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ABSTRACT: A glycerophospho1ipid:cholesterol acyltransferase (GCAT) that also has lipase activity is secreted 
by the bacterium Aeromonas hydrophila. Hydrolysis of the sn-2-ester bond of 1,2-dimyristoyl-sn-glycero- 
3-phosphomethanol (DMPM) vesicles by this enzyme is shown to occur in a highly processive scooting mode 
in which the enzyme, substrate, and the products of hydrolysis remain bound to the vesicle interface. This 
conclusion is based on the following observations. (a) When there is an excess of vesicles over enzyme, the 
hydrolysis of the sn-2-acyl group ceases after only a fraction of the total available substrate is hydrolyzed. 
Addition of more enzyme, but not of more substrate, leads to a new round of hydrolysis. (b) The extent 
of hydrolysis of vesicles per enzyme increases with the size of the vesicles, and it corresponds to the total 
hydrolysis of the outer monolayer of one vesicle by one enzyme. (c) The enzyme bound to vesicles composed 
of reaction products or of the non-hydrolyzable phospholipid 1,2-ditetradecyl-sn-glycero-3-phosphomethanol 
(DTPM) is not able to undergo intervesicle exchange. Instead, intervesicle transfer of the substrate or the 
bound enzyme due to vesicle fusion promotes hydrolysis of all of the vesicles present in the reaction mixture. 
(d) Addition of DTPM vesicles to a reaction mixture containing DMPM substrate vesicles and the enzyme 
has no noticeable effect on the course of hydrolysis. Substrate specificity studies in the scooting mode on 
DMPM vesicles reveal that GCAT displays essentially no selectivity in the hydrolysis of phospholipids with 
different polar head groups. Treatment of GCAT with trypsin, which removes a small peptide, results in 
an enzyme that displays comparable catalytic activity but increased affinity for the interface. Alkyltri- 
fluoromethyl ketones are shown to be tight-binding competitive inhibitors of GCAT. The scooting mode 
analysis, which has previously been shown to provide a simplified approach for analyzing the steady-state 
kinetics of interfacial catalysis by secreted phospholipase A2, is also useful for analyzing the interfacial 
kinetic behavior of lipases. 

The concentration of naturally-occurring phospholipids as 
solitary monomers in the aqueous phase is very low (Cevc & 
Marsh, 1987; Jain, 1988) because the hydrophobic effect on 
such amphiphiles promotes formation of aggregates such as 
vesicles, micelles, or emulsions. For such reasons, lipolytic 
enzymes have evolved to carry out interfacial catalysis with 
great efficiency, whereas solitary substrate molecules in the 
aqueous phase are relatively poor substrates. As a class, lipases 
tend to act rather nonspecifically on ester linkages and display 
a preference for the substrate at the interface (Waite, 1987). 
Those lipases that have been characterized are serine esterases 
with no divalent cation requirement. Among lipases, the 
glycerophospho1ipid:cholesterol acyltransferase (GCAT)' se- 
creted by Aeromonas hydrophila is particularly interesting. 
GCAT transfers the sn-2-acyl chain of phospholipids to 
cholesterol (Buckley et al., 1982; Buckley, 1982, 1983). This 
transacylation reaction is essentially identical to that of the 
well-known enzyme 1ecithin:cholesterol acyl transferase of 
mammalian plasma. In addition, GCAT hydrolyzes the sn- 
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2-ester linkage of phospholipids and other esters in the aqueous 
phase as well as at the lipid-water interface (Buckley, 1982, 
1983; Buckley et al., 1982, 1983; Hilton & Buckley, 1991). 
The mechanism of interfacial catalysis by such lipases and 
the factors regulating their partial reactions are not known. 

To elaborate a kinetic scheme for interfacial catalysis by 
GCAT, we have used the protocols that have been successfully 
developed to study secreted 14-kDa phospholipases A2 which 
hydrolyze only thesn-2-ester linkages of phospholipids. These 
enzymes contain calcium as a catalytic cofactor, and lipolysis 
does not involve acyl enzyme formation (Dennis, 1983; Jain 
& Berg, 1989; Scott et al., 1990; Thunnissen et al., 1990; 
Verheij et al., 198 1). It is now well established that interfacial 
catalysis by phospholipase A2 can be analytically described 
by Scheme 1. The key elements of this scheme are that the 

Abbreviations: AACOCH3 and AACOCF3, analogues of arachi- 
donate in which the carboxyl group is replaced by COCH3 and COCF3; 
GCAT, lipase/acyltransferase from Aeromonas hydrophila; DMPC, 1,2- 
dimyristoyl-sn-glycero-3-phosphocholine; DMPM, 1,2-dimyristoyl-sn- 
glycero-3-phosphomethanol; DTPC, 1,2-ditetradecyl-sn-glycer0-3-phos- 
phocholine; DTPM, 1,2-ditetradecyl-sn-glycero-3-phosphomethanol; kWt, 
rate constant for catalytic turnover; ki, first-order rate constant under 
substrate-limited conditions for the hydrolysisof all thesubstrate molecules 
present in the outer monolayer of the substrate vesicle; KM*, interfacial 
Michaelis-Menten constant for the substrate; Kp*, interfacial dissociation 
constant for the products of hydrolysis; Ns, number of substrate molecules 
in the outer monolayer of the substrate vesicles; T-GCAT, catalytically 
active trypsin cleavage product of GCAT; UO, the initial rate of catalytic 
turnover at substrate mole fraction of 1 .  All radiolabeled phospholipids 
contain the designated isotope in the sn-2-acyl chain. 
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Scheme 1: Minimal Kinetic Scheme for Interfacial 
Catalysis That Can Account for the Various Features of the 
Kinetics of Hydrolysis of DMPM Vesicles by GCAT and 
T-GCAT" 

Jain et al. 

catalysis in the scooting mode for the action of GCAT on 
vesicles can be described within the context of Scheme 1. 
More complex behavior results under conditions where the 
enzyme, substrate, or products of hydrolysis can exchange 
between the vesicles or interfaces. 

"i" 
E 

a Here the enzyme in the aqueous phase (E) binds to the interface 
(E*), where it can undergo catalytic turnover according to Michaelis- 
Menten kinetics. The processivity of the enzyme at the interface depends 
upon the relative rate at which the enzyme leaves the interface during 
the catalytic turnover time. Thus, for example, in the virtually infinitely 
processive scooting mode, the bound enzyme does not leave the interface 
even when all of the substrate has been hydrolyzed. The other extreme 
is fast hopping, where the enzyme leaves the interface after each catalytic 
turnover cycle. 

-4r E 1 min 

FIGURE 1: (Bottom) Reaction progress curve for the hydrolysis of 
DMPM vesicles (650 nmol in 4 mL of 1 mM NaCl at pH 8.0) by 
the addition of 43 pmol of T-GCAT from a stock solution in 2 M 
KCI and IO mM Tris at pH 8.0. Addition of more DMPM at any 
point after the initiation of the reaction did not change the course 
of the reaction progress. On the other hand, addition of more enzyme 
led to a new round of hydrolysis, as shown by the dotted curve. (Top) 
The progress curves in the presence of either 2.5 mM CaCI2, 30 pg 
of polymyxin B sulfate (Px), or 0.5 M NaCl obtained under the same 
conditions, 

enzyme in the aqueous phase (E) must bind to the interface 
(E*) for the catalysis to occur [for a review of early literature, 
seen Jain (1972)l and that the enzyme in the interface must 
bind a single substrate molecule for the catalytic turnover in 
the interface (Verger & de Haas, 1976). Many kineticaspects 
of lipolysis by secreted phospholipases A2 have been analyti- 
cally described by monitoring the reaction kinetics in the highly 
processive scooting mode, where the enzyme does not desorb 
from the vesicle interface during several thousand catalytic 
turnover cycles (Jain et al., 1986a, 1991a, 1993; Berg et al., 
199 1). This analysis provides a basis for the proper evaluation 
of competitive inhibitors, to determine the substrate prefer- 
ences in the interface and to interpret more complex kinetic 
features arising from the perturbation of the substrate 
interface. In this paper, we have characterized the sn-2- 
esterolytic activity of GCAT and its trypsin cleavage product 
(T-GCAT) on vesicles of anionic and zwitterionic phospho- 
lipids. Results show that the key features of interfacial 

EXPERIMENTAL PROCEDURES 

Materials. The cloned structural gene of GCAT from A .  
hydrophila was overexpressed in Aeromonas salmonicida 
strain CB3 pJT2 and purified from cell culture supernatants 
as described (Hilton et al., 1990). DMPM (Jain & Gelb, 
1991), DTPM and DTPC (Jain et al., 1986a,c), 1- and 1,2- 
thiol analogues of substrates (Jain et al., 1992a), and 
N-dansylhexadecylphosphoethanolamine (Jain & Vaz, 1987) 
were prepared as described. The arachidonic acid analogues 
AACOCF, and AACOCH3 were synthesized as described 
(Street et al., 1993). The expression system for the Y230F 
mutant of GCAT will be described elsewhere. All other 
phospholipids are from Avanti Polar Lipids. Myristoylcholine 
and polymyxin B sulfate are from Sigma. The sources of the 
radiolabeled phospholipids are as follows: [ 14C]dipalmi- 
toylphosphatidylcholine (55 mCi/mmol, Amersham); [ 14C]- 
1 -stearoyl-2-arachidonoylphosphatidylcholine (52 mCi/mmol, 
NEN); [3H]dipalmitoylphosphatidylcholine (50 Ci/mmol, 
NEN); [ 14C] - 1 -stearoyl-2-arachidonoylphosphatidylinositol 
(50 mCi/mmol, NEN); [3H]dipalmitoylphosphatidic acid (5.5 
mCi/mmol); and [3H]dipalmitoylphosphatidylethanolamine 
(12 mCi/mmol) (Ghomashchi et al., 1991). All radiolabeled 
phospholipids contain the designated isotope in the sn-2-acyl 
chain. 

Kinetic Measurements. Preparation and characterization 
of sonicated vesicles and the kinetic protocols for monitoring 
the hydrolysis of vesicles with a pH-stat have been previously 
establishedfor DMPM (Jainet al., 1986a; Jain & Gelb, 1991; 
Berg et al., 1991) and DMPC (Apitz-Castro et al., 1982) as 
substrates for phospholipase Az. These protocols were 
satifactorily adopted for the hydrolysis by GCAT and T-GCAT 
without significant changes, and some of the early results also 
serve as suitable controls for the results reported here. 
Typically, the reaction mixture at  room temperature (23 "C) 
contained 1 mM NaCl at  pH 8.0, and the reaction was initiated 
by the addition of 0.05-1 pg of enzyme. GCAT and T-GCAT 
exhibit a tendency to aggregate in buffer of low ionic strength 
(reveled by analytical ultracentrifugation studies, J. T. 
Buckley, unpublished results) and to adsorb on glass or plastic 
surfaces. Therefore, 1-20-pL aliquots of stock solutions of 
GCAT and TCAT (>O. 1 mg/mL) in 1 M NaCl, 0.1 mg/mL 
y-globulin (Sigma), and 10 mM Tris-HC1 at pH 8.0 were 
added for initiating the reaction progress. Typically, the time 
course of hydrolysis by pH-stat titration (Radiometer) was 
monitored as the volume of 3 mM NaOH required for the 
neutralization of the protons from released fatty acids. The 
concentration of the base and the titration efficiency were 
calibrated by titrating a known amount of myristic acid in the 
presence of substrate vesicles (Jain et al., 1986a; Jain & Gelb, 
1991; Berg et al., 1991). 

TLC and NMR analyses of the products formed during the 
initial course of the reaction showed that only the sn-2-acyl 
chains of the short-chain substrates were hydrolyzed, even in 
the presence of excess enzyme and after long periods of 
incubation. Also under the kinetic conditions employed, only 
thesn-2 chain was released from the long-chain phospholipids. 
Noticeable hydrolysis of the sn-1 chain was indicated on a 
time scale of more than 1 h. Therefore, under the conditions 
used for monitoring the kinetics (typically <15 min), only 
hydrolysis of the sn-2-acyl chain was occurring. 



Interfacial Catalysis by a Bacterial Lipase 

Preparation of T-GCAT. A solution of 0.3 mg of GCAT 
in 0.2 mL of 10 mM Tris buffer at pH 7.5 and 23 OC was 
incubated with 4.0 pg of TPCK-inactivated trypsin (Sigma). 
Trypsin was devoid of any phospholipase A2 activity since no 
product formation was detected when milligram quantities 
were added to the pH-stat assay with DMPM vesicles. 
Aliquots from this mixture were tested at different time periods 
for lipolytic activity using the pH-stat assay with DMPM 
vesicles as substrate. Results indicated that nicking of GCAT 
was complete after about 15 min, and further incubation of 
the mixture at room temperature did not cause any noticeable 
change in the catalytic properties of the enzyme. This 
observation is consistent with earlier studies in which it was 
shown that trypsin cleavage under the same conditions converts 
the 33-kDa form of GCAT to a single active fragment of 27 
kDa and that T-GCAT is quite resistant to further modification 
by trypsin (Hilton et al., 1990). 

Binding of GCATto Vesicles. Binding studies were carried 
out by monitoring the fluorescence emission at 335 nm from 
the tryptophan residues (six present in GCAT) using a SLM 
4800s spectrofluorimeter equipped with emission and excita- 
tion monochromators. The excitation wavelength was set at 
292 nm, and the slit widths for the excitation and emission 
beams were 4 nm. All fluorescence measurements were carried 
out in 10 mM Tris buffer at pH 8.0 and 23 OC, Specific 
conditions and concentrations are given in the figure legends. 
Protocols for monitoring the binding of the lipases to 
phospholipid vesicles by the resonance energy-transfer method 
are the same as developed for phospholipase A2 (Jain & Vaz, 
1987). 

SubstrateSpecificity Studies. Sonicatedvesicles of DMPM 
(0.6 mg in 0.05 mL of water) spiked with I4C- (25-90 nCi) 
and 3H-labeled (200-500nCi) substrates were added to 4 mL 
of 1 mM NaCl in a pH-stat reaction vessel at 21 OC, pH 8.0. 
Thereaction was initiated with 0.9 pg of GCAT. The reaction 
was stopped after about 1 min by the addition of extraction 
solvent. Extraction and isolation of the fatty acid product 
was as described previously (Ghomashchi et al., 199 l), except 
in the case of 1,2-dipalmitoyl-sn-glycerol, which required 
separation of the monoglyceride and the fatty acid by silica 
gel TLC using petroleum ether:ether:acetic acid (70:30: 1). 
14C and 3H channel counts were corrected and relative kcat/ 
K ~ v a l u e s  calculated from the ratioof counts for thesubstrates 
(SI and S2) and for their respective products (PI and P2): 
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In all cases, 2-2.5% of the total radiolabeled substrates were 
hydrolyzed, producing counts per minute of product that were 
at least 10-fold above background obtained in the absence of 
enzyme. 

RESULTS 

Hydrolysis of DMPM Vesicles by GCAT and T-GCAT. 
The reaction progress curves for the hydrolysis of DMPM 
vesicles by GCAT and T-GCAT exhibited all of the features 
characteristic of the hydrolysis occurring in the highly 
processive scooting mode in which the enzyme remains bound 
tovesicles (Jain et al., 1986a; Jain & Berg, 1989). As shown 
in Figure 1 (bottom), hydrolysis of sonicated DMPM vesicles 
by GCAT starts immediately after the addition of the enzyme. 
In the presence of vesicles in excess over enzymes, the reaction 
ceases when only a fraction of the total available substrate is 
hydrolyzed (Figure 1, bottom). On the other hand, in the 
presence of enzyme in excess of vesicles, all of the substrate 
in theouter monolayer of thevesicles (60% of the total DMPM) 

/ NaCl 

i DMPM 

F t  
EDTPM DMPM 

FIGURE 2: Reaction progress curves. (Bottom) T-GCAT (30 pmol 
in 10 mM KC1) was added to a suspension of DTPM (140 nmol) 
vesicles, and then 650 nmol of DMPM vesicles was added after 1 
min. (Middle) T-GCAT (30 pmol) was added to a suspension of 
DMPM (650 nmol) vesicles. NaCl(O.l M final concentration) added 
near the end of the reaction progress led to a reinitiation of the 
hydrolysis. (Top) DMPM (650 nmol) was added to T-GCAT (43 
pmol) in 1 mM NaCI, and then the reaction was allowed to proceed 
to completion. The reaction was allowed to proceed uninterrupted, 
or 140 nmol of DTPM vesicles was added at the arrow. In both 
cases, the reaction progressed with the same time course. 

is hydrolyzed within 20 min, and 100% of the substrate is 
hydrolyzed after several hours of incubation. These results 
indicate that all of the vesicles are accessible to the enzyme 
and that strong product inhibition is not the reason for the 
reaction cessation. As also shown in the upper part of Figure 
1 and elaborated later in this paper, the cessation of the 
hydrolysis is not due to the inactivation of the enzyme at the 
interface but due to the depletion of the substrate in the 
enzyme-containing vesicles. Thus, fusion of vesicles by 
calcium, or intervesicle transfer of lipids by polymyxin B, or 
intervesicle exchange of the enzyme promoted by higher salt 
concentration leads to the hydrolysis of all the substrate present 
in the reaction mixture (Figure 1, top). 

The reaction progress curve for the hydrolysis of a 
monodisperse population of small sonicated DMPM vesicles 
by GCAT and T-GCAT is first-order, i.e., the velocity 
decreases at each point in time (Figure 1, bottom). The first- 
order exponential constant that describes this curve under the 
substrate-limiting conditions of small vesicles (Jain et al., 
1986a) is designated as ki. On the other hand, with larger 
vesicles or with a polydisperse population of vesicles, more 
complex progress curves were obtained (results not shown). 
Such progress curves suggest that the enzyme binds essentially 
irreversibly to DMPM vesicles (Berg et al., 1991). The high- 
affinity interaction of T-GCAT with DMPM vesicles is 
underscored by results summarized in Figure 2. T-GCAT 
added to vesicles of the nonhydrolyzable diether phospholipid 
analogue, DTPM, is not available for the hydrolysis of DMPM 
vesicles added subsequently. On the other hand, DMPM 
vesicles added to T-GCAT are hydrolyzed immediately. As 
also shown in Figure 2, addition of DTPM vesicles during the 
course of hydrolysis of DMPM vesicles does not change the 
time course of hydrolysis. Similarly, additional DMPM 
vesicles added at the end of the progress curve are not 
hydrolyzed by the enzyme added initially to DMPM vesicles 
(not shown). All of these results establish the irreversible 
nature of the enzyme-vesicle interaction for GCAT and 
T-GCAT at low salt concentration. 

Additional features of the reaction progress under the 
conditions used for the results obtained in Figures 1 or 2 may 
be noted. With vesicles in excess over enzymes, adding more 
enzyme to the reaction mixture at the end of the first round 
of hydrolysis initiated further hydrolysis (Figure 1, bottom). 
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Table 1: Kinetic Parameters for the Hydrolysis of DMPM Vesicles 
bv GCAT. Its Y230F Mutant. and T-GCAT 

~~~ ~~ ~ 

parameter GCAT Y230F T-GCAT 
00 (s-9 170 38 185 
Ns 5950 5570 5400 
Nsk (s-') 40 14 42 
O/S ratio' 0.8 0.6 
&(50) with 

AACOCF3 0.015 0.023 
AACOCH3 0.14 0.19 
CisHoiCOCFs 0.08 0.08 

nl(50) with AACOCF3 0.057 
a This is the ratio of vg obtained for the hydrolysis of vesicles of DMPM 

and 1,2-dimyristoyl-sn-1,2-mercapto~lycero-3-phos~h~holine. 

With larger vesicles, theextent of hydrolysis per enzyme under 
the condition of excess vesicles over enzymes also increased 
(results not shown). Taken together, these results show that 
the cessation of the reaction is due to the local depletion of 
substrate in the enzyme-containing vesicles and that the 
enzyme does not hop from one vesicle to another to sample 
the excess vesicles. 

Deconuolution of the Reaction Progress Curue. With the 
kinetic constraints established so far, the time course of 
hydrolysis in the scooting mode of a monodipserse population 
of DMPM vesicles can be rigorously analyzed, provided the 
enzyme-containing vesicles have at most one enzyme per vesicle 
(Berg et al., 1991). By curve-fitting the reaction progress 
curves obtained under such constraints to the integrated 
Michaelis-Menten equation, it is possible to obtain the initial 
rate of hydrolysis per enzyme, U O ,  at the maximum attainable 
mole fraction of the substrate (mole fraction 1). The 
parameter uo is most reliably obtained from the initial portion 
of the reaction progress curve for the action of GCAT on 
large DMPM vesicles. This is because with small sonicated 
DMPM vesicles, the depletion of substrate occurs relatively 
quickly in time, and the value of uo cannot be obtained as the 
tangent of the first-order reaction progress curve (Figure 1, 
bottom) at zero time (Berg et al., 1991). From the progress 
curve at longer times, the apparent second-order rate constant 
for the enzymatic turnover (Nski) under the substrate-limiting 
conditions is also obtained. NS is the number of DMPM 
molecules in the outer monolayer of the vesicles, and, as 
described below, in the presence of an excess of vesicles, it is 
also the extent of the reaction per enzyme. The values of uo 
and Nski for GCAT and T-GCAT are summarized in Table 
1. The results show that the catalytic properties of GCAT 
and T-GCAT are essentially identical. 

The steady-state rate parameters for the hydrolysis of 
vesicles in the scooting mode are related to the primary rate 
and equilibrium parameters as follows (Berg et al., 1991): 

kcat 
vg = - 1 + KM* 

Here KM*,  Kp*, and k,,, have their usual meanings for the 
catalytic turnover occurring in the interface according to 
Scheme 1. The asterisks denote that the equilibria are for the 
species present in the interface. 

Experiments indicate that the extent of the reaction per 
enzyme is essentially identical to the number of DMPM 
molecules in the outer monolayer of small sonicated vesicles 

6001 

"0 05 .10 
T - G C A T  (nmol) 

FIGURE 3: Extent of hydrolysis of 1 mM DMPM as a function of 
the amount of T-GCAT added to the reaction mixture. Other 
conditions are as given in the legend to Figure 1. 

0 50 100 

FIGURE 4: Change in fluorescence emission intensity at 335 nm as 
a function of DTPM concentration added to (0) 0.85 pM T-GCAT 
or to (0) 0.85 pM GCAT. The fluorescence emission intensities are 
normalized to the intensity of T-GCAT. 

DTPM (!MI 

( N s ) .  As shown in Figure 3, with vesicles in excess over 
enzymes, the extent of substrate hydrolysis increases linearly 
with the amount of T-GCAT added initially to the reaction 
mixture. The slopes of such linear plots gave the extent of 
hydrolysis per enzyme. As summarized in Table 1, the extent 
of reaction per enzyme for sonicated DMPMvesicles is between 
5400 and 6000 for the progress curves obtained in the presence 
of low salt (1 mM KCl or NaCl) in the reaction mixture. The 
extent of reaction per enzyme for the hydrolysis of the same 
vesicle preparation by the pig pancreatic phospholipase A2 is 
5500. It has been previously shown that the pig pancreatic 
phospholipase A2 hydrolyzes essentially all of the DMPM 
molecules in the outer monolayer of DMPM vesicles and that 
the enzyme operates as a monomer (Berg et al., 1991; Jain 
et al., 1991b). Thus, taken together, the data indicate that 
GCAT or T-GCAT hydrolyze essentially all of the DMPM 
in the outer monolayer of DMPM vesicles and that the extent 
of reaction per enzyme (Table 1 and Figure 3) is equal to Ns. 
The results described thus far unequivocally demonstrate that 
GCAT and T-GCAT bind essentially irreversibly to vesicles 
of DTPM, DMPM, or the products of hydrolysis of DMPM 
at low salt concentrations. These results also show that as a 
prelude to the high-affinity binding of GCAT and T-GCAT 
to anionic vesicles, it is not necessary that the enzyme undergo 
catalytic turnover, nor is it necessary that the interface contain 
the substrate or the products of hydrolysis. 



Interfacial Catalysis by a Bacterial Lipase 

Binding of GCAT and T-GCAT to the Interface. The 
binding of GCAT and T-GCAT to DTPM vesicles was 
compared by spectroscopic methods. As shown in Figure 4, 
titration of the protein with DTPM vesicles resulted in an 
increase in the fluorescence emission intensity at 335 nm, 
presumably due to perturbation of one or more of the six 
tryptophan residues present in the enzyme molecule. As also 
shown in this figure, the fluorescence emission intensity of 
T-GCAT is 30% lower than that of GCAT, possibly because 
the environment of some of the tryptophan residues is altered 
after the proteolytic cleavage. The steepness of the initial 
region of the binding isotherm and the concentration of DTPM 
required to reach the maximum suggest that the affinity for 
the binding of GCAT to the interface is noticeably lower than 
that of T-GCAT. As shown in Figure 4, titration of T-GCAT 
with DTPM vesicles yields an endpoint in the increase of the 
fluorescence intensity. From the extrapolation of the initial 
region to the maximum change in the fluorescence change, 
it can be calculated that one molecule of T-GCAT binds to 
approximately 45 molecules of DTPM. 

Binding of GCAT and T-GCAT to DTPM vesicles was 
also measured by energy transfer from the tryptophan residues 
to the dansyl fluorophore of N-dansylhexadecylphosphoet- 
hanolamine localized at the interface of the DTPM vesicles. 
Results confirm that both GCAT and T-GCAT bind to the 
DTPM interface. The apparent efficiency of energy transfer 
from GCAT was more pronounced, probably because the 
emission intensity from the donor tryptophans in GCAT is 
higher than it is in T-GCAT (Figure 4). Binding of GCAT 
to DTPC vesicles was also examined by monitoring the change 
in the intrinsic fluorescence of GCAT or by monitoring 
resonance energy transfer from the fluorescence emission of 
GCAT to the dansyl acceptor localized at the interface. No 
binding of GCAT to DTPC was detected with lipid concen- 
trations up to 0.5 mM, which indicates that the Kd is 
significantly larger than 0.5 mM. On the other hand, in the 
presence of 15 mol % products of hydrolysis of DMPC 
(lysophosphatidylcholine and fatty acid in 1: 1 mole ratio), 
significant binding of the enzyme to the DTPC interface was 
observed, indicating that GCAT and T-GCAT bind with a 
higher affinity to anionic interfaces. 

Kinetics of Hydrolysis by the Y230F Mutant of GCAT. 
All the features of interfacial catalysis in the scooting mode 
observed with wild-type GCAT were also observed with the 
Y230F mutant. As summarized in Table 1, Ns for the mutant 
is the same as that for the wild-type enzyme, whereas the 
values of the rate parameters, Nski and UO, for the mutant are 
lower. These results suggest that the side chain of tyrosine- 
230 is involved in the events of the catalytic turnover cycle 
rather than the interfacial binding. Independent studies 
(Robinson et al., in preparation) also support this conclusion. 

Both GCAT and the Y230F mutant hydrolyze the sn-2- 
oxy and sn-2-thiol ester analogues of DMPM and DMPC. In 
both cases, the relative rate of hydrolysis of the sn- 1,2-dithiol 
analogue is less than 2-fold higher than that for the dioxy 
analogues ( O / S  ratio in Table 1). 

Inhibition of GCATby Alkyltrifluoromethyl Ketones. Like 
other lipases, GCAT is believed to be a serine hydrolase (Hilton 
et al., 1990). Previous studies haveshown that trifluoromethyl 
ketones can form stable, transition state-like hemiketal adducts 
with the catalytic serine residue of acetylcholinesterase, serine 
proteases, and 1ecithin:cholesterol acyl transferase (Gelb et 
al., 1985; Brady et al., 1990; Abdel-Aal & Hammock, 1986; 
Jauhiainen et al., 1989). As depicted in Figure 5 and 
summarized in Table 1, GCAT is inhibited by the trifluo- 
romethyl ketones, ClsH31COCF3 and AACOCF3, whereas 
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FIGURE 5 :  Dependence of the relative initial rate of hydrolysis of 
DMPM vesicles in the presence of varying mole fractions of (0 )  
AACOCF3 or (0) n-C15HolCOCF3. The reaction mixture (4 mL) 
contained 1 mM NaCl and 4 rg/mL polymyxin B. The inhibitor 
and substrate were preincubated for 5 min before the reaction was 
initiated with GCAT. 

the analogous methylketone (AACOCH3) is 10-fold less 
potent. These studies were carried out by adding inhibitor to 
DMPM vesicles before adding the enzyme, and the initial 
velocity UI was observed within 30 s. Preincubation of the 
inhibitor with the enzyme for 5 min produces 30% more 
inhibition. The mole fraction of each inhibitor required to 
decrease uo by 50% is designated as X1(50), and values of this 
parameter are given in Table 1. A variety of observations 
suggest that the inhibition was specific. As stated above, 
preincubation of the inhibitor with the enzyme in aqueous 
solution was necessary for maximal inhibition. Since the 
fluoroketones inhibit GCAT in the scooting mode without 
changing the extent of hydrolysis (see below), they must bind 
directly to the enzyme. In addition, several specific competitive 
inhibitors of secreted phospholipases A2 with a tetrahedral 
phosphate or an amide function at the sn-2 position [e.g., see 
Jain et al. (1989a, 1991a,d, 1992b)l do not exhibit any 
noticeable inhibition on the GCAT-catalyzed hydrolysis of 
DMPM vesicles when present in vesicles at 0.1 mole fraction. 

Inhibition by the fluoroketones is readily reversible because 
the rate of hydrolysis increases immediately after the addition 
of excess DMPM vesicles to the reaction mixture containing 
the inhibitor, substrate, and enzyme (results not shown). Under 
these conditions, only the inhibitor exchanges between the 
substratevesicles, and the mole fraction of the inhibitor at the 
substrate interface decreases. The XI(  50) values measured 
with the Y230F mutant are also summarized in Table 1, and 
the results show that the inhibitor binds to the active site with 
slightly lower affinity. 

The competitive nature of the inhibition by the trifluo- 
romethyl ketone AACOCF3 was demonstrated by kinetic 
studies designed on the basis of the following obligatory 
relationship for the effect of a competitive inhibitor on 
interfacial catalysis (Berg et al., 1991): 

In this equation, n1(50) designates the mole fraction of inhibitor 
required for a 50% decrease in the value of Nski, and the value 
for AACOCF3 is listed in Table 1. This value was obtained 
from the first-order region of the reaction progress curve for 
the hydrolysis of DMPM vesicles containing the inhibitor. 
The middle term in eq 3, calculated from the experimentally 
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Table 2: 
Vesicles 

Relative Substrate Specificities for GCAT on DMPM 

relative 
substratea kw/Km* (SD)b 

['HIDPPC vs [I4C]DPPCC 0.87 (0.04) 
[3H]-l-stearoyl-2-arachidonoyl- 1.8 (0.1) 

[ 3H]dipalmitoylphosphatidyl- 0.91 (0.04) 

[ 14C]- 1-stearoyl-2-arachidonoyl- 1.23 (0.06) 

['HI- 1,2- 1.2 (0.6) 

['HH]-l,2- 0.44 (0.03) 

a All experiments werecarried out with covesicles of DMPM containing 
either [I4C]- or [3H]DPPC (1,2-dipalmitoylphosphatidylcholine) and the 
indicated additional substrate. The relative k,,/KM* value is given as 
the ratio with respect to DPPC. The numbers in parentheses represent 
the standard deviation from 3-5 independent trials. This is the control 
reaction in which the two labeled forms of the same substrate are used. 

phosphatidylcholine vs [I4C]DPPC 

ethanolamine vs [14C]DPPC 

phosphatidylinositol vs [3H]DPPC 

dipalmitoylglycerol vs [I4C] DPPC 

dipalmitoylphosphatidic acid vs [I4C]DPPC 

measured values of X1(50) and n1(50), was found to be the 
same as the ratio vo/Nski obtained from the reaction progress 
curve in the absence of an inhibitor, Le., about 4. This 
establishes that AACOCF3 is a competitive inhibitor of GCAT 
(see Berg et al. (1991) and Jain et al. (1991a,d) for detailed 
discussions). 

Intrinsic Substrate Specificities. Intrinsic substrate speci- 
ficities for interfacial catalysis by GCAT were obtained from 
the kinetic measurements in a competitive fashion in the 
scooting mode (Ghomashchi et al., 1991). An analysis of 
these results gives the ratio of kCat/KM* values for the two 
competing substrates dispersed in DMPM vesicles. Substrate 
specificity studies employing vesicles composed of phospho- 
lipids of one type have little meaning since the differences in 
reaction velocities will be a reflection of the different fractions 
of enzyme bound to the different vesicles (Ghomashchi et al., 
1991). The results summarized in Table 2 show that GCAT 
does not significantly discriminate between phospholipids with 
different polar head groups or with fatty acyl chains of differing 
chain length and degree of unsaturation. In addition, GCAT 
does not discriminate between phospholipids and 1,2-dipalmi- 
toyl-sn-glycerol. In these experiments, the mole fractions of 
the competing radiolabeled substrates in DMPM vesicles are 
less than 0.05, and thus the interface is composed mainly of 
DMPM in all cases. Although DMPM is being hydrolyzed 
in these experiments, its reaction products are not detected 
by the radiometric analysis. 

Consequences of Intervesicle Exchange of Enzyme. The 
experiments described thus far were designed to elaborate the 
intrinsic catalytic properties of GCAT and T-GCAT which 
can be rigorously described by the steps of the catalytic turnover 
cycle at the interface. Under such steady-state conditions for 
the kinetics in the scooting mode, the binding to and desorption 
of the enzyme from the interface do not contribute to the 
observed catalytic turnover. Although these observations 
unequivocally demonstrate that the catalysis by GCAT and 
T-GCAT occurs at the interface, the experiments described 
below show that Scheme 1 can also be used to at least 
qualitatively interpret the results under conditions in which 
the enzyme is not irreversibly bound to the interface, and the 
observed kinetic results are considerably more complex because 
of the kinetic contribution of parallel exchange processes. 

Results in Figures 1 and 6 show that intervesicle exchange 
of GCAT and T-GCAT is promoted by salt. The shape of 
the progress curve changes appreciably with the addition of 
NaCl in a concentration-dependent manner. Noticeable 

/ 10 mM 

1 mM 

10 mM 

E 
FIGURE 6:  Reaction progress curves for the hydrolysis of DMPM 
vesicles by (bottom) T-GCAT and (top) GCAT in the presence of 
the indicated concentrations of NaCl. Other conditions are as given 
in the legend to Figure 1. 

. rn  I 
1301 \ "0 I 

0 1 2 3 4 
[KC11 M 

FIGURE 7: Initial rate of hydrolysis of small DMPM (650 nmol/4 
mL a t  pH 8) vesicles by (0) GCAT or (0) T-CGAT as a function 
of KCI concentration. Other conditions are as given in the legend 
to Figure 1. These experiments are done with small sonicatedvesicles 
to maximize the effect of the intervesicle exchange of the enzyme 
[see Jain et al. (199 IC) for a detailed discussion of this phenomenon]. 

increases in the reaction rate at long periods along the progress 
curve were observed when as little as 10 mM NaCl was added, 
Le., the progress curve is no longer first-order and the initial 
rate (vg) could be measured reliably only at higher (>0.1 M) 
salt concentrations [see also Jain et al. (1991c)l. The 
concentration dependence of the effect of several salts was 
investigated. As shown in Figure 7 ,  uo decreases with 
increasing concentrations of KC1 beyond 0.1 M. This is most 
likely due to a decrease in the fraction of the enzyme bound 
to vesicles at higher salt concentrations. From plots of the 
type shown in Figure 7, the salt concentrations required for 
a 50% decrease in uo were obtained, and these values are 
summarized in Table 3. These results suggest that the binding 
of GCAT to the interface is at least partly dependent on ionic 
interactions of certain positively charged residues on the 
enzyme with the negatively charged DMPM molecules. As 
summarized in Table 3, the salt concentration required for 
desorption of T-GCAT is somewhat higher than that required 
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Table 3: Salt Concentrations Required for a 50% Decrease in the 
Maximum Rate of Hydrolysis of DMPM Vesicles by GCAT and 
T-GCAT" 

GCAT T-GCAT 
salt [salt] (M) rate [salt] (M) rate (s-I) 

KCNS 1.4 187 1.8 210 
KC1 0.5 160 0.8 170 
K2SO.4 0.8 174 0.8 133 

0 These results were obtained from plots of the type shown in Figures 
6 and 7. The uncertainty in these values is less than 30%. The steady- 
staterateof hydrolysis was obtained at optimum salt concentration (about 
0.2 M). 

for GCAT, suggesting that trypsin treatment leads to a change 
in the number and distribution of enzymic ionic groups involved 
in the binding of the enzyme to the interface. Such a change 
could also account for the difference in the tryptophan 
fluorescence emission from GCAT and T-GCAT (Figure 4). 

Consequences of Intervesicle Exchange of Substrate. 
Calcium concentrations above 1.5 mM promote intervesicle 
mixing of DMPM by promoting vesicle fusion (Jain et al., 
1986a). The polycationic cyclic peptide polymyxin B at 
concentrations greater than 1 pg/mLalso promotes intervesicle 
exchange of anionic phospholipids by a yet-to-be established 
mechanism (Jain et al., 1991~) .  As shown in Figure 1 (top), 
addition of calcium or polymyxin B also causes an apparent 
increase in the rate of GCAT-catalyzed hydrolysis of DMPM 
vesicles, and this increase is seen with concentrations of calcium 
or polymyxin B that produce apparent activation of many 
different phospholipases A2 (Jain et al., 1991~).  Since 
independent experiments (not shown) also show that none of 
these treatments had any effect on the rate of GCAT-catalyzed 
hydrolysis of myristoylcholine or short-chain phospholipids, 
it is concluded that the origin of such effects must lie in the 
changes in the properties of the substrate interface rather 
than a direct effect on the intrinsic catalytic properties of the 
enzyme. The primary kinetic effect of the treatments shown 
in Figure 1 (top) is that the extent of hydrolysis increases, 
whereas the initial rate of hydrolysis ( V O  = 150-180 s-') is 
virtually the same as that measured in the absence of additives 
(170 s-l, Table 1). These results are in complete accord with 
the integrated Michaelis-Menten expression for the reaction 
progress curve in the scooting mode, which also forms the 
basis for eqs 1 and 2 (Berg et al., 1991). In the absence of 
intervesicle exchange of enzyme and substrate, as the hydrolysis 
of small vesicles progresses, the rate of hydrolysis becomes 
limited by the availability of the substrate on the enzyme- 
containing vesicles and not by the bulk substrate concentration. 
Based on this premise and the arguments developed earlier in 
this paper for GCAT and elsewhere for phospholipase A2 
(Jain et al., 1986a4,  1991ax; Berg et al., 1991), the most 
likely explanation for the observed increase in the extent of 
hydrolysis by polymyxin B or calcium is that such treatments 
allow the excess substrate vesicles to become accessible to the 
bound enzymes. 

The possibility that increasing calcium concentration causes 
intervesicle exchange of the enzyme and thus the reinitiation 
of the reaction can be ruled out for the following reasons. 
Firstly, reinitiation of the reaction occurs in the presence of 
exactly the same concentration of calcium that causes fusion 
of DMPM vesicles (Jain et al., 1986a). Secondly, a calcium 
concentration that causes fusion (2.5 mM) is much lower 
than concentrations of calcium that would be predicted to 
cause intervesicle exchange of enzyme; as shown in Figure 6, 
>400 mM NaCl is required to produce an apparent activation 
in the reaction seen with 2.5 mM CaC12. Thirdly, addition 

Table 4: Initial Rates of Hydrolysis (VO, s-1) and Apparent 
Dissociation Constants (Kd, mM) for the Enzyme-Interface Complex 
Measured with Aqueous Dispersions of Phospholipids' 

GCAT Y230F 
substrate UQ Kd 00 Kd 

DMPM 170 C0.1 38 CO.1 
DMPC 9 5 
DMPC + productsb 60 18 
DMPC + deoxycholate 160 30 
myristoylcholine 50 15 
1,2-dioctanoylglycerophosphomethanol 430 0.13 65 0.3 
1,2-dioctanoylglycerophosphocholine 275 0.07 82 0.25 
1,2-diheptanoylglycerophosphocholine 200 0.8 45 2.5 
1,2-dihexanoylglycerophosphocholine 120 1.8 30 10 

These measurements were carried out in 0.2 M KC1 at pH 8.0 in the 
presence of 0.2 mM substrate unless Kd values are given, in which case 
the rates were measured at several bulk substrate concentrations (0.4Kd 
to 3Kd), and the results were fitted to a rectangular hyperbola. 15 mol 
%each of 1-myristoyl-sn-glycero-3-phosphocholine and myristic acid were 
codisnersed with DMPC vesicles. 

of 2.5 mM CaC12 or 5 pg/mL polymyxin B does not change 
the fluorescence emission intensity of the type shown in Figure 
4 (data not shown), and thus these additives do not cause 
significant desorption of the enzyme from the DMPM vesicles. 
Finally, high calcium or polymyxin B concentrations do not 
change the value of vo for the hydrolysis of large DMPM 
vesicles by GCAT (data not shown); this is because with large 
vesicles, theinitial enzymaticvelocity is not limited by substrate 
depletion. 

Hydrolysis of Micellar Substrates. The kinetics of action 
of GCAT on aqueous dispersions of several micelle-forming 
phospholipids was monitored. A comparison of the apparent 
initial rates of hydrolysis, summarized in Table 4, indicates 
that: (a) the substrate specificity of GCAT is relatively poor 
because it hydrolyzes myristoylcholine micelles only 3-fold 
slower than DMPM vesicles; (b) the overall discrimination 
between different short-chain phospholipids is relatively minor 
(less than a factor of 5 ) ;  and (c) the Y230F mutant is 
catalytically less efficient to the same degree with virtually 
all of the substrates. These studies were carried out with 
sufficiently large substrate concentrations to ensure that all 
of the enzyme is bound to the substrate aggregates or saturated 
with monomers if present. These and earlier observations 
made with substrates at other interfaces (Buckley et al., 1982; 
Buckley, 1982, 1985; Hilton & Buckley, 1991; Robertson et 
al., 1992) are consistent with the conclusions of the competitive 
substrate specificity studies at the interface (Table 2) that 
GCAT displays broad substrate specificity and that the 
intrinsic catalytic activity of GCAT does not change ap- 
preciably with the factors that control the organization of the 
interface. 

The kinetics of the GCAT-catalyzed hydrolysis of short- 
chain phospholipids dispersed in the reaction mixture at 
concentrations below their critical micelle concentrations were 
studied. The reaction starts immediately after the addition 
of the enzyme, and all of the substrate is hydrolyzed before 
the reaction ceases. The initial reaction velocities show a 
hyperbolic dependence on the substrate concentration, and 
an anomalous change in the rate is not observed at the critical 
micelle concentration of the substrate. The apparent maxi- 
mum velocities VM and apparent KM values are listed in Table 
4. The apparent KM values are designated as Kd since they 
primarily reflect the equilibrium constant for the dissociation 
of GCAT from the aggregate interface. The maximum initial 
rate of hydrolysis decreases only slightly with increasing chain 
length of phosphatidylcholines; however, the Kd values decrease 
significantly. These values are represented as uo because they 
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FIGURE 8: Initial rate of hydrolysis of DMPC (1 mM) vesicles by 
(0) GCAT and (0) Y230F as a function of the deoxycholate 
concentration in the reaction mixture. Other conditions are as given 
in the legend to Figure 1. 

are the rates at the maximum mole fraction (=1) of the 
substrate when all the enzyme is bound to the interface. As 
discussed elsewhere (Rogers et al., 1992), it is difficult to 
establish the mechanistic significance of these trends, but the 
results suggest that either GCAT can effectively hydrolyze 
monomeric substrates or it can form protein-substrate 
microaggregates in which the reaction proceeds [see Rogers 
et al. (1992) for a further elaboration of this possibility for 
phospholipase A*]. 

Hydrolysis of DMPC Dispersed in Deoxycholate. One of 
thecriteria for interfacial catalysis is that the apparent reaction 
rate is modulated by the mole fraction of detergent codispersed 
with the substrate (Dennis, 1983). As summarized in Figure 
8, the initial rate of hydrolysis of DMPC vesicles showed a 
biphasic dependence on the concentration of deoxycholate in 
the reaction mixture. At low concentrations of deoxycholate 
(below 0.2 mM), the apparent initial rate of hydrolysis 
increases by about 6-fold. On the other hand, the rate of 
hydrolysis decreases with increasing concentration of the 
detergent. Similar results were obtained with the Y230F 
mutant (Figure 8) and with T-GCAT (data not shown). The 
results at  low concentration of deoxycholate are consistent 
with the interpretation that the introduction of anionic 
detergent increases the binding of the enzyme to the zwit- 
terionic DMPC interface. At higher concentrations of 
deoxycholate (>0.5 mM), the rate of the GCAT-catalyzed 
reaction decreases, and a sharp decrease is seen when the 
deoxycholate concentration approaches its intermicellar 
concentration (Figure 8). The decrease in rate at  higher 
concentrations of the detergent is most probably due to the 
disruption of the bilayer vesicles to form mixed micelles with 
the detergent. Formation of smaller particles causes a 
relatively rapid depletion of the substrate on the smaller 
enzyme-containing particles, which leads to a decrease in the 
effective rate (Jain et al., 1991a,c, 1992b). The possibility 
that thedecrease in the rate with the increasing concentrations 
of deoxycholate is due to a decrease in the surface concentration 
of substrate (surface dilution) can be ruled out on the basis 
of two key arguments. Firstly, based on eq 1, the surface 
dilution would cause a decrease in the observed rate at  high 
mole fraction of deoxycholate, and a concave pattern would 
be seen in the type of plot shown in Figure 8 rather than the 
observed convex pattern (Jain et al., 1993). Secondly, as shown 
in Figure 8, compared to the that of the wild-type, the rate 
of hydrolysis by the Y230F mutant is influenced only slightly 
by the addition of deoxycholate. This is expected if the 
detergent-induced decrease is due to substrate depletion 
because such an effect would be less pronounced with an 
enzyme that has a lower intrinsic catalytic turnover rate. 
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FIGURE 9: Reaction progress curves for the hydrolysis of sonicated 
DMPC vesicles (0.15 mM) by GCAT (0.19 pg) in 4 mL of reaction 
mixtures at pH 8.0 containing 0.2 M KC1 at 22,23, and 24 OC. The 
salt in the reaction mixture was used to emphasize the effects due 
to the intervesicle exchange of the enzyme. The time of addition of 
enzyme is indicated by the arrow. 
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FIGURE 10: Dependenceof the (0) latencyperiod ( 7 )  and (0) steady- 
state rate of hydrolysis (0,) obtained from the progress curves for 
the hydrolysis of DMPC vesicles of the type shown in Figure 9 under 
the same conditions. 

The above interpretation is also supported by results with 
DMPM vesicles. Low concentrations of deoxycholate have 
no effect on the rate of hydrolysis, presumably because even 
in the absence of detergent, the enzyme is fully bound to the 
DMPM vesicles. At higher concentrations of deoxycholate, 
the turnover number decreases to less than 50 per second (not 
shown). These results show that while the anionic surface 
charge on the substrate or the detergent promotes binding of 
GCAT to the interface, disruption of vesicles at  higher 
detergent concentrations approaching the intermicellar con- 
centration (about 1 mM in this case) leads to a reduction in 
the rate of hydrolysis. A complete analytical description of 
this phenomenon is not possible at  present; however, such 
behavior is expected if catalysis occurs at  the interface in a 
highly processive mode (Jain & Berg, 1989; Berg et al., 1991) 
and if substrate replenishment is rate-limiting for the hydrolysis 
of DMPM in deoxycholate micelles (Jain et al. 1993). 

Hydrolysis of Zwitterionic Vesicles. The progress curves 
for the hydrolysis of DMPC vesicles by GCAT in the absence 
of additives are complex, as they show considerable dependence 
on the phase properties of the bilayer. For example, as shown 
in Figure 9, the shape of the progress curve changes 
significantly with the temperature. In such progress curves, 
the initial slow phase of hydrolysis is followed by an abrupt 
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increase in the apparent steady-state rate of hydrolysis (vSJ 
after a lag period, T .  As summarized in Figure 10, T is less 
than 1 min when the temperatureis near the gel-fluid transition 
(22 OC for sonicated DMPC vesicles), and it increases sharply 
above this temperature. On the other hand, uss remains 
constant below and at the phase transition temperature but 
decreases significantly at temperatures above the phase 
transition temperature. At 26 OC, the latency period increases 
with increasing substrate concentration and decreases with 
increasing enzyme concentration (data not shown). Thevalue 
of vss at the end of the lag period (about 65 s-l) is the same 
as that observed at the comparable concentration of DMPC 
vesicles containing 15 mol % products of its hydrolysis. No 
lag was observed with these product-containing vesicles. 

Generally speaking, the behavior of GCAT on DMPC 
vesicles is similar to the behavior of pig pancreatic phospho- 
lipase A2 (Apitz-Castro et al., 1982) as well as other 
phospholipases A2 (Jain & Berg, 1989) acting on phosphati- 
dylcholine vesicles. Based on this similarity and the evidence 
already described showing that GCAT binds relatively weakly 
to DTPC vesicles (compared to the covesicles of DTPC 
containing the products of hydrolysis of DMPC), it may be 
concluded that the higher rate of hydrolysis at the end of the 
lag period is due to the product-assisted shift in the E-to-E* 
equilibrium. Thus, the lag period is most likely due to the 
fact that at early times, much of the enzyme is in the aqueous 
phase. As the lipolysis proceeds, the reaction accelerates as 
more and more of the enzyme in the aqueous phase is 
partitioned onto the vesicles. However, a significant difference 
between the behavior of GCAT and that of phospholipases A2 
may be noted. At 26 OC, the initial rate of hydrolysis 
immediately after the addition of GCAT to DMPC vesicles 
is about 20% of that measured after T.  For pig pancreatic 
phospholipase Az, the corresponding rate is about 3%. 

These kinetic results suggest that the affinity of GCAT for 
DMPC vesicles is such that about 10% (measured by the 
experiments of type shown in Figure 4) of the enzyme is at 
the DTPC interface and about 30% of the enzyme is at the 
interface of DTPC vesicles containing 15 mol % products of 
hydrolysis. This is consistent with the kinetic results sum- 
marized in Table 4, where the relative rates of hydrolysis of 
DMPC under the three sets of conditions correlate well with 
these direct binding results. Direct binding studies also show 
that the binding of GCAT and T-GCAT to DTPC vesicles is 
rapid, with a half-time of <3 s. Therefore, the intrinsic rate 
of binding of the enzyme to the interface cannot be the basis 
for the lag period. 
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7). By studying GCAT and T-GCAT in the scooting mode, 
the steady-state rate parameters can be obtained. On the 
other hand, under conditions in which the enzyme, substrate, 
and products exchange between vesicles, it is difficult to 
deconvolute the interfacial catalytic parameters from the 
kinetic contributions of these parallel exchange events (Berg 
et al., 1991). In short, the catalytic behavior of the vesicle- 
bound GCAT is consistent with the Michaelis-Menten 
formalism adapted for catalytic turnover at the interface. The 
kinetic prediction from this analysis is that tyrosine-230 is 
involved in the catalytic cycle rather than in interfacial 
recognition. 

The role of the interfacial exchange of the enzyme and 
substrate on the observed rate was also demonstrated under 
the conditions that putatively alter the organization and 
dynamics (“quality”) of the interface. Such changes are 
manifest primarily in the E-to-E* step (Scheme l) ,  which is 
a prelude to steady-state catalytic turnover at the vesicle 
interface. The overall influence of the E-to-E* binding step 
on the observed rate comes from the fact that it controls not 
only the fraction of the enzyme at the interface but also the 
rate of intervesicle or intermicelle exchange of the bound 
enzyme between the catalytic turnover cycles. Both of these 
processes therefore determine the number of catalytic turnovers 
during each visit of the enzyme to the interface, Le., 
processivity. Thus, physical factors such as temperature, salt, 
and detergent concentration can anomalously modulate the 
observed rate of hydrolysis by modulating the E-to-E* 
equilibrium even if such factors do not significantly affect the 
primary rate parameters of the turnover cycle. The contribu- 
tion of the organization and the dynamic properties of the 
interface to the observed steady-state rate is minimized by 
choosing a set of experimental conditions in which all of the 
enzyme is tightly bound to substrate vesicles. For example, 
the turnover number for the action of GCAT on DMPM 
vesicles shows no anomalous behavior at temperatures in the 
vicinity of the phase transition of DMPM (28 “C); the value 
of 00 for this reaction increases 2-fold when the temperature 
is increased from 23 “C to 34 OC (data not shown). 

The hydrolysis of phospholipid vesicles or micelles by GCAT 
under most conditions that were examined occurs without a 
detectable latency period, i.e., hydrolysis is initiated within 3 
s after the addition of enzyme. The fact that GCAT binds 
essentially irreversibly to DTPM vesicles rules out the 
possibility that acylation of the enzyme is required for the 
high-affinity binding of GCAT to the substrate interface. 
Along the same lines, dimerization of GCAT is not needed 
for its action on DMPM vesicles, as is the case for phospho- 
1ipaseAZfromdifferent sources (Jainet al., 1991b). IfGCAT 
was functional as a dimer, the Nsvalue obtained in the scooting 
mode would be 2-fold smaller than the value observed in this 
study. 

Complex progress curves are observed for the hydrolysis of 
DMPC vesicles at temperatures near the gel-fluid phase 
transition (Figure 9). By analogy with the behavior of 
phospholipase A2 and the phase properties of the product 
containing DMPC vesicles (Jain & Berg, 1989), it appears 
that the binding of GCAT to the interface may require lateral 
“segregation” of anionic charges (Jain et al., 1989b). It is 
pertinent to recall that during the GCAT-catalyzed hydrolysis 
of phosphatidylcholine monolayers at the air-water interface, 
a latency period of several minutes was observed, and the 
steady-state rate was less than 2 s-l if it was assumed that all 
the enzyme was in the interface (Hilton & Buckley, 1991). 
Based on the weight of the evidence developed in this paper 
for GCAT, the origin of the latency observed with monolayers 

DISCUSSION 

Previous results with secreted phospholipases A2 (Jain et 
al., 1986a-d; Jain & Berg, 1989; Berg et al., 1991; Jain et al., 
199 1 a-d) and cytoplasmic phospholipases Az (Ghomashchi 
et al., 1992) led to the design of experiments described in this 
paper to characterize the kinetics of interfacial catalysis by 
GCAT and T-GCAT and to interpret the results in terms of 
Scheme 1. Results show that GCAT- and T-GCAT-catalyzed 
hydrolysis of DMPM vesicles in the steady sate occurs in the 
scooting mode. To achieve highly processive catalysis, GCAT 
and T-GCAT must be studied in solutions of low ionic strength 
since physiological salt concentrations lead to intervesicle 
exchange of the enzyme (Figures 1,2, and 6). However, the 
turnover numbers of GCAT and T-GCAT are essentially 
independent of salt concentration in the range 1-500 mM, 
whereas the initial reaction velocity decreases 3-4-fold in the 
presence of higher salt concentration, presumably due to a 
decrease in the fraction of enzyme bound to the vesicles (Figure 
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must reside in the factors that are characteristic of the 
monolayer interface rather than in the kinetics of the changes 
in the presteady-state behavior of the enzyme. As discussed 
elsewhere (Jain & Berg, 1989), the origin of the latency period 
in monolayers could be due to one of three possibilities, none 
of which invokes a slow change in the catalytic state of the 
enzyme on the binding to the interface. (a) The geometrical 
constraints of the monolayer trough and the diffusion across 
the unstirred layer could produce a lag period. (b) Due to a 
low affinity of GCAT for the zwitterionic interface, ac- 
cumulation of the products of hydrolysis would shift the E-to- 
E* equilibrium and increase the effective rate of hydrolysis 
due to an increased fraction of the enzyme in the interface. 
(c) A significant portion of the enzyme in the aqueous phase 
could be adsorbed onto the (Teflon) trough, which is then 
partitioned into the zwitterionic monolayer as the mole fraction 
of the products increases. At present it is not possible to 
dissect the contribution of such factors to the behavior of 
GCAT on monolayers; however, it appears that in this case 
the anionic charge of the products of hydrolysis shift the 
equilibrium between the enzyme adsorbed on the surface of 
the trough and the enzyme bound to the phospholipid 
monolayers. 

There are several reports of changes in the kinetic properties 
of lipases on proteolytic treatment [see Hilton et al. (1990) 
for a minireview]. The results described here show that 
T-GCAT retains the ability to carry out interfacial catalysis 
and appears to have a somewhat higher affinity for the interface 
than does GCAT. This mechanism of ”activation” is remi- 
niscent of the conversion of the zymogen form of pancreatic 
phospholipase A2 to the active enzyme (Verheij et al., 1981). 
In this latter case, the zymogen and processed enzymes are 
catalytically active, but only the processed enzyme is able to 
bind with high affinity to anionic interfaces and to exhibit 
catalysis in the highly processive scooting mode. Compared 
to the pig pancreatic phospholipase A2 (Jain et al., 1989), the 
difference in interfacial binding affinities for anionic vesicles 
measured with GCAT and T-GCAT is relatively small. 

Several questions are raised by the demonstration that 
GCAT is an interfacial enzyme and acts on anionic interfaces 
with virtually infinite processivity. GCAT can also function 
as an sn- 1- and sn-2-phospholipase, a lysophospholipase, a 
diglyceride lipase, and a cholesterol, glycerophospholipid 
acyltransferase. Could it be that intervesicle hopping promotes 
one type of activity, whereas scooting leads to another? With 
the understanding of the interfacial kinetic and binding 
behaviors of GCAT, such questions can now be addressed by 
using radiolabeled substrates and appropriate phospholipid 
matrices, which should permit a study of the effect of surface 
properties on the partial reactions of this versatile enzyme. 
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