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Abstract: A detailed kinetic scheme is proposed for the competitive inhibition of phospholipase A2 
in Triton X-100 mixed micelles. The water-soluble enzyme first binds to phospholipid in the 
lipid/water interface and then searches the 2D interface for substrate, binding it in the catalytic site. 
Phospholipid inhibitors act as substrates in the tirst biding step but as competitive inhibitors in the 
second step. 

Phospholip~e A2 (PI_&) is a lipolytic enzyme which acts on substrates that are part of a lipid/water 
interface.’ This interface plays an important role in enzymatic activity.2-6 It also complicates the study of en- 
zyme kinetics, especially those involving enzyme inhibition. Several forms of the substrate have been em- 
ployed in kinetic studies of PLAz inhibition including monomers,7 miceiles,8*9 and vesicles.” Wett-t3 have 
previously developed and evaluated substrate analogues that serve as competitive inhibitors of PLAs. In the 
present study, we propose a general kinetic model and a method to determine the dissociation constants of 
water-insoluble competitive inhibitors of lipolytic enzymes in a mixed micellar system. 
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The hydrolysis of phospholipids catalyzed by PLA2 in mixed mice&r systems follows surface dilution 
kinetics.‘4-16 This suggests that the enzyme undergoes two binding steps before catalysis occurs.t5*t6 These 
two steps have been defined in the “dual phospholipid model’t.1”19 The water-soluble PLA2 initially binds to 
phospholipid in the micellar interface. Once bound to that surface, the enzyme binds a second phospholipid 
in the catalytic site. It searches for this molecule in the two-dimensional space of the interface. Therefore, 
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the activity of PLA2 toward the micellar substrate depends not only on the bulk concentration of the substrate 
but also on its surface concentration. Based on this kinetic model and the observation that the enzyme binds 
to Triton X-100 micelles only if the micelles contain phospholipid,” a general kinetic scheme is proposed for 

the inhibition of PLA2 in the micellar system (Scheme I). 
According to this kinetic model, the water-soluble enzyme first associates with the interface of the 

mixed micelle through the interaction with either a substrate or an inhibitor molecule. This depends on the 
bulk concentration of both the substrate and the inhibitor. In Scheme I, EM represents the enzyme bound to 

the surface of the micelles; this concentration is the sum of the enzyme species EI and ES. Once on the inter- 
face of the micelle, PLA2 binds either a substrate to form the Michaelis-Menten complex, EMS, or an inhibi- 

tor to form the competitive inhibitor complex EMI. This depends on the surface concentration of the sub- 
strate or the inhibitor rather than on their bulk concentrations. The kinetic equation for the competitive inhi- 
bition of PLA2 is readily derived, assuming rapid equilibrium kinetics, zn and is shown in Equation 1. 

vnmxxs 
v= 
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Here Kt,Kz,Ks, and & are the dissociation constants as shown in the kinetic model (Scheme I). V,, is 
equal to ks[E]u where [E]o is the total concentration of enzyme and ks is the catalytic rate constant. [S] and 

[I] are the bulk concentrations of the substrate and the inhibitor. X, and Xi are the surface concentrations of 
the substrate and the inhibitor and are expressed in mole fraction units. If both substrate and inhibitor exist 

predominantly in micelles, X, and X, is approximately equal to [S] / ([S] + [I] + [Tl) and [II / ([SJ + [II + 
[Tj), respectively. [Tj is the concentration of the Triton X-100 that is actually in micelles and is approxi- 

mately equal to the total concentration of Triton X- 100 minus its cmc. 
There are four variables in Equation 1: the bulk concentrations of substrate and inhibitor ([S] and [I]), 

and the surface concentrations of substrate and inhibitor (X, and X,). However, these four variables are not 
independent of one another. If all of the substrate and inhibitor are incorporated into the micelles, these four 
concentrations are related by Equation 2. 

Substituting Equation 2 into Equation 1 and rearranging yields Equation 3 which has the form of a simple 
Michaelis-Menten equation in terms of the surface concentration of the substrate. Thus, a double reciprocal 

plot of 1/V versus l/X,, where [S], [I], and a are held constant, would yield a straight line with a l/v intercept 
of l/V%& (Equation 4) and a slope of K~p/V~~x (Equation 5). X, is varied in these experiments by chang- 

ing [Tj not [S]. 

vam x max s 
v= 

Kzp + X, 
(3) 
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If this experiment is repeated at several different a’s, a series of plots are obtained from which the 
values of the various kinetic constants can be determined. Replotting l/V?= versus a (Equation 4) yields a 
linear plot with intercepts on the l~~~~-axis of l/V max and on the a-axis of K&KS. Note that K.&s is a 
measure of how well the inhibitor is bound to the catalytic site relative to how we11 the substrate is bound. It 
can be used to compare the potency of a series of inhibitors when the same substrate is employed. K3 can be 
determined by replotting the slope (I&$lp/v,,,, *n ) versus l&S] of the double reciprocal plots done at the same CL 
but different [S], as shown in Equation 5. 

1 1 K3 -=---+-----~ 
V,Tx vxnax %Vmax 

(4) 
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This replot also yields a straight line with an intercept on the slope-axis of KsNmax. Using this data with the 
V max and & / K3 obtained from Equation 4, Ks and & can be calculated. The intercept on the lf[S]-axis is 
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Fig. 1. Activity of PLAa toward thio PE in Triton X-100 mixed micelles in the presence of PE amide analo- 
gue inhibitor. The enzyme activity was determined using the thio assay at pH 8.5. The ratios of inhibitor to 
substrate, a, were as follows, in panel A) O%, B) O.Z%, C) l.O%, and D) 1.5%. Each line was determined at a 
fixed bulk concentration of substrate: (0) 0.50 mM, (0) 0.35 mM, (A} 0.20 mM, (A) 0.10 mM, and (V) 0.05 
mM. The lines drawn are a result of a least-squares analysis of the data. 
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given by Equation 6. From this, the bulk binding constants Kt and K2 can be calculated. 

-Intercept = Jz- + ” 
KI K2 

The plot of -intercept versus ~1 has a slope of l/K2 and an intercept on the -intercept-axis of l/K1 . 

In the present study, the inhibition of cobra venom PLA2 (iVuju nuja naju) by the amide substrate 
analogue, l-hexadecylthio-2-hexadecanoylamino-1,2-dideoxy-sn-glycero-3-phosphorylethanol~ne,12 was 
studied. The substrate used was 1,2-bis(decanoylthio)-1,2-didexoy-sn-glycero-3-phosphorylethanone 

(thio-PE). PLA2 activity was measured spectrophotometrically using the thio assay as described previous- 

ly? The assay was carried out at 30°C in 2.5 mM Tris buffer (pH 8.5) containing 0.1 M KC1 and 10 mM 

CaC12. Due to their chain length, both the PE substrate and PE amide analogue should have negligible 
monomeric concentrations. All of the PE substrate and PE amide analogue are therefore assumed to be in mi- 

celles. Thus, Equation 2 holds. 
As shown in Figure 1, four sets of experiments were carried out, each at a different value of a (Figure 

l.A to l.D). In each set of experiments, a was held constant and five different values of [S] were employed. 
In each individual experiment, the surface concentration of the substrate, X,, was varied by changing the bulk 
concentration of Triton X-100, [T], while the bulk concentrations of the substrate, [S 1, and inhibitor, [I], were 
held constant. The V$ix obtained at each a was averaged. Then, the reciprocal of this averaged V$& was 

plotted as a function of a as shown in Figure 2. V,,, and the ratio of K3 to & were determined from the in- 
tercept on the l/V:&-axis and the intercept on a-axis, respectively. V,, is 73 ttmol mm’ mg-’ and &/I’& 

is 83. 
The slopes of the lines in Figure 1 with a given value of a were replotted as a function of l/[S] (Figure 

3). The slopes of these replots are a function of c&z, see Equation 5, from which K2 can be calculated. 

However, we found that the plots for the four a values that we employed were superimposable. indicating 
that the slope was not a function of a. This could be due to the fact that the amount of the inhibitor used in 

these experiments was less than 2% of the substate so that a was always less than 0.02. If, at the same time, 

Rg. 2. The reciprocal of Vz& as a function of a. The lines drawn are least-squares fits to the data. 
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Fig. 3. The replot of the slope from each line in Figure 1 versus the reciprocal of the bulk concentration of 

substate. a is (0) O%, (0) 0.2%, (A) 1.0%. and (Cl) 1.5%. 

Kt and Ka are comparable, the term o/K2 will be significantly smaller than l/K1 , and a will have little effect 
on the slope. A broader range of a could not be used in this case because this compound was such a potent 
inhibitor that activities could not be accurately determined at higher inhibitor levels. This precludes one from 
determining the value of Ka under these conditions. K2 could be measured, however, if an inhibitor was em- 

ployed whose a/K2 was closer to l/Kt . 

These replots do, still, allow the calculation of Kt and Ks. The dissociation constants K1 and K3 were 

determined from the line where a is equal to 0. Kt is 0.16 mM whereas K3 is 0.05 mol fraction. Using the 
ratio of K&3 obtained above, the dissociation constant of the PE inhibitor, &, is 6 x lOA mol fraction. 

The kinetic parameters for the hydrolysis of thio PE obtained in this study are in agreement with the result re- 
ported by Hendrickson and Dennis.16 

One caveat to this discussion must be noted. This kinetic model assumes that the enzyme has equal ac- 
cess to all of the substrate and inhibitor. This can be achieved in two ways. If the enzyme is in a pure hop- 

ping mode, as defined by Jain, Gelb, and coworkers (22,23), the enzyme would move rapidly from micelle to 
micelle and encounter the entire lipid pool. The rapid exchange of lipid between micelles via a collisional 

process would also insure equal access of the enzyme to the lipid. If these exchange rates are not fast enough 
to ensure that the enzyme “sees” the entire phospholipid pool, the substrate and inhibitor concentrations used 

in the equations will not reflect the true concentrations seen by the enzyme and the kinetic model would have 
to be modified to take this additional process into account. To date, we have no evidence that these exchange 

rates are affecting catalysis. Neither the hopping rate nor the phospholipid exchange rate have been directly 
determined experimentally for the cobra PLA2 Triton X-100 mixed micelle system. The data presented here 
clearly fits the kinetic model represented in Scheme I and no evidence was found to indicate that a more com- 

plicated model should be employed at this time. 
In summary, this study presents a new approach to kinetic studies of PLA;? inhibition in the micellar 

system. The kinetic results are consistent with the proposed mechanism that the binding of PLA2 to micellar 

phospholipid occurs in two steps. In the lirst step, free water-soluble enzyme binds to the interface of a mi- 
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celle by binding to phospholipid on the surface. The PE substrate and the PE amide analogue act in the same 

manner. Both compounds sequester the enzyme to the surface. Thus, the PE amide analogue does not inhibit 
in this step. The second step is the binding of substrate or inhibitor to the catalytic site of the enzyme in the 
two-dimensional interface. It is during the second step that the enzyme inhibition occurs. The PE amide 
analogue binds 80 times tighter than the thio PE substrate in this step. The kinetic considerations presented 
here represent a useful approach to determine the dissociation constants of PLAa inhibitors. 
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