousand catalytic 
turnover cycles. On the other hand, as shown in this paper, the kinetics of hydrolysis by prophospholipase A 2 
is dominated by its intervesicle exchange. Therefore, interfacial catalysis by propbospholipase A 2 in the 
hopping mode would involve an on- and an off-step in each cycle, resulting in a catalytic turnover number of 
about 1.2 per s. A change from the hopping to the scooting mode of catalysis thus provides the kinetic basis 
for activation of interracial catalysis by phospholipase A 2 compared to that for prophospholipase A 2. 

Abbreviations: dansyl-, 5-dimethylaminonaphthalene-l-sulfon- 
yl-; DMGPMe, 1,2-dimyristoyl-sn-glycero-3-phosphoryl- 
methanol; GPMe, sn-glycero-3-phosphorylmethanol; GPC, 
sn-glycero-3-phosphorylcholine; HPC, n-hexadecylphosphoryl- 
choline; HPE, n-hexadecylphosphorylethanolamine; HPMe, n- 
hexadecylphosphorylmethanol; PLA, phospholipase A 2 from 
pig pancreas; proPLA, prophospholipase A 2 from pig pan- 
creas; Trp-3, tryptophan residue in the 3-position of phos- 
pholipase A2; TTGPE, 1,2-ditetradecyl-sn-glycero-3-phosphor- 
ylethanolamine; TTGPMe, 1,2-ditetradecyl-sn-glycero-3-phos- 
phorylmethanol; PC, phosphatidyicholine. 

Introduction 

Binding of phospholipase A 2 to the l ipid/water  
interface is a key step in the interfacial catalysis: 
this step regulates the magnitude of the interfacial 
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activation of the enzyme by favoring interfacial 
catalysis in the scooting mode [1-5]. According to 
Scheme I and as shown experimentally for cataly- 
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Scheme I. Scheme of interfacial catalysis. 

sis in the scooting mode, the binding of the en- 
zyme to the interface is rapid [2], and the bound 
enzyme is not desorbed from the interface in 
between or during the catalytic turnover cycles 
[2,3]. On the other hand, in the hopping mode of 
interfacial catalysis the binding and desorption (E 
to E* step) of the enzyme are a part of each 
catalytic turnover cycle. Thus, an appreciation of 
the magnitudes of the rate constant for binding 
(kb) and for dissociation (kd) is critical for under- 
standing interracial catalysis and activation. 

In the published literature several ad hoc as- 
sumptions have been made to account for the 
origin of the pre-steady state lag phase in the 
reaction progress curves. For example, it has been 
assumed that the binding of phospholipase A 2 to 
monolayers of medium chain zwitterionic phos- 
pholipids is governed by a slow rate constant of 
less than 0.01 per s [6]. On the other hand, in 
vesicles [2], monolayers [6], and micelles [2,7] of 
anionic phospholipids a rapid onset of hydrolysis 
is observed after the addition of the enzyme. This 
suggests that the intrinsic rate constant for bind- 
ing of phospholipase A 2 to the interface (E to E* 
step) is greater than 0.2 per s. Similarly, in vesicles 
of zwitterionic phospholipids, which have a very 
low affinity for phospholipase A 2, the binding 
equilibrium for phospholipase A 2 is shifted to- 
wards the bound form (E to E*) in the presence 
of the products of hydrolysis [8,9]. However, for 
this system it has been assumed [10] that the 
binding of phospholipase A 2 to vesicles is a kineti- 
cally slow step. In order to resolve such contradic- 
tory assumptions we have investigated the kinetics 
of binding of phospholipase A 2 to the lipid/water 
interface under a variety of kinetically meaningful 

conditions. In this communication we report the 
values of the kinetic rate constants for the E to E* 
step, i.e., for the binding and desorption of phos- 
pholipase A 2 to vesicles and micelles. 

Materials and Methods 

Sources of the reagents, isolation of pig pan- 
creatic phospholipase A 2 and prophospholipase 
A 2, general methods for the synthesis of phos- 
pholipids, preparation of vesicles, and protocols 
for obtaining the equilibrium binding data by 
steady-state fluorescence measurements have been 
described elsewhere [2-5,8,9,11]. The time-course 
of binding of phospholipase A 2 to sonicated dis- 
persions of substrates and their analogs were ob- 
tained on a stopped-flow mixing device equipped 
to monitor fluorescence emission intensity (made 
available to us in the laboratory of Professor 
Eigen at the Max Planck Institute for Biophysical 
Chemistry in GiSttingen, F.R.G.). Excitation was 
set at 285 nm and a 305 nm cut-off filter was used 
on the emission side to reduce the contribution of 
scattering due to changes in the turbidity. For 
measurements involving dansyl-HPE excitation 
was set at 345 nm, and a 30 nm bandpass filter at 
485 nm was used on the emission side. The dead- 
time of the instrument was about 4 ms. The out- 
put from the photomultiplier tube was digitized. 
Of the 4000 data points collected in each run, 200 
were assigned for the pretrigger delay, 1800 for the 
fast sweep A, and the last 2000 points for the 
slower sweep B so as to adequately resolve the 
slow and the fast time components. Curve fitting 
and statistical analysis of the data was done on a 
Univac computer using a program that is routinely 
used in the laboratory mentioned above. 

Results 

As shown elsewhere [3,8], the binding of phos- 
pholipase A 2 to anionic vesicles (E to E* step) 
under catalytically meaningful conditions can be 
readily quantitated by spectroscopic methods. For 
example, phospholipase A 2 binds with a high af- 
finity to 35-40 molecules of DMGPMe in the 
outer monolayer of the target vesicles, and the 
integrity of the vesicle is retained after binding of 
phopholipase A 2, as well as after hydrolysis of the 
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substrate  in  the outer  monolayer .  The b ind ing  
equi l ibr ium of the enzyme to the anionic  interface 
is shifted by  cat ionic  l ipophiles (e.g., local 
anesthetics) that apparen t ly  reduce the catalytic 
turnover  n u m b e r  of phosphol ipase A 2 by lowering 
the concen t ra t ion  of the b o u n d  enzyme (E*) .  The 

kinet ic  studies [2] suggest that the apparen t  dis- 
sociat ion cons tan t  of the enzyme b o u n d  to anionic  
vesicles is less than  0.1 pM. Therefore, for all 

practical  purposes considered in  this paper  the 

a m o u n t  of free enzyme in  the mixture  is de- 

te rmined by  the l ip id- to-protein  ratio. The lipid- 

to-protein  s toichiometry suggests that the outer 
surface of a vesicle would be completely covered 
by the enzyme when the total l ipid- to-protein ratio 
is about  60 because the phosphol ipid  molecules in 
the inner  monolayer  are not  accessible for b ind-  

ing. 
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Fig. I. The time-course of the fluorescence change of 
tryptophan of phospholipase A 2 (2.9 #M, given as the final 
concentration after mixing) on mixing with vesicles of TTGPMe 
(0.2 mM after mixing) at 25°C in a stopped-flow mixing 
device as described in the text. The reaction mixture also 
contained 10 mM Tris-HCl and 0.5 mM CaCI 2 at pH 8.0. 
Such a curve could be deeonvoluted into two relaxation con- 
stants ca and Cb, and the corresponding ampEtudes a a and a b. 
One of the worst cases of the systematic deviation in the 
residuals was chosen for this figure. Most of the time-course 
curves used in this study showed a significantly better distribu- 
tion of the residuals. The ordinate for the error plot is in inV. 

The t ime-course of b ind ing  of phosphol ipase 
A 2 was recorded by  moni to r ing  the change in  the 
fluorescence in tensi ty  of Trp-3 on phosphol ipase 
A 2. As shown in  Fig. 1 the t ime-course of the 
increase in  the Trp-3 fluorescence on  b ind ing  of 

phosphol ipase A 2 to vesicles of T T G P M e  is rapid 
and  complex. The overall change in  the in tensi ty  is 

abou t  3-fold as seen with the steady-state fluores- 

cence measurements  [4]. The b ind ing  of phos- 

pholipase A 2 to vesicles conta in ing  5 -10  mol% 

dansy l -HPE was moni tored  at 500 nm,  the emis- 
sion peak due to resonance energy transfer from 

t ryp tophan  excited at 285 n m  (see Ref. 11 for 
details). In  both  cases the time course of the 

TABLE I 

THE KINETIC CONSTANTS FOR THE BINDING OF 
PHOSPHOLIPASE A z (PLA) AND PROPHOSPHOLIPASE 
A 2 (proPLA) 

All these experiment were done under the conditions described 
in the legend to Fig. 1: pH 8.0 in 10 mM Tris-HCl buffer at 
25 o C. Monitored by resonance energy transfer to dansylhe- 
xadecylphosphorylethanolamine (7 tool%); ex. 285 nm em. 480 
nm with a band pass filter of 30 nm bandwidth. The final 
concentration of phospholipase A 2 was kept at 2.8 #M, and 
that of lipids was varied between 0.05 and 2 mM. The con- 
centration of calcium was kept at 0.5 mM in all cases except 
for GPC analogs where the calcium concentration was 10 mM. 

No. Lipid Enzyme ka kb 
(101° s-l.mo1-1) (s -1) 

1 TTGPMe PLA 1.8 3.5 
2 TTGPMe 

+ dansyl-TI'GPE PLA 2.7 4 
3 TTGPMe 

+ dansyl-HPE PLA 5.4 6 
4 HPC PLA 1.5 11 
5 HPMe PLA 1.6 6 
6 HHGPMe PLA 2.7 6 
7 Dioctyl-GPMe PLA 8 
8 Dioctyl-GPC PLA 2 
9 DMGPMe PLA 2.5 1.3 

10 DMGPMe 
+ dansyl-HPE PLA 2.6 4.5 

11 POGPMe PLA 3.2 1.2 
12 POGPG PLA 3.0 3 
13 1,3-DMGPMe PLA 9 
14 Dioetanoyl-GPMe PLA 6 5 
15 Products PLA 2 
16 TTGPMe PLA 2.0 - 
17 DMGPMe PLA 2.0 - 
18 Dioctyl-GPMe PLA 20 
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fluorescence increase could be satisfactorily fitted 
to two exponentials under most conditions. As 
shown in Fig. 1, sometimes a systematic error of 
about 10% is observed in the residuals and the 
origin of such deviations is not known. These 
deviations could arise from the pressure shock to 
vesicles, because such systematic deviations are 
not observed with micelles. A systematic deviation 
could also arise from peculiarities in the mecha- 
nism of binding of phospholipase A 2 to vesicles. 
At present we do not have a model for the mecha- 
nism of binding of a protein to vesicles, and this 
step is not necessarily a part of the catalytic 
turnover cycle for interracial catalysis. In fact, a 
priori there is no reason to believe that the step E 
to E* would obey a rate law involving a set of 
simple exponential functions. There are two types 
of experimental difficulties that do not permit 
resolution of such possibilities. The dead-time of 
our instrument is about 4 ms which means that 
the measurement and manipulation of a signifi- 
cant part of the time-course of the binding curve 
is not possible. This problem could not be obvia- 
ted by other techniques like T-jump because the 
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binding constant for the enzyme in the interface is 
very large. Also at low vesicle concentrations the 
rate law for binding could become very complex, 
as the excluded surface area effects would 
dominate binding of the enzyme to vesicles which 
already have some protein molecules on their 
surface. This would cause an apparent time depen- 
dence of the rate constants for the binding. A 
complete mathematical description of such a pro- 
cess would be intractable (Berg, O., personal com- 
munication; see also Ref. 12). For the purpose of 
discerning the trends and to minimize the contri- 
bution of the various instrumental and data 
processing artifacts we have kept the experimental 
conditions comparable for these measurements and 
for data processing. 

The time-course for the fluorescence change 
during the first 10 s could be fitted to two ex- 
ponentials (Fig. 1). The values of the two rate 
constants k ,  and k b that characterize the time- 
course of the total fluorescence change for phos- 
pholipase A 2 on binding to vesicles and micelles 
under a variety of conditions are summarized in 
Table I, and their significance is discussed below. 
For  computations all the four curve-fitting varia- 
bles (two rate constants and the corresponding 
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Fig. 2. Dependence of the reciprocal of the relaxation constants (bottom) Ca and Cb and (top) relative fluorescence intensity (RI) on 
the concentration of (a) TTGPMe (as sonicated vesicles) and (b) phospholipase A 2- Other conditions were as given in legend to Fig. 

1. Two typical experiments are presented. 



amplitudes) were allowed to 'float '  freely and no 
attempt was made to force-fit any of the parame- 
ters. 

The dependence of the two relaxation constants 
that describe the time-course of the Trp-3 fluo- 
rescence change is a function of phospholipase A 2 
and T r G P M e  concentration is summarized in 
Figs. 2a and 2b. The faster relaxation is seen at 
low vesicle-to-enzyme ratios, and it is responsible 
for about half of the total change in the fluo- 
rescence intensity. However, there is some uncer- 
tainty in the values of the amplitudes. The contri- 
bution from the fast relaxation is not observed at 
high vesicle concentrations although a significant 
part of the corresponding change in the fluo- 
rescence intensity is apparently completed within 
the dead-time of the instrument (about 4 ms). The 
dependence of the faster relaxation rate and its 
amplitude (shown in Figs 2a and 2b) on the 
vesicle concentration would be expected if the 
faster relaxation is due to a second-order rate 
constant, and if only the tail-end of the binding 
curve is recorded at relatively high concentrations 
of vesicles. The value of k a obtained under a 
variety of conditions are summarized in Table I. 
The magnitude of a narrow range of values of ka 
suggest that it is related to the diffusion-limited 
encounter of phospholipase A 2 with vesicles. The 
values of k~ summarized in Table I are expressed 
in terms of the monomer lipid concentration. It is 
probably more meaningful to consider the diffu- 
sion-lirnited process in terms of a random encoun- 
ter of phospholipase A 2 with vesicles. When ex- 
pressed this way the values of k~ are about 10 ]° 
per s per mol vesicles. Similar diffusion-limited 
rate constants have also been observed for binding 
of a variety of solutes to vesicles [13]. 

According to equilibrium binding studies, there 
is one binding site per 40 phospholipid molecules 
in the outer monolayer of the target vesicle [3]. 
Therefore, above 0.2 mM phospholipid concentra- 
tion a substantial portion of the total fluorescence 
change occurring with the rate constant ka would 
occur during the dead-time of the instrument, i.e., 
in the first 5 ms. Thus, it is very difficult to 
determine the amplitudes of the fluorescence 
change corresponding to each rate constant. 

The value of the second rate constant, k b (about 
4 per s for TTGPMe),  does not depend on the 
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concentration of the protein or vesicles (Fig. 2), 
and it mediates about 35% of the total change in 
the fluorescence intensity. The contribution of k b 
can be seen at low, as well as at high vesicle-to-en- 
zyme ratios. These observations suggest that the 
underlying process is most probably not due to 
artifacts arising from the binding of phospholipase 
A 2 to the 'excluded area' on vesicles. This conclu- 
sion is further supported by the fact that the value 
of k b remains relatively constant even when a 
significant number of the data points at the begin- 
ning of the curve are ignored for curve fitting. 
This would not be the case if the tail-end of the 
process underlying k a (due to the excluded area 
effect) contributed to k b. 

As shown in Fig. 3, the two relaxation con- 
stants do not exhibit an anomalous effect as a 
function of temperature, i.e., the phase properties 
of the bilayer do not have a noticeable effect on 
the kinetic constants for binding. This is also 
consistent with the fact that k a and k b values 
remain the same for binding of phospholipase A 2 
to homologous 1,2-dihexadecyl-GPME (6) whose 
T~ is 44°C. The apparent dissociation constant 
for E* on TTGPMe vesicles remains immeasura- 
bly low over the whole temperature range from 10 
to 45 °C (data not shown). Also, as shown in Fig. 
4, the catalytic turnover constant (ki)  for the 
interfacial catalysis by phospholipase A 2 in the 
scooting mode and catalytic turnover number of 
prophospholipase A 2 in the hopping mode 
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Fig. 3. Dependence of the reciprocal of the relaxation con- 
stants & and % on temperature, 0.3 mM TTGPMe (O) 0.06 
mM TTGPM¢ alone (o) or with 4 #M dansyl-HPE (×). Other 

conditions were as given in legend to Fig. 1. 
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Fig. 4. Temperature dependence of the catalytic turnover num- 
ber (TN) for prophospholipase A 2 (top), the extent of hydroly- 
sis (A, middle), and the first-order catalytic constant (ki)  for 
the hydrolysis in the scooting mode (bottom) by phospholipase 
A 2. DMGPMe vesicles were used as substrates, other condi- 

tions were as given in the legend to Fig. 6 and in the text. 

(elaborated below) does not exhibited any anoma- 
lous effect of temperature. These results show that 
the rate of binding, the equilibrium constant for 
binding (data not shown; see, however, Ref. 3), 
the catalytic parameters as well as the size of the 
vesicles are not noticeably influenced by the gel- 
to-fluid phase transition properties of the bilayer. 

The time-course of binding of phospholipase 
(e.g., data in Figs. 2 and 3, and in Table I) was 
also monitored at the emission of dansyl chromo- 
phore localized in the interface of vesicles [11]. 
This chromophore is excited at 345 nm by the 
resonance energy transfer from the emission of 
tryptophan. As shown in Fig. 5 (top) the efficiency 
of the resonance energy transfer is about 97% 
when the surface of the vesicles is completely 
covered by phospholipase A 2. It should be noted 
that in these vesicles dansyl-HPE is added to the 
preformed vesicles, and it is present only in the 
outer monolayer. The high efficiency of the energy 
transfer means that the two chromophores (Trp-3 
and dansyl attached to the head group on 
hexadecylphosphorylethanolamine) are within a 
distance of about 8 A (bas.ed on the critical trans- 
fer distance of about 17 A) when the surface of 
vesicles is completely covered by phospholipase 
A 2. The time-course of the fluorescence change 
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Fig. 5. (Top) The dependence of the relative fluorescence 
emission of tryptophan of phospholipase A 2 (PLA, o )  and 
prophosphofipase A 2 (ProPLA, e )  at 333 nm (excitation 290 
nm) as a function of the concentration of TFGPMe vesicles 
containing dansyl-HPMe (16 : 1 mole ratio). (Bottom) The fluo- 
rescence emisson intensity of dansyl chromophore in the pres- 
ence of prophospholipase A 2 in water (e) and deuterated 
water (o) .  Other conditions were as described in legend to Fig. 
1. Excitation at 290 nm and emission at 500 nm. The TTGPMe 
to dansyl-HPE mole ratio was kept at 16 : 1 and the probe was 
added to the preformed vesicles. For full significance and the 

appropriate controls see Ref. 11. 

from resonance energy transfer is also described 
by the two rate constants k a and k b. As sum- 
marized in Table I (Nos. 2 and 3) the values of 
these rate constants and their dependence upon 
concentration (Fig. 2) and temperature (Fig. 3) is 
the same as that obtained by monitoring the emis- 
sion of Trp-3. It is probably significant that the 
values of k a and k b are somewhat larger (typi- 
cally 20% and just outside the estimated error 
range) when monitored by resonance energy trans- 
fer. This small difference is apparently not due to 
a specific interaction of dansyl-HPE with the pro- 
tein because the catalytic turnover is not in- 
fluenced (data not shown). A possible interpreta- 
tion in terms of an improved signal-to-noise ratio 
or due to an intrinsic difference in the time-course 
for accessibility of the two chromophores in the 
interface during the binding is likely. 

The dependence of the rate constants k a and 



k b o n  other experimental variables is summarized 
below. 

Binding to micelles 
Binding of phospholipase A z to micelles of 

hexadecylphosphorylcholine (No. 4 in Table I), 
hexadecylphosphorylmethanol (No. 5), as well as 
those of dioctyl-GPC (No. 8) and dioctyl-GPMe 
(No. 7) was investigated. In all cases, the time 
course of binding to micelles can be fitted to k~ 
and k b. The slower rate constant (kb) has values 
of 2-11 per s. The concentration-dependent rate 
constant (k~) remains diffusion limited, and its 
contribution is not observed at high lipid con- 
centrations. 

Binding to substrates 
According to Scheme I the binding of phos- 

pholipase A 2 to the interface is not a part of the 
turnover cycle in the scooting mode of catalysis. 
As summarized in Table I for dispersions of several 
substrates (Nos. 9-14), the values of ka and k b 
for binding to the substrate interface are essen- 
tially the same as those seen with the correspond- 
ing ether analogs. 

Binding of prophospholipase A2 
The zymogen of phospholipase A 2 (prophos- 

pholipase A2) does not exhibit interfacial activa- 
tion [1] although it is known to bind to anionic 
vesicles and micelles [3,14,15]. As shown in Fig. 
5a, the efficiency of resonance energy transfer 
from tryptophan to dansyl-HPE is about 60% for 
prophospholipase A 2 compared to over 97% for 
phospholipase A z. This difference suggests that 
the nature of binding of these two proteins to 
TTGPMe vesicles is appreciably different, and 
that it is consistent with the suggestion that the 
Trp-3-containing face of prophospholipase A 2 re- 
mains about 15-20 ,~ away from the bilayer inter- 
face. Moreover, the fluorescence intensity due to 
resonance energy transfer from prophospholipase 
A 2 to dansyl-HPE is higher in deuterated water 
than in water (Fig. 5b). Such quenching by water 
is not observed with bound phospholipase A 2 
[11]. Thus, differences in the resonance energy 
transfer characteristics of prophospholipase A 2 
and phospholipase A 2 are due to the fact that the 
microinterface between prophospholipase A 2 and 
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the vesicle to which it is bound is not dehydrated, 
whereas the microinterface is dehydrated in bound 
phospholipase A 2 [11]. 

As summarized in Table I (Nos. 16-18), the 
kinetics of binding of prophospholipase A 2 is 
described only by the diffusion-limited second- 
order rate constant k a. This implies that the bind- 
ing of prophospholipase A 2 is diffusion limited, 
and that the time-course of the fluorescence change 
does not involve the second slow step correspond- 
ing to the rate constant k b. As elaborated below, 
the significance of such a difference in the rates of 
binding and desorption of phospholipase A 2 and 
prophospholipase A 2 can be appreciated in terms 
of the difference between the scooting versus the 
hopping modes of interfacial catalysis. 

The rate-constants for desorption of the bound en- 
zyme 

Based on the kinetics of hydrolysis the ap- 
parent dissociation constant for phospholipase A 2 
bound to TTGPMe vesicles is estimated to be less 
than 0.1 pM because the rate of intervesicle ex- 
change is negligibly slow even when the enzyme 
concentration is 0.5 nM and the vesicle concentra- 
tion is 50 nM in the reaction mixture [2]. This is 
consistent with a very slow rate of desorption (rate 
constant less than 0.002 per s) of the bound en- 
zyme in the presence of EGTA (Table II). On the 
other hand, under comparable conditions the rate 
of desorption of prophospholipase A :  is about 2.9 
per s. An estimate of the lower limit for the rate of 
intervesicle transfer of phospholipase A 2 and pro- 
phospholipase A 2 from the dansyl-containing 
vesicles to TTGPMe vesicles could also be ob- 
tained by monitoring the kinetics of the decrease 
in the emission intensity at 500 nm (due to the 
resonance energy transfer from Trp-3 to dansyl- 
HPE). Under these conditions the rate constant 
for exchange is less than 0.0002 per s for phos- 
pholipase A 2 and 2.9 per s for prophospholipase 
A 2. A precise determination of the lower values 
for k d is not possible because a slow rate of fusion 
of vesicles could influence these results. The re- 
sults summarized in Table II also demonstrate 
that the rate of exchange of phospholipase A 2 is 
considerably more rapid in micelles (22, 23 in 
Table II) as well as in the vesicles of the products 
of hydrolysis (21). 
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TABLE II 

THE SLOWEST RATE CONSTANT FOR DESORPTION 
OF PHOSPHOLIPASE A 2 OR PROPHOSPHOLIPASE 
FROM THE LIPID-WATER INTERFACE 

The complexes were prepared by premixing appropriate solu- 
tions. During the stopped flow studies the complex was mixed 
with 50 mM EGTA. Final concentrations: EGTA 25 mM; 
phospholipase A 2 or prophospholipase A 2 2.5 /tM; lipids 
0.3-1.5 mM in 10 mM Tris, 1 mM NaC1 (pH 8.0 at 25°C). 

No. Lipid-protein complex Mixed k d (s -1 ) 
with 

19 TTGPMe. phospholipase A 2 none < 0.0002 
20 TTGPMe. phospholipase A 2 EGTA < 0.0022 
21 DMGPMe. phospholipase A 2 EGTA 0.037 
22 Dioctyl-GPC- phospholipase A 2 EGTA 70 
23 Dioetyl-GPMe.phospholipase A2 EGTA 4 
24 TTGPMe- prophospholipase A 2 EGTA 2.9 

Kinetics of hydrolysis of DMGPMe vesicles by pro- 
phospholipase A 2 

Although prophospholipase A 2 binds to anionic 
interfaces [3,14,15], it does not exhibit catalytic 
activation at the interface [1]. Therefore, it is of 
interest to examine the rate of hydrolysis of vesicles 
of anionic phospholipids by prophospholipase A 2. 
As shown in Fig. 6, the reaction progress curve for 
the hydrolysis of DMGPMe vesicles by most pre- 
parations of prophospholipase A 2 is complex, i.e., 
a rapid first-order component superimposed on a 
slow steady-state rate of hydrolysis. Data not 
shown here demonstrate that the extent of hydrol- 
ysis does not depend upon the enzyme concentra- 
tions, and that the steady-state pseudo-zero-order 
rate of hydrolysis shows a hyperbolic dependence 
upon the concentration of DMGPMe. This kinetic 
behavior is different from the behavior of phos- 
pholipase A 2 on DMGPMe vesicles [2]. The dif- 
ference suggests that during the course of its ac- 
tion on vesicles prophospholipase A 2 can rapidly 
undergo intervesicle exchange, which is not the 
case with phospholipase A 2. Such a kinetic dif- 
ference between these two enzymes is further 
emphasized by the observations described below. 

The relative contribution of the initial first 
order component in the reaction progress curve of 
prophospholipase A 2 (curve a, Fig. 6) is quite 
different in different preparations of prophos- 
pholipase A 2. This is due to the presence of 

E 

Fig. 6. The reaction progress curve for the hydrolysis of 
DMGPMe (S) vesicles with (top) and without q'q'GPMe (T) 
vesicles (bottom) by prophospholipase A 2. These pH-stat titra- 
tions were done in 0.5 mM CaCI 2 and 1 mM NaC1 at 25°C. 
Details are given in ref. 2 and the concentrations in Fig. 7. The 

sequence of addition is given in the figure. 

p h o s p h o l i p a s e  A 2 as an impurity, whose faster 
rate of interfacial catalytic turnover would mask 
the slower zero-order rate of hydrolysis by pro- 
phospholipase. In order to study the kinetics of 
hydrolysis by prophospholipase without any com- 
plications from phospholipase A 2 we devised a 
protocol to eliminate the contribution due to hy- 
drolysis by phospholipase A 2- As shown in Fig. 6 
(curve b), the rate of hydrolysis fo DMGPMe 
vesicles by prophospholipase A 2 can be measured 
without any complicating effect of the trace 
amounts of phospholipase A 2. This interpretation 
is based on the observation that the binding of 
phospholipase A 2 to TTGPMe vesicles is essen- 
tially irreversible [2-5] and that the binding of 
prophospholipase A 2 to TTGPMe vesicles is re- 
versible, as shown earlier in this paper. Thus, 
TTGPMe vesicles added initially to the reaction 
mixture irreversibly remove phospholipase A 2, 
whereas prophospholipase A 2 remains available 
for the catalytic action on the substrate vesicles 
which are subsequently added to initiate the hy- 
drolysis. The steady-state zero-order rate of hy- 
drolysis under these conditions depends upon the 
mole fraction of the substrate and TTGPMe 
vesicles. This behavior would be expected if pro- 
phospholipase A 2 readily undergoes intervesicle 
exchange, i.e., it can hop to other vesicles. Phos- 
pholipase A 2 is not able to do so on vesicles of 
anionic phospholipids [2-5]. 
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Fig. 7. The turnover number  for the hydrolysis of  D M G P M e  
vesicles by prophospholipase A 2 as a function of the mole 
fraction of I"TGPMe vesicles. The reaction was initiated by 
adding D M G P M e  vesicles to a mixture of prophospholipase 
A 2 and vesicles of  TTGPMe.  Other conditions were as given in 

legend to Fig. 6. 

As shown in Fig. 7, the steady-state rate of 
hydrolysis by prophospholipase A 2 decreases with 
the decreasing mole fraction of the substrate 
vesicles mixed with TTGPMe vesicles. The initial 
part of this curve can be extrapolated to obtain 
the pseudo-zero-order initial rate of hydrolysis of 
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Fig. 8. Dependence of the catalytic turnover number  for pro- 
phospholipase A 2 for the hydrolysis of D M G P M e  vesicles 
under  the steady-state pseudo-zero-order conditions described 
in Fig. 6 (top). The ratio of D M G P M e  vesicles to T T G P M e  
vesicles in the reaction mixture was maintained at 20 and 
the inhibitory effect for T T G P M e  vesicles was corrected by 
extrapolation to zero mole fraction of T T GP M e as shown in 

Fig. 7. 
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DMGPMe vesicles alone. Thus, the rate of cata- 
lytic turnover by prophospholipase A 2 is found to 
be 1.1 per s. From the difference between the 
extrapolated value and the actual value of the 
steady-state rate of hydrolysis one can compute 
the amount of phospholipase A 2 present as an 
impurity in a prophospholipase A 2 preparation. 
The catalytic turnover rate of phospholipase A 2 
on DMGPMe vesicles under the first-order kinetic 
conditions of the scooting mode of hydrolysis is 
more than 60 per s [2]; therefore, in the prophos- 
pholipase A 2 preparation used in this study (Fig. 
7), about 0.18% phospholipase A 2 is present as an 
impurity. At present there is no other method by 
which this result can be substantiated. This level 
of impurity is not expected to influence the results 
of stopped-flow kinetics for binding because the 
corresponding signal will not be detectable. 

As shown in Figs. 6 (curve b) and 7 the steady- 
state rate of hydrolysis by prophospholipase A2 
can be obtained under a variety of conditions. 
This rate of hydrolysis is linear as a function of 
the enzyme concentration (data not shown) and it 
shows a hyperbolic dependence on the substrate 
concentration. From the data shown in Fig. 8 the 
maximum rate of catalytic turnover by prophos- 
pholipase A 2 is calculated as 1.2 per s. From the 
kinetic data shown in Fig. 8 the apparent affinity 
of prophospholipase A 2 for DMGPMe vesicles is 
calculated as 12.3/~M, whereas the apparent dis- 
sociation constant calculated from the binding 
experiments (Ref. 4, or for example Fig. 5, top) is 
about 18 #M. These results show that the catalysis 
by prophospholipase A 2 occurs with considerable 
intervesicle exchange, i.e., in the hopping mode. 

Discussion 

The time-course of binding of phospholipase 
A 2 to vesicles of TTGPMe is described by two 
rate constants (k a and kb). On the other hand, 
the binding of prophospholipase A 2 is described 
only by a single second-order rate constant (ka) 
that appears to be the diffusion-limited encounter 
of the protein with target vesicles. Interaction of 
phospholipase A 2 with vesicles and micelles of 
substrate phospholipids or analogs is dominated 
by a slower first-order rate constant (kb) of about 
4 per s. The rate constant for desorption of bound 
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prophosphol ipase  A 2 (kb)  is 2.9 per s in the 
presence of EGTA. On the other hand, k d for 
bound phospholipase A 2 is less than 0.002 per s in 
the presence of EGTA, and the rate of intervesicle 
exchange of the bound enzyme is less than 0.0002 
per s in the absence of EGTA. The significance of 
these rate constants can be elaborated to account 
for the kinetics of interfacial catalysis by phos- 
pholipase A 2 in the scooting mode and by pro- 
phospholipase A 2 in the hopping mode. 

According to Scheme I there is no correlation 
between the rate constants for binding of the 
enzyme to the interface and the rate of interfacial 
catalytic turnover in the scooting mode, which 
involves only the steps shown in the box. Since the 
binding of phospholipase A 2 to the interface oc- 
curs in the pre-steady state phase, the value of k b 
suggests that the lag period would be less than 1 s, 
as observed for the hydrolysis of vesicles of anionic 
phospholipids, as well as for micelles of dioc- 
tanoylphosphatidylmethanol and dioctanoylphos- 
phatidylcholine. While it is possible that the rapid 
binding of phospholipase A 2 to micelles is facili- 
tated by the unique dynamics of their interface, it 
appears unlikely that the latency period of several 
minutes observed during the hydrolysis of the 
monolayers of dioctanoylphosphatidylcholine and 
its homologs is due to an intrinsically slow rate 
constant for penetration of the enzyme from the 
aqueous phase to the monolayer (E to E* step). In 
contrast to the original suggestion by Verger et al. 
[6], but in analogy with the behavior of vesicles of 
zwitterionic phosphatidylcholines [8,9], we pro- 
pose an alternative explanation. As shown 
elsewhere [8,9], the equilibrium binding of phos- 
pholipase to vesicles of pure dimyristoyl- 
phosphatidylcholine is very poor (the apparent 
dissociation constant is greater than 10 mM), and 
it is not noticeably perturbed by the gel-fluid 
phase transition properties. However, the dissocia- 
tion constant decreases to about 0.01 mM in the 
presence of a critical mole fraction of the products 
of hydrolysis [8,9]. In these ternary codispersions 
k b is about 4 per s for binding and there is no 
detectable lag period in the reaction progress curve. 
Moreover, the equilibrium binding of phospholi- 
pase A 2 t o  these ternary codispersions is apprecia- 
bly modulated by the gel-fluid phase transition 
[18]. This is because the critical anionic charge 

density at the interface, which is required for the 
binding of phospholipase A 2, is optimal only near 
the phase transition temperature above a critical 
mole fraction of the products in the bilayer. 

On the basis of the following evidence, the 
above explanation for the origin of the latency 
period can also be extended to account for the 
origin of the latency phase during the hydrolysis 
of monolayers of zwitterionic phospholipids: 
phospholipase A 2 does not penetrate monolayers 
of nonhydrolyzable sn-l-PC [16]; catalytically in- 
active phospholipase A 2 modified at His-48 does 
not bind to monolayers of PC [16]; the rate of 
binding of phospholipase A 2 is rapid in 
monolayers of anionic phospholipids [7]; only 5% 
of the total enzyme is bound to monolayers of 
zwitterionic phospholipids even under steady-state 
conditions for hydrolysis [16] which suggests that 
the E to E* equilibrium is not in favor of E* as 
required for interracial catalysis in the scooting 
mode but without hopping. Based on these ob- 
servations on monolayers and in analogy to the 
behavior of phospholipase A 2 in vesicles we pos- 
tulate that the binding of phospholipase A 2 to 
monolayers of zwitterionic phosphatidylcholines is 
determined by the critical mole fraction of fatty 
acid or both the products of hydrolysis that re- 
main in the monolayer during the course of hy- 
drolysis. Obviously, the equilibrium partition coef- 
ficient for short chain fatty acids is in favor of 
their distribution in the aqueous phase rather than 
the monolayer; however, a significant steady-state 
level of fatty acid could remain in monolayers 
during their hydrolysis. Indeed, Zographi et al. 
[17] have shown that the rate of desorption of the 
products of hydrolysis from their monolayers in 
the absence of the substrate occurs with a rate 
constant of about 0.005 per s. This implies that in 
monolayers that are being actively hydrolyzed a 
substantial amount of the products remains in the 
monolayer for a significant period of time. The 
steady-state concentration and the rate of desorp- 
tion of the products are expected to depend upon 
the chain length and the mole fraction of the 
substrate as well as the surface pressure of the 
monolayer. Although this conclusion is qualita- 
tively consistent with the observed effects of such 
variables on the lag period and steady-state kinet- 
ics of hydrolysis, unfortunately quantitative data 



regarding the effects of these variables on the 
concentration and distribution of the products in 
monolayers are not available. It is probably perti- 
nent to note that the effect of many of these 
variables can be normalized in terms of the pack- 
ing density of phospholipids in the monolayer 
[17]; this behavior is consistent with the sugges- 
tion that the latency phase in monolayers has its 
origin in the steady-state concentration of the 
products of hydrolysis. 

The magnitudes of k b and k b also provide an 
insight into a possible mechanism of interfacial 
activation that has not been explicitly considered 
before. According to the Scheme I the binding 
(kb) and desorption (kd) steps are part of the 
catalytic turnover in the hopping mode but not in 
the scooting mode. Thus, a change from hopping 
to scooting mode would significantly increase the 
catalytic turnover number. Elsewhere [2-5] we 
have elucidated that the catalysis in the scooting 
mode constitutes the basis for efficient interfacial 
catalysis because the binding and desorption of 
the enzyme from the interface is not a part of the 
turnover cycle. Introduction of such slower inter- 
facial steps in the hopping mode of catalysis could 
appreciably reduce the rate of the overall catalytic 
turnover. Indeed, a process with a rate constant of 
about 4 per s would give a considerably lower 
catalytic turnover rate compared to the value of 
over 60 per s observed for hydrolysis of DMGPMe 
vesicles by phospholipase A 2 [2]. Since bound 
prophospholipase A 2 undergoes intervesicle ex- 
change much more readily than does phospholi- 
pase A 2, binding to the interface and desorption 
from the interface could be a part of its catalytic 
turnover cycle. The experimentally measured max- 
imum rate of catalytic turnover by prophospholi- 
pase A 2 on DMGPMe vesicles is about 1.2 per s. 
This is quite consistent with the observed value of 
k o = 2.9 per s for the desorption of prophos- 
pholipase A 2 from vesicles of TTGPMe in the 
presence of EGTA. It is possible that a yet another 
step of this magnitude is also involved but not 
detectable by fluorescence methods. 

The origin of the molecular changes underlying 
k b and k d is not known. Such a slow process 
could arise from a minor conformational change 
in the enzyme, or from the desolvation of the 
microinterface between the enzyme and the bi- 
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layer of micelles. A third possibility invoking ag- 
gregation of phospholipase A 2 in the interface is 
not considered here because it is inconsistent with 
the kinetic observations reported elsewhere [2]. 
Low activation energy (about 4 kcal/mol from 
Fig. 3) and the dependence of k b on the nature of 
the interface tend to favor the second possibility. 
The first two possible explanations for the origin 
of k b and k d are not necessarily mutually exclu- 
sive because it is possible that the binding of the 
enzyme to the interface and a consequent desolva- 
tion of the microinterface could promote a confor- 
mational change accompanied by a rearrangement 
of the hydrogen-bonding or hydration network in 
the bound phopholipase A 2. Prophospholipase A 2 
binds without desolvation [11] and kb is not seen 
in the time course of its binding. The binding and 
catalytic action of phospholipase A 2 do not ex- 
hibit an anomalous effect as a function of temper- 
ature or the phase transition of bilayer. This is 
because binding of phospholipase A 2 is dominated 
by ionic interactions with the anionic interface. 
Most probably there is no direct interaction of 
phospholipase A 2 with the acyl chain region of the 
bilayer [2,11] although desolvation of the microin- 
terface would appreciably perturb the acyl chains 
and give rise to hydrophobic interactions. Such 
ionic interactions would not be expected with 
zwitterionic interfaces unless a critical anionic 
charge density, required for binding of phos- 
pholipase A2, is introduced by the products of 
hydrolysis. Since phospholipase A 2 does not re- 
cruit the anionic amphiphiles in the interface, the 
local anionic charge density due to phase sep- 
aration of the anionic amphiphiles in the zwit- 
terionic interface would be susceptible to thermo- 
tropic or solute-induced phase transition or to 
surface pressure. 

To recapitulate, the values of k b and k d pro- 
vide a kinetic basis for understanding the catalytic 
turnover in the scooting and the hopping modes of 
interfacial catalysis. The value of k b and k d re- 
ported in this paper provide a kinetic basis for the 
interfacial activation. The 50-fold difference be- 
tween the catalytic turnover rate in the scooting 
and the hopping modes on DMGPMe vesicles is 
based on several assumptions, and as such, it 
should be considered only a lower limit. The 
turnover rate for catalysis by phospholipase A 2 
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(60 per s) is a very conservative estimate based on 
the turnover rate under the first-order kinetics 
that is characteristic for catalysis in the scooting 
mode. On the other hand, the turnover rate for 
prophospholipase A 2 is an upper limit based on 
the extrapolated V m values for the hydrolysis in an 
anionic interface which binds prophospholipase 
A 2 with a relatively high affinity. It is also possi- 
ble that the bound prophospholipase A 2 could 
undergo two or more catalytic turnover cycles 
before leaving the interface, and thus the underly- 
ing effective interfacial on- and off-rates could be 
appreciably slower. For zwitterionic interfaces the 
contribution of the interfacial rates can only de- 
crease the overall catalytic turnover number be- 
cause the binding affinity of phospholipase as well 
as that of prophospholipase A 2 is considerably 
lower. Thus, a difference of well over 1000-fold in 
the rates of hydrolysis in the scooting versus the 
hopping modes is conceivable under the condi- 
tions where the affinity of phospholipase A 2 is 
much higher than that of prophospholipase. 
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