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ABSTRACT. Kinetics of hydrolysis of aqueous dispersions of arsono-, sulfo-, phosphono- and phospholipids
by phospholipase Afrom pig pancreas are characterized in terms of interfacial rate and equilibrium

parameters. The enzyme with or without calcium

binds with high affinity to the aqueous dispersions of

the four classes of anionic lipids and shows the same general kinetic behavior. The rate of hydrolysis of
anionic substrates does not show an anomalous change at the critical micelle concentration because the
enzyme is present in aggregates even when bulk of the substrate is dispersed as a solitary monomer.
Apparent affinities of the enzyme for the interface of different anionic lipids are virtually the same. Also,
affinities of these substrates for the active site of the enzyme at the interface are comparable. However,
a significant change in the catalytic turnover rate is seen asrif3ephosphodiester group is modified;

the apparent maximum rate at saturating bulk substrate concentMi#Payalues, increase in the order:

homo- and arsonolipids< sulfo- < phosphono-<

phospholipids. Not only the basis for the2

enantiomeric selectivity but also the decrease in the rate of hydrolysis with the increasing chain length is
due to a decrease in the value\§f2**. Results show that even when the bulk concentration of anionic
phospholipid is below cmc, hydrolysis occurs in aggregates of enzyme and substrate where the chemical
step of the turnover cycle remains rate-limiting, which provides a basis for the assumptidfytbfas

directly related tda: The fact thak.,;depends on the nature of the head group (phosphate, phosphonate,
sulfate, arsonate) implies that the head group plays a critical role in the rate-limiting chemical step of the
catalytic cycle, possibly during the decomposition of the tetrahedral intermediate. The significance of
these results for the microscopic steady-state condition for hydrolysis at the micellar interface, mechanism
of esterolysis by phospholipase,fand inhibitor design are discussed.

The role of calcium as a catalytic cofactor for phospho-
lipase A (PLA,)! (Verheij et al., 1980; Yu et al., 1993) is
supported by a variety of observations. In the crystal
structure of PLA calcium is coordinated to seven oxygen
ligands: two from the carboxyl group of Asp-49, three from
the peptide carbonyls of residues Tyr-28, Gly-30, and Gly-
32, and two from water molecules (Dijkstra et al., 1983). In
cocrystals of PLAwith substrate mimics (Scott et al., 1990;
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1 Abbreviations: BAPTA, 1,2-bistaminophenoxy)ethans:N,N',N'-
tetraacetic acid; cmc, critical micelle concentration; PxB, polymyxin
B sulfate; PLA, secreted phospholipase fiom bovine or pig pancreas
unless indicated otherwise; Quin-2, 2-[[2-[bis[(ethoxycarbonyl)methyl]-
amino]-5-methylphenoxy]methyl]-6-methoxy-8-[bis-[(ethoxycarbonyl)-
methyl]lamino]quinoline; DEX, structures and abbreviations for phos-
pho-, phosphono-, and arsonolipids as well as for the inhibitors (MJ33
and RM2) are given in Figure 1; dithiophospholipids are the corre-

sponding 1,2-dithioesters; the ether analogs are 1,2-dialkylglycero-

phospholipids. Definition of parameters at the interfaégy*, disso-
ciation constant for G4 determined by the protection methdd:*(S),
effective dissociation constant for €aunder catalytic conditions at a
mole fraction of 1 of the substratdf*, dissociation constant of
inhibitor; Ku*, Michaelis constantiKs* dissociation constant of product;
Kg* dissociation constant of substralg;, turnover number at saturating
substrate concentration, turnover number &s = 1; X;, mole fraction

of inhibitor. For complete analytical formalism and definitions, see Berg
et al. (1991) and Jain et al. (1995).

Thunnissen et al., 1990) the water ligands are replaced by
two oxygens of the mimic: the apical watew,) by pro-S
oxygen atom of then-3 phosphate and the equatorial water
(ws) by the oxygen of thesn2 substituent to form a
pentagonal bipyramidal complex. The role of tka-3
phosphate in the binding of the substrate to the catalytic site
is also implicated by structureactivity correlation for
substrate analogs (Kuipers et al., 1990). Nevertheless,
guantitative interfacial equilibrium binding studies with
substrate mimics without then-3 phosphate or equivalent
polar substituent (Jain et al., 1991b, 1993b), such as MJ33
(Figure 1), suggest that although calcium is an obligatory
cofactor for their binding to the active site of PLAhesn3
phosphate is neither necessary nor does it contribute sig-
nificantly toward the thermodynamic stability of the com-
plexes. This is surprising because the binding energy for
the active site-directed ligand to the enzyme in the interface
is believed to come largely, if not exclusively, from the head
group interactions of the ligand with the active site (Kuipers,
1990; Jain et al., 1993b).

To characterize the head group interactions in the forma-
tion of the ternary Michaelis complex and in the transition
state, and to understand the role of calcium as a cofactor in
the catalytic cycle of PLA we investigated kinetic and
equilibrium properties of arsono-, phosphono-, sulfo-, and
phospholipids as substrates. In this paper we describe
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Ficure 1: Structures of substrates (phospho-, sulfo-, phosphono-,
and arsonolipids) and active site-directed inhibitors (MJ33 and
RM2) used in this study.

protocols for the characterization of interfacial kinetic and

Rogers et al.

et al. (1975) did not work in our hands; 590% diacy-
loxyhalopropanes were recovered following the reaction of
tris(trimethylsilyl) phosphite with diacyloxychloro- or dia-
cyloxyiodopropanes at 130C for 18 h.

Synthetic protocols developed earlier were adopted for the
synthesis oR- and SDC,As from 2,3-dihydroxypropyl-1-
arsonic acid (Tsivgoulis et al., 1991; Lacoste et al., 1992;
Serves et al., 1992). Neutral or acid salts (with tetrabutyl-
ammonium counterion) of the 2,3-dihydroxypropyl-1-arsonic
acid were acylated by acid anhydrides (Tsivgoulis et al.,
1991; Serves et al., 1992). Alternately, the phenyl esters of
R- or S-dihydroxypropylthioarsonous acids were acylated by
acid chlorides (Serves et al., 1993). The second method
affords better yields and is better suited for the synthesis of
short chain arsonolipids.

The enantiomeric purity of arsonolipids was judged on
the basis of the extent of hydrolysis by PLAFor this
purpose the hydrolysis of arsonolipids by PL\as carried
out in wet diethyl or diisopropy! ether dispersions where the
progress of the reaction was monitored by thin layer
chromatography. Under these conditions onlygh@ chain
of the R- but not of theSarsonolipids is cleaved, and the
reaction proceeded to completion. Based on these criteria,
the stereochemical purity of the arsonolipids used in this
study is better than 95% (Serves et al., 1992, 1993).

The phosphono-, arsono-, sulfo- and phospholipids were
pure by TLC and NMR criteria. Physical properties of the

equilibrium parameters on micelles, and the methods are@dueous dispersions of phosphono- and arsonolipids were

applied to study the effect of changing the structure of the

similar but not identical to those of the corresponding

sn-3 substituent on the phospholipid substrate. Results showPhosphatidic acid and phosphomethyl ester. As is the case

that although equilibrium binding behavior of arsonolipids

with phospholipids, the long chain arsonolipids form lamellar

and phospholipids is comparable, arsonolipids have consider-Phases which show the characteristic-gfelid thermotropic

ably lowerkga:

MATERIALS AND METHODS

transition (Serves et al., 1992, 1993). Also, as is the case
with the phosphatidylmethanol analogs (Jain & Rogers,
1989), the short chain phosphono- and arsonolipids in
aqueous dispersions are in monomeric form below their

Sources of enzymes, reagents and experimental protocolgespective cmc’s, and above cmc there will be an equilibrium
were the same as those described before (Yu et al., 1993petween the monomeric and micellar form of lipid. Although

DC,PA (monosodium salt) from Avanti Polar Lipids. RC
SA (Eibl, 1980), DGPM-ether, DGPM (Jain & Rogers,

versus concentration of anionic substrates, cmc appears to
have an effect on certain interfacial parameters, suck-as

1989), and MJ33 (Jain et al., 1991b) were synthesized as(50). Cmc determinations are, therefore, necessary to obtain

described. Sources for the following are gratefully acknow-
ledged: RM2 from Dr. Ronald Magolda (DuPont Co.,
Wilmington, DE), and dithio-Dg PM from Professor H.
Stewart Hendrickson (St. Olaf College, Northfield, MN).
Synthesis of Lipids2,3-Dioctanoyloxypropyl chloride was
prepared by acylation of 3-chloro-1,2-propanediol with
octanoyl chloride in the presence of pyridine in dry chloro-
form for 10 days. The reaction mixture was processed by

an accurate estimate of these parameters.

Moreover, there are noticeable differences in some of the
physical properties of the dispersions of phosphono- and
arsonolipids. For example, homophosphonolipids exhibit
significantly decreased solubilities and ability to disperse in
aqueous phase (Schwartz et al., 1988), and dispersions of
arsonolipids are somewhat more turbid. This would be
expected if these dispersions showed polymorphism as seen

washing the mixture with water, dilute sulfuric acid, water, with phosphatidylcholines with acyl chain lengths of eight
and saturated sodium bicarbonate, and then the organic layebr nine carbon atoms (Tausk et al., 1974; Lewis et al., 1990;

was concentrated by removal of chloroform. The product
was purified by chromatography on silica gel.

The dimethyl ester of (rac)-2,3-dioctanoyloxypropane-1-
phosphonic acid was synthesized by Arbuzov reaction of
trimethyl phosphite (8.4 mmol) with (rac)-2,3-dioctanoyl-
oxyiodopropane (3.75 mmol) in an oil bath at 1¥5for 20
h. After cooling, the reaction mixture was chromatographed
on silica gel with petroleum ether with increasing proportion
of diethyl ether; the product eluted with 100% diethyl ether
(10% vyield). The dimethyl ester was demethylated with
lithium bromide to obtain DgPhM. The method of Rosenthal

Soltys & Roberts, 1994). In short, the physical behavior of
dispersions of arsonolipids is comparable to those of
homologous phosphonolipids with one or two more meth-
ylene residues.

Determination of Cmc.Cmc was determined on a Roller-
Smith surface tension balance (Du Nouy ring design) in 4
mL of 100 mM NaCl, 1 mM CaGl 10 mM Tris buffer at
pH 8.0. Solutions were stirred after addition of each aliquot
of lipid before measuring surface tension.

Binding of PLA. Binding of PLA; to lipid dispersions was
determined by several methods. Binding of pig pancreatic
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PLA; (1.2uM) to DCgPM-ether was monitored as the change ground Ca concentration, estimated atM, to values on
in fluorescence at 333 nm (excitation at 280 nm) on a SLM- the x-axis as in Figure 3.Kcs*(S) values from the two
Aminco AB2 Luminescence Spectrometer with magnetic methods were in agreement.
stirring in a cuvette containing 1.5 mL of 100 mM NacCl, 1 Several methods were tried to completely eliminate the
mM CaCl, and 10 mM Tris, pH 8.0. Typically, the slit  background levels of calcium. None were entirely satisfac-
widths were kept at 4 nm each, and the sensitivity (PMT tory; however, the background level of calcium in the salt
voltage) was adjusted to 1% for the Raman peak correspond-solution could be reduced routinely to less thaph by
ing to the same excitation wavelength from the buffer blank. passing the salt solution used for the reaction through Chelex
The relative change in fluorescendd;, is defined ask — (Sigma). The best method to minimize background calcium
Fo)/Fo, whereFo and F are the intensity without and with  in the lipid solution was to pass the methanol solution of
phospholipid, respectively. The change in the absorbancethe lipid through a column of CM-Sephadex cation ex-
spectrum and related measurements under conditions speciehanger, which had been washed with 0.25 M HCI and then
fied in the text were carried out on HP8452 BVis diode with 4 M NaCl passed through Chelex, and then equilibrated
array spectrophotometer. in methanol. Even with these precautions, rates, which could
Kinetic Protocols. Analytical formalism and protocols be eliminated by the addition of BAPTA, showed that
developed for the kinetic and equilibrium binding studies background calcium concentration in the reaction vessel was
with vesicles of anionic phospholipids (Berg et al., 1991; about 1uM.
Jain et al., 1986a, 1991a, 1995) are adopted to characterize Kinetic and Equilibrium Parameters.Detailed kinetic
the kinetics of hydrolysis of the micellar dispersions of short studies were carried out with pig and bovine pancreaticLA
chain arsono-, phosphono-, and phospholipids by PLA Except for small but significant quantitative differences,
Arsonolipids (powders) were dispersed by sonication (Soni- results were qualitatively the same. The reaction progress
cor) in agueous 100 mM NaCl and adjusted to pH 8.0 with was recorded as appropriate for obtaining the zero-order
sodium bicarbonate. Salts of other lipids were dispersed ininitial rate (o) at various bulk concentrations of lipid; for
water, and concentrations of stock solutions were verified long-chain analogs, 2040 ug of PxB was added [see Cajal
by the extent of hydrolysis by PLAiIn pH-stat assays. et al. (1996) and Jain et al. (1991c)]. BREA presented a
Hydrolysis of aqueous dispersions of lipids was initiated with special case. Since PxB has no effect on replenishment of
PLA; and monitored by the pH-stat method using a Brinkman DC14PA and concentrations of calcium needed to induce
(Metrohm) assembly with a stirrer speed about 2000 rpm. fusion also induce precipitation, large vesicles obtained by
Unless stated otherwise, pH-stat experiments were carriedfreezing and thawing of the sonicated dispersions were used,
out in 4 mL of 100 mM NaCl and 1 mM Cag&ht 25°C andwo was calculated from curve fit of the first order reaction
and pH 8.0 under a stream of nitrogen (Jain et al., 1986a; progress curve [see Berg et al. (1991)]. For long-chain
Berg et al., 1991). In order to prevent precipitation, it was analogsyy does not change with bulk concentration of lipid
necessary to assay [RA in 0.3 mM CaCJ; nonetheless,  because the enzyme is catalyzing hydrolysis in the scooting
this concentration is sufficient for full catalytic activity [see mode, whereby the enzyme does not leave the vesicle to
Kca*(S) value in Table 2]. Typically, £35 pmol of enzyme  which it is bound. Thusyu?PPvalues for long-chain lipids
was used to initiate the reaction, depending on\f&" of in Table 2 arey, i.e., the initial rate at the maximum possible
the substrate. Hydrolysis commenced in less than 3 s aftermole fraction of the substrate at the interfae= 1. Ky
addition of enzyme to any of the substrate dispersions values for the short-chain substrates were obtained from plots
reported here. To prevent carryover of enzyme, the reactionof v, versus (total) bulk substrate concentration; ad&isfPP
vessel was washed with detergent, rinsed several times withhas no meaning for long-chain analog¥,(50) values, the
water, washed with hydrogen peroxide, and finally rinsed mole fraction of inhibitor required for 50% inhibition a5,
several times with water. Background drift rates were were measured at saturating substrate concentrations. These
typically less than 1 nmol/min and were insignificant values are calculated by assuming that all the inhibitor is
(typically <1%) compared to the measured catalytic rates. distributed in lipid micelles or in the outer monolayer of
If inhibitor or other components were present in the reaction vesicles present in the reaction mixture (i.e., bulk concentra-
mixture, they were added before initiating the reaction with tion—cmc for lipid in the case of micelles; or the concentra-
enzyme; however, controls showed that the sequence oftion of lipid in the outer monolayer of vesicles, typically
addition of most components in the micellar assays did not 70% of the bulk concentration for small, sonicated vesicles).
significantly affect the appearance of the reaction progressTypically, results were obtained by adding successive
curve. The initial rate is expressed as turnover number peraliquots of inhibitor solution to the reaction mixture.
second, with uncertainty in reported values less than 10%. Controls showed that the order of addition of the enzyme,
Standard deviation for the derived parameters is 15%. substrate, calcium, or inhibitor had no anomalous effect on
Background calcium levels of various solutions were tested inhibition kinetics.
by fluorescence titration with Quin-2 (Tsien & Pozzan, 1989)  Equilibrium dissociation constants for the substrate analog
or by titrating the reaction mixture with BAPTA, which has (Ks*), products of hydrolysisks*), and inhibitors K;*) were
very high affinity for Ca. Both methods gave comparable determined by the protection method (Jain et al., 1991a; Yu
results and showed background calcium to be in th&édo etal.,, 1993). Values of the interfacial equilibrium parameters
uM range, depending on the substrate and other additives.are expressed in mole fraction units, and the estimated
Experiments with DEPM to determin&c*(S), the effective uncertainty in these values is less than 30%. Analytical
dissociation constant of calcium in the presence of a substraterelationships and procedures for calculating derived param-
interface, were performed without or buffered with a eters are given in the text. Detailed experimental protocols
chelating agent (EGTA). For experiments without EGTA, for the determination of equilibrium dissociation constants
the Ca(ll) concentration was adjusted by adding the back- for inhibitors bound to E or E* have been described (Jain et
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1000 | Table 1: Kinetic and Equilibrium Parameters for the Hydrolysis of
. DCsPM by Bovine Pancreatic PLANn 0.1 M NaCl and 1 mM
CaCl in the Presence of Two Active Site-Directed Inhibitors
oxy thio
T max*PP (S_l) 990 92
w S00r Kw@PP (uM) 100 11
Kea*(S) (uM) 3.7
Kea* (uM) 300
Ku* from Kca*(S) 0.012
X (508 MJ33 0.5
RM2 0.3
0 ' ‘ K* MJ33 0.01
00 [L?fi ] o 10 RM2 0.007
' Km* from MJ33 0.01
Ficure 2: Rate versus total bulk lipid concentration for gRA from RM2 0.016
(circles) and 1,2-dithio-DgPM (squares) by bovine PLLAn 4 mL Keat (579 1000

of 100 mM NaCl and 1 mM Caglat 25°C and pH 8.0.

aValues are taken above cmc of ERM (Figure 4C).

al., 1991a,b). As indicated in the text and shown elsewhere

(Berg et al., 1991; Jain et al., 1995) from combinations of |onger chain substrate in the processive scooting mode (Jain
these parameters, it is possible to obtain va[ues of interfacial o al., 1992). The magnitude of this effect shows that even
Ku* and ke parameters for the hydrolysis of REM though the rate of hydrolysis of REM is about 950 s
vesicles in the scooting mode. with bovine PLA, it is still limited by the chemical step.

As shown for mixed micelles of long-chain phospholipids,
o ] ) ~_if the substrate replenishment during the hydrolysis was
Kinetic Features of the Hydrolysis of Short-Chain Anionic |jmited by physical factors such as exchange or diffusion,

Lipids. As shown earlier (Jain & Rogers, 1989), the initial he rates of hydrolysis of the oxy- and thio- analogs would
region of the reaction progress curve for the hydrolysis of be virtually the same [for example, see Jain et al. 1993a)].
the aqueous dispersions of ERM is pseudo-zero-order. The '

same is true for other short-chain anionic substrates. Key Hydrolysis of Arsonolipids by PLA The kinetic behavior
results for the bovine and porcine P #are reported here.  for the hydrolysis of arsonolipids was similar to that for
The reaction begins immediately after the addition of anionic phosphono- or phospholipids. The possible origin
enzyme, and all the substrate present in the reaction mixtureof the difference in the observed rate was characterized by
is eventually hydrolyzed with a decreasing rate characteristic structure-activity correlation and by monitoring the catalytic
of integrated Michaelis reaction progress. Intrinsic enzyme parameters (Table 2). The apparent binding affinity of PLA
activity remains undiminished as is evident when a fresh to interfaces of the various lipids (expressedkag is
a|iqu0t Of SubStl’ate iS added to the reaCtion miXture at the within a factor Of 2, whereas the maximum Observed rate at
end of the reaction progress curve. In addition, measuredsatyrating bulk substrate concentrations®®, differ by more
rates show a linear dependence on the concentration Ofyyan 4 factor of 400. As shown later, this difference is due
enzyme .add(.ad. These kinetic boundary conquns d'St_m' primarily to a difference in the interfaci&l,: parameter.
guish this micellar assay from others used for interfacial
catalysis (Jain et al., 1995; Gelb et al., 1995). In addition to the arsenic versus phosphorus substitution,
The initial rate of hydrolysis of the short-chain anionic the structure of DgAs differs from DGPM in two important
phospholipids exhibits a hyperbolic dependence upon therespects (Figure 1): in D@s the oxygen bridge to the
bulk substrate concentration (Figure 2). As shown, the mostbackbone is missing and it is dianionic. The relative
remarkable feature of the hydrolysis of ERM is that the contribution of such factors can be judged from the following
rate of hydrolysis shows no anomalous change in the considerations. As shown in Table 2, the ratég2f?) for
observed rate at the cmc. Such a behavior is quite unlike the hydrolysis of DGPhM and DGPA are about 3-fold lower
that seen for the hydrolysis of zwitterionic short chain than that of DGPM. ThereforeVy2®for the hydrolysis of
phosphatidylcholines (de Haas et al., 1971; Pieterson et al.,gjoctanoyl glycerophosphonate (which could not be synthe-

1974; Jain & Rogers, 1989). The initial rate of hydrolysis sized) is expected to be about 10-fold lower, about 120 s
increases with the chain length and the nature of the headg;ca the observed rate for B is 20 s, it may be

group. For exampley at the bulk saturating concentration
of DC,PM is 4.5 s compared te~1000 for DGPM. Also,
we could not detect any hydrolysis of A nor did it
inhibit hydrolysis of other phospholipids, although it did
promote binding of PLA2 to zwitterionic interfaces. The
kinetic basis for such effects is elaborated below.

At saturating concentrations of RQEM, the chemical step
remains rate-limiting as shown by comparing the rate of
hydrolysis with that of its 1,2- dithioester analog (Figure 2
and Table 1): the ratio of the rates of hydrolysis of the oxy-
versus thio- analog of DM at saturating substrate hydrolysis by PLA. Collectively these results suggest that
concentrations is 10. This oxy/thio ratio or O/S element the effect of changing then3 substituent onVya”® is
effect is comparable to that observed for the hydrolysis of incremental and small but significant.

RESULTS

concluded the net effect of substitution of phosphorus by
arsenic is about a 6-fold lower rate. The arsonolipids with

four oxygen substituents to arsenic, isosteric with phospho-
lipids, cannot be synthesized by existing methods and are
expected to be unstable (Long & Ray, 1973). Therefore,

homoarsonolipid with a methylene substituent was synthe-
sized (Serves et al., 1995). Its rate of hydrolysis could not
be measured titrimetrically; however, as described below,
its dispersions in ethetwater mixture are susceptible to
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Table 2: Kinetic Parameters with Pig Pancreatic RwAth Various Short

-Chain, Anionic Substrates in 100 mM NaCl/1 mM GaCl

DCgP M DCBPA DCgPh M DCgAS DCloAS DC12AS DC14SA DC14PA

group -OPQCH;3 -OPH -PO;CHs -AsOzH -AsOsH -AsOz;H -OSOGH -OPsH DC,.PM
VP (s71) 1260 420 380 20 5 3 40 40 300
Kn2PP (M) 160 240 100 120
Kea(S) (uM) 6 10 10 6 40 100 100
Kn*@ 0.02 0.034 0.034 0.02 0.015 0.67 0.67
Xi(50) (MJI33) 0.086 0.0147 0.051 0.027 0.017 0.003 0.003 0.006
Kn* 0.015 0.10 0.027 0.053 0.088 0.67 0.87 0.30
Keat (573 1280 450 390 20 6 3 75 80 450
Kgs* 0.004 0.023 0.017
Kp* 0.025 0.013 0.03

a Based orKcs* = 0.3 mM.

Enantiomeric selectivity for arsonolipids was the same as
for phospholipids: in aqueous as well as wet diethyl ether
dispersions, only thB- but not theS-isomer was hydrolyzed
by PLA,. This is based on the observation that the
appearance of the products by thin layer chromatography
[in chloroform and acetic acid 10:1 v/v)] on silica plate
(Analtach) or by proton release under pH-stat titration
conditions was observed only with tReisomer but not with
the Sisomer. Hydrolysis of DEAs and homo-D@As
could be monitored only in wet diethyl ether dispersions;
here rates of reaction were too slow to monitor effectively
with pH-stat titrations. OnlyR-isomers of all the lipid
classes, including the homoarsonolipids, were hydrolyzed.

Hydrolysis of Arsonolipids by PLA from Other Sources.
Arsonolipids are also hydrolyzed by PLAfrom other
sources. Essentially the same features of hydrolysis of
arsonolipids by pancreatic PL.Aas described above were
observed with type Il (278 with the human synovial enzyme
and 1.1 s! with the basicAgkistrodon halys Blomhoffi
venom enzyme) and type Il (1.6 swith the enzyme from
bee venom) PLAwith DC;0As substrate. In all cases the

enzyme concentration as well as on the chain length of the
substrate. Only thB-isomer was hydrolyzed, and as detailed
below inhibition was observed in the presence of active site-
directed inhibitors.

Kinetic Features of the Hydrolysis of Long-Chain Anionic
Lipids. As shown in Table 2, the trends for long-chain
anionic lipids are the same as those for short-chain anionic
lipids. Changing the head group from a phosphatidylmetha-

100

50

% Saturating Rate

1

50

° 100 150 200
[Calcium], uM
Ficure 3: Dependence of the rate of hydrolysis of &® (circles)

DCi0As (squares) by pig pancreatic PLAn the calcium concen-

0 250

tration. The lipid concentration was 1 mM in both cases. Calcium

concentrations are corrected for the background Ca(ll). Other
conditions are as in Figure 2.

catalytic turnover cycle. Since aggregated species of large
molecular weight are formed in a mixture of PiAvith
anionic phospholipids below their critical micelle concentra-
tion, it would appear that under virtually all the conditions

rate of hydrolysis was dependent on substrate, calcium andwith which we are concerned the kinetic behavior is in accord
1 b W

ith the constraints of catalytic turnover at the interface of
a small aggregate.

Determination of Interfacial Ig*. Calcium is an essential
cofactor for the hydrolysis of phospholipids, arsonolipids,
and phosphonolipids by PLLA As shown in Figure 3, the
rates of hydrolysis of DE”M or DG0As show a hyperbolic
dependence on the calcium concentration although the
corresponding/m2°P values differ by more than a factor of
250 (Table 2). Values of the apparent kinetic dissociation

nol to the corresponding phosphatidic acid reduces the rat€constant for calcium in the presence of a substrate interface,

by a factor of 4. Substituting sulfur for phosphorus in this
monoester has no further effect on the rate. Yet, it should
be noted that DGSA is monoanionic as opposed to the
dianionic DG4PA. The rates of hydrolysis for DGAs were
immeasurably slow, at least a factor of 100 lower than the
rate of DG4PM. This is consistent with the assertion that a

Kca¥(S), obtained from such plots are summarized in Tables
1 and 2. They show a relatively small variation with the
structure of the head group, even though the maximal rates
(VM2 at saturating calcium concentration show a much
larger range. Kc*(S) is related toKcg*, the dissociation
constant for calcium bound to PlAat the interface but

4-fold decrease in the rate is due to the change toadianionicwi,[hOut the substrate in the active site. Sinkes is
. a

lipid, then another 4-fold change is due to substitution of

phosphorus by arsenic, and then a comparable change is du

to the removal of thesn-3 oxygen in the arsonate.

Kinetic and Equilibrium Parameters.As developed
below, the formalism developed for anionic vesicles (Berg
et al., 1991; Jain et al.,, 1995) was modified to consider
whether the enzyme involved in the catalytic turnover is

obtained independently by the protection method, it is
Eossible to calculate interfaci#&y* from eq 1 (Yu et al.,
1993):

K *
KCa*(S) = <

1+

(1)

S
*
KM

actually sampling monodispersed solitary substrate molecules

or the Michaelis complex is in an aggregate form even when
the bulk substrate is monomeric. In the first c&sg*Pand
Vm?P have standard enzymological significance for the

Assuming that the mole fraction of the substrate at the
interface, % = 1, calculatedy* values are summarized in
Tables 1 and 2.
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Ku* values were also obtained from the kinetics of
inhibition in the presence of active site-directed competitive
inhibitors such as MJ33 and RM2 (Jain et al.,, 1991b).
Hydrolysis of DGPM is inhibited by these inhibitors. The
order of addition of the components of the reaction mixture
was not critical, and the same degree of inhibition was seen
whether substrate was preequilibrated with inhibitor before
the addition of enzyme or when the inhibitor was added to
reaction in progress. As expected, the competitive inhibitor
changes only the initial rate of hydrolysis but not the extent
of hydrolysis. The plot ofv/y, ratio versus the inhibitor
concentration is linear; herey, is the steady-state rate in
the absence of inhibitor, angd is the rate in the presence of
inhibitor. With all the substrate and inhibitor combinations
that we have tested, the plot was linear with greater than
90% inhibition at higher concentrations of the inhibitor. The
bulk concentration of an inhibitor for 50% decrease in the
rate,1,(50) values, were obtained from such plot.

The dependence ¢f(50) values on the bulk concentration
of DCgPM was particularly revealing. As shown in Figure
4A, 1(50) value increases with the bulk substrate concentra-
tion with an abrupt change at 0.4 mM, which corresponds
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to the cmc of DGPM. Results below cmc are replotted in
Figure 4B. For the action of a soluble enzyme on a soluble
monomeric substrate

.0005
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Ki[S] [DCgPM], mM
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1(50) =K, + )

Calculated values df, andKy for several inhibitors were
compared. The calculated valuekyj were comparable but
somewhat larger than the experimerkgFP®?. On the other
hand, the calculateld, values are considerably smaller than
the corresponding, value but comparable to th& ¢ values
obtained at the interface of a neutral diluent. Based on these o
and other (Rogers et al., 1992; Jain et al., 1993b) results, it °
can be assumed that even though the bulk substrate concen-
tration is below the critical micellar concentration, the
environment that the complex of the enzyme and the inhibitor 0 : :
“sees” is similar to that of the complex bound to the interface 0o 04 08
of a neutral diluent. Such anomalies are also indicated by [DCaPM] - cmc, mM
other kinetic results (Rogers et al., 1992), and spectroscopicricure 4: (A) Dependence d(50) for MJ33 (squares) and RM2
evidence is presented in the next subsection. (circles) on the bulk concentration of [QPM. Reaction conditions

For the interpretation of results in Figure 4A, consider the Were as in Figure 2. (B). Expanded scale for the dependence of

: . 1¢(50) for MJ33 (squares) and RM2 (circles) on the concentration
following arguments. Below cmc, bulk of the substrate is of DCgPM below its cmc valuek; is obtained as thg-intercept of

monodisperse; however, the enzyme in the premicellar this plot if it is assumed that the catalytic turnover is described by
aggregate has its own complement of substrate moleculeshe classical soluble solitary ES Michaelis complex. Under these
which will determine the effective substrate concentration conditions the slope i&/Ky. As discussed in the text, other results

in the organized (micro-)interface. Inhibitors that we have are inconsistent with this interpretation, and alternative mechanism

o . is suggested. (B). Dependence X{50) of MJ33 (squares) and
teSteF’ are expected to partition almost completely |nto. any pm2 (circles) on the concentration of RPM present as micelles.
premicellar aggregates that may be formed below the critical x,(50) is calculated by subtracting cnve 0.35 mM) from the bulk

micellar concentrations of the substrate. This will result in lipid concentration.
an effectively higher concentration of the inhibitors on the
enzyme containing aggregate. This is because only a smalltion, and so is the fact thal(50) does not increase
fraction of the total substrate is in the aggregate, and the significantly until cmc of DGPM is reached (Figure 4A).
enzyme containing micelle sequesters a much larger propor-As expected, below cmc an increase in the bulk substrate
tion of the inhibitor, i.e., the enzyme in the premicellar concentration does not change the effective substrate or
aggregate “sees” a much higher mole fraction of the inhibitor inhibitor mole fraction in the premicellar aggregate. Only
than that based on the bulk average concentration of theabove cmc of DEPM, where there are sufficient micelles
inhibitor. of lipid, is a uniform and random distribution of inhibitor
The low I(50) values observed at the sub-cmc bulk throughout the bulk ensemble of micelles ensured. Thus a
concentrations of D§PM are consistent with this interpreta- constantx;(50) is seen only above cmc.

X1(50)
w
o
o

1.2
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The bulk saturating concentrations of substrates (Figure 15
2) are above their cmc’s. Since a pre-formed interface is
present in micelles and vesicles, dependence of the observed
rate on the inhibitor concentration may be meaningfully 1ol .
expressed in the interfacial concentration units suckas o
(50), the mole fraction for 50% inhibition. This is based on W o
the assumption that the catalysis occurs at the interface and a o ° °
that all the inhibitor is partitioned in the interface. The 05F o o
partition coefficient of MJ33 and RM2 in favor of the o o
micellar interface is very high (Jain et al., 1993b). Thus 0.0
[«(50) values obtained above cmc can be expressed-as 0.0 .
(50) values by taking into consideration only the substrate 0 40 . 80
concentration present as micelles, that is, cmc subtracted from DCaPH ether/PLAz (nole ratio) _
the bulk concentration, or by taking into account only the Ficure 5: Change in fluorescence emission at 333 nm for pig

. . pancreatic PLA (excited at 280 nm) as a function of @M-ether
substrate concentration present in the outer monolayer Of(expressed as lipid/enzyme mole ratio). Pig RLA 77 uM) was

vesicles. As shown in Figure 4C thg(50) values are  preequilibrated in a 1.4 mL cuvette containing 5 mM NaCl and 10
constant as a function of the bulk substrate concentrationmM Tris buffer with background levels of Ca(ll) (squares) or with
above cmc. This is an expected result for interfacial catalysis 2.4 MM EGTA (circles), at pH 8.0 and 2&. CaC} (2.86 mM)
because the interfacial substrate concentration that theWas added atthe end of the titration containing EGTA (filled circle).
N ,, . ) . Fluorescence measurements were taken after each successive
enzyme “sees” for ;he formation of the M|chaells complex  4qgition of DGPM-ether.
does not change with the bulk concentration of the substrate
(Jain et al., 1986a, 1995; Berg et al., 1991). tendency of the substrate. NonhydrolyzablesPR-ether
The interfaciaKy* is related toX;(50) (Berg et al., 1991)  (cmc of 0.03 mM) was employed for the measurements in
the presence of the enzyme. In the presence of RhA
X,(50) : inflection shifts to 0.12 mM (results not shown). This effect
1 — X,(50) ©) of the enzyme can be rationalized as a competition for the
amphiphile between the air/water surface versus the enzyme
Ku* values obtained from th&* values, determined by  in the bulk agqueous phase. Thus the air/water surface
the protection method (Jain et al., 1991b), are summarizedeffectively saturates at higher RM-ether concentrations
in Tables 1 and 2. These values are in agreement with theas the enzyme binds the monomeric amphiphile. This shifts
Ku* values obtained fronKc#(S). From Table 2 itis clear ~ the natural equilibrium between surface monomers and
that Ky* values display only a modest dependence on the micelles. Since the apparent cmc increases from 0.03 to 0.12
structure of the head group. Based on these resultsvas mM in the presence of 0.00465 mM PLAhese results show

calculated fromVy2*P and Ky* value according to the  that the mole ratio of lipid to enzyme in the aggregate is
equation: about 20, as also shown by the fluorescence method,

described below. These results support the hypothesis that
Keat= V"L + Kyy*) (4) premicellar aggregates of PkAre formed with monomeric
amphiphiles and show that the enzyme alone or in combina-
Results summarized in Table 2 show that the lowgt*P tion with the amphiphiles does not partition in the air/water
for the hydrolysis of arsonolipids is primarily due to low interface.
kear As also summarized in Table 2, the interfacial equi-  High Affinity Binding of PLAto Substrate below Its Cmc
librium dissociation constants for the products of hydrolysis Binding of PLA; to the interface is accompanied by an
(Ke¥) of R-arsonolipid and phospholipid and for the nonhy- increase in the fluorescence emission from Trp-3 (Jain et
drolyzable substrate analog, ttf&enantiomer Ks*), are al., 1982, 1986b; Jain & Vaz, 1987; Jain & Berg 1989). As
comparable. These values are also comparable to those witlshown in Figure 5, the fluorescence intensity increases
long-chain phospholipids. Collectively these results show linearly with the bulk DGPM-ether concentration and
that the primary effect of the change in the structure of the reaches maximum at roughly 20 amphiphile molecules per
head group is on the chemical step of the catalytic cycle. enzyme. This corresponds to a bulk concentration 0§-DC
The change irKy*, at least in part, is due to the change in PM-ether of roughly 0.023 mM, which is slightly below cmc;

1 1
7= |t

1+ K"

the value ofk; (which is ke, because however, it may be noted that the lipid/enzyme ratio of 20
is observed even if the enzyme concentration is increased
. — ko + kg ) by a factor of 10. If microaggregates were not formed, there

M K, should be no increase in the fluorescence until cmc of-DC

PM-ether (0.03 mM) is reached. Results show not only an
For DGPM k_; < ky, based orKs = k_1/k; = 0.004 (Table increase but also a saturation below cmc with no further
2). increase in the fluorescence above cmc.

Aggregation Tendency of RQEM and PLA. The cmc Spectroscopic Signatures of PLAn Premicellar Ag-
values obtained by surface tension measurement are ingregates.Binding of an active site-directed ligand to PLA
agreement with those obtained by inflectionl §60) versus at the interface is accompanied by a characteristic change
DCgPM concentration (Figure 4A). The surface tension in the UV absorbance; however, such changes are not seen
method was employed to monitor a change in the monomerwith a monodisperse EL complex. As shown in Figure 6,
substrate concentration, which provides information about the change in the UV absorbance on the binding of PioA
the effects of enzyme and inhibitor on the aggregation DCsPM-ether (or DGPM-ether) showed a change charac-
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?

E+ S ES—~E+ P
s*’dr ” “ k ”
E+S——FES——=E+F

FiGurRe 7: Minimum kinetic scheme for the hydrolysis of short
chain phospholipids where the catalytic turnover may be mediated
by the solitary monomer form (ES) or the interfacial form (E*S)
of the Michaelis-Menten complex. In analogy with the classical
Michaelis—=Menten kinetics the catalytic turnover cycle with the
ES form occurs in the aqueous phase. The E*S form mediates the
ol ‘ catalytic turnover at the interface where not only the form of the
250 300 350 enzyme but also the constraints of the binding of the substrate to
Wavelength (nm) form the E*S complex are controlled by the interface.

FiIGure 6: Change in the absorbance spectrum on the addition of ) . L
(from top) 1070, 535, 214, and 107 nmol of E®M-ether added ~ S€en for the hydrolysis of short chain zwitterionic phos-
to 21 nmol of pig PLA in 0.6 mL of 10 mM Tris [with background ~ phatidylcholines by pancreatic PLAwhere a dramatic

levels of Ca(ll)] at pH 8.0 and 24C. Such spectral changes are increase in the rate is observed at the cmc (de Haas et al.,
observed only upon the formation of E*L species [see Jain and 1971 Pieterson et al. 1974). Although the anomalous
Maliwal, (1993)]. behavior at the cmc has been a holy grail of interfacial
activation (Verheij et al., 1981), examination and evaluation

teristic for the occupancy of the active site as in E*L. Not of such results in terms of the constraints of interfacial
only the fine structure of the spectral change is different for . . . . : X
catalysis on micelles remains a major unresolved issue in

these two lipids, but the shape and the magnitude of the'nterfacial enzymology. A minimum kinetic model to

absorbance change is also different than that observed With:‘acilitate discussion is shown in Figure 7. It consists of two
the E* to E*L change on a neutral diluent (Dupureur et al., 9 )

1992). Regardless of whether such changes could arise fron’ arallel pathways for the hydrolysis of the subsrate, and the

a difference in the microenvironment of the tryptophan and ;nscgﬁﬁqlggrtjgg?nez ISl\Illck;IrYSri Inotr)g[rt;rg;;uedseesg?ttz\;viﬁaﬁ ;ﬁ:
tyrosine residues involved in these interactions, it is clear turnover via solitarq monoméric Michaelis complex (ES) i¥1
that changes in the UV spectrum are associated with the y p

binding of an active site directed ligand to the enzyme at chiiht;uelll?si%erolgi (Fglass)eatatﬂg imgrfc:?:r l:l”:t ct:]? 't?]t:rsfg ifl
the interface because such spectral changes are not seen P ‘ y

0 : .
the binding of an active site-directed ligand to the enzyme (réonfqrmatmnal or allosteric) pf the enzyme bu.t also the
in the aqueous phase (Jain et al., 1993b). effectlve_: substrate concentration for _the format_lon_of the

Michaelis complexes during the catalytic turnover is different
DISCUSSION in the solitary and interfacial modes (Jain et al., 1993b).

According to the scheme in Figure 7, hydrolysis of short

The study described in this paper was designed to chain phosphatidylcholines is interpreted with the assumption
understand the role of tten-3 phosphate of the substrate in  that below cmc the monomeric mode of hydrolysis predomi-
the events of the interfacial catalytic cycle. Protocols to nates, whereas the interfacial mode on micelles predominates
deconvolute relevant parameters for the hydrolysis of short above the cmc (Pieterson et al., 1974; Verheij et al., 1981;
chain anionic lipids are also developed. The surprising Roberts, 1991). Serious doubt regarding this interpretation
results are that PLA2 forms premicellar aggregates, that thehas been raised elsewhere (Rogers et al., 1992), and results
rate of hydrolysis does not show an anomalous effect at thereported in this paper show that indeed even when bulk of
cmc of the bulk substrate, and that the chemical step of thethe DGPM is dispersed as solitary monomer the enzyme is
catalytic cycle is significantly influenced by the nature of present substantially, if not exclusively, in an aggregate
the polar substituent. The detailed significance of these formed with the substrate amphiphiles. Although we do not
observations in the context of interfacial catalysis is devel- have any information about the structure and composition
oped below. of these aggregates, from the bulk of the evidence it is clear

Hydrolysis Occurs in AggregatesBinding of PLA; to that the overall process may be analogous to that of the
the interface is a critical step for interfacial catalysis. Results formation of premicellar aggregates containing less than 100
reported here show that while the bulk of the short chain amphiphiles per enzyme (Van Eyk et al., 1984; Van Oort et
substrate molecules are dispersed as solitary monomers belowl., 1985). The kinetic results also suggest that the environ-
their critical micelle concentration, the microenvironment of ment that the PLA“sees” during the catalytic turnover on
the enzyme where catalysis occurs is similar to that of an these micelles at saturating bulk substrate concentrations is
aggregate. A plot of rate versus concentration of;PI@ comparable to what the enzyme “sees” on the interface
(Figure 2) and its phosphono- and arsonolipid analogs during catalysis in the highly processive scooting mode (Jain
exhibits apparently classical hyperbolic dependence with noet al., 1995).
apparent anomalous effect at cmc. While these results are  The Chemical Step and the Transition Staté,2°F for
consistent with the effect of pancreatic PLAN anionic the hydrolysis of DGPM is among the highest reported for
sulfolipids (Van Oort et al., 1985), this apparently standard PLA,. Under these conditions the chemical step remains
substrate concentration dependence has a quite differentate-limiting (Figure 2 and Table 1) as is the case at the
microscopic significance due to the formation of premicellar bilayer interface (Jain et al., 1992). As a first approximation
aggregates. we have assumed that the substrate replenishment or removal

The hyperbolic dependence of the observed rate on theof the product is rapid compared to the chemical step, and
concentration of anionic substrates is quite different than that such physical processes do not contribute to the catalytic
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turnover. If soVu2PPcorresponds to the interfacial turnover
rate at maximum mole fraction= 1) of the substrate
expressed as,. The fact that the chemical step remains
rate-limiting at saturating bulk substrate concentrations is
consistent with the assumption that the effective rate of !
replenishment of the substrate in the premicellar complex is
considerably more rapid than the rate of hydrolysis. For
example, in micelles of DEPM with cmc of about 10* M, R
the effective exchange rate is expected to exceéds10 [
C

This is based on the general observation that in micelles the

C, y
on-rate for the binding of an amphiphile is diffusion-limited Wi ET/ \S‘Q/ e
and that the effective exchange rate is limited by the off- =

H
rate for the removal of the amphiphile from the interface as  gCa——Gg-----y - OH---====- N
implicit in the value of cmc. This extrapolation from the " — \/NH """ 0% 0.0
behavior of micelles is valid only if the exchange properties \/
of the amphipile in the enzyme-containing aggregates are \ |/ R, Dyy
the same as in the micelles without enzyme. While this P | Hi

concentrations, the bulk substrate concentration dependence \ /S 9
of the rate (Figure 2) suggests that at low bulk substrate =~ ©* ‘
substrate concentrations this assumption is not valid and we H \)H 0%,9.0
are trying to evaluate its significance. \/
Collectively, the results at hand show that the observed \| / Dgy

rate for the hydrolysis of anionic amphiphiles is predomi- ',

nantly, if not exclusively, due to catalytic turnover through
the interfacial E*S form of PLA, and that the turnover N 0/ \OH/"

..... OH_.,_
through the monomeric ES form, if it occurs at all, is @Ca/ H

Hyg
—
N
N\ 0% @2
relatively insignificant and cannot be deconvoluted. Itis also \/
obvious that for a quantitative interpretation of the signifi- Doy
cance ofKy?P and V2" it will be necessary to have an

estimate of the structure, size, and exchange dynamics Ofl;atalytic residue (His-48), the calcium cofactor, and the three water

the components in the complex where the catalytic turnover molecules in PLA as shown by crystallographic results (Dijkstra
occurs. et al., 1983; Scott et al., 1990). Next three panels show possible

Implications on the Reaction Mechanism and the Nature Sequence of events during the chemical step of the catalytic cycle

of the Transition State The rate constant for the chemical by PLA,. Initial binding of the substrate carbonyl occurs such that
(first step) ws in the coordination shell is the nucleophile.

step, keat (= k2 on the basis of oxy/thio ratio), changes pecomposition of the tetrahedral intermediate (second step) is
significantly with the structure of the head group. Also, there initiated as the oxygen of then-3 phosphate displaces,. This is
is a small difference ilKs* values which would suggest that  postulated to be the rate-limiting step.
the partitioning of E*S changes with the nature of the
substrate. This conclusion is not entirely consistent with the localization of the nucleophile that attacks 8re2 carbonyl
current consensus mechanism for secreted R\M&rheij et group to form the tetrahedral transition intermediate. Details
al., 1980; Scott et al., 1990), which postulates thatsiha of the model are being worked out; however, key elements
phosphate is required for the formation of the Michaelis may be noted. It is postulated that neither the formation of
complex. According to this mechanism Ca(ll) polarizes the the nucleophile nor its attack on tise-2 carbonyl group is
carbonyl group as a prelude to the formation of the transition the rate-limiting step, but it is in the decomposition of the
state intermediate, formed by an attack by a water moleculetetrahedral intermediate. Since polarizedn the expanded
(or hydroxide) activated by His-48. The fact that the rate coordination shell is hydrogen-bondeddad of H48 viaws
of hydrolysis of the thio- substrate is considerably lower than (Figure 8), it is likely that asws is deprotonated by the
that of the oxy- substrate (Jain et al., 1992) is also calcium ion (with a possible contribution from D49), the
inconsistent with the consensus mechanism because a nutesulting nucleophilic hydroxide (still in the coordination
cleophilic attack on the thioester group is favored. An shell) attacks the carbonyl to form the tetrahedral intermedi-
attractive alternative or refinement for the current consensusate. Then, in the rate-limiting stepro-Soxygen from the
mechanism is suggested by the results in this paper and thesnt3 phosphate replaces apica, to enhance the decom-
modeling studies described elsewhere (Seshadri et al., 1994)position of the transition state intermediate into products.
It is briefly outlined below while details are being worked The catalytic water invoked in this mechanism will not be
out. seen in the structure of cocrystals because the extra oxygen
The question of the rate-limiting step in the catalytic in the tetrahedral phosphate (Scott et al., 1990) or the
mechanism of PLA2 has not been addressed before becausBydrogen-bonding of the amide nitrogen with H-48 (Thun-
the primary rate and equilibrium parameters could not be nissen et al., 1990) would disrupt the hydrogen-bonding
determined. This has been accomplished by the use ofnetwork stabilizingws in the coordination shell around the
highly processive scooting kinetics (Jain et al., 1995), and Ca.
an attempt to integrate this information is shown in Figure  To recapitulate, results reported here show that hydrolysis
8. Here, calcium is responsible for the formation and of anionic phospholipids occurs in aggregate form of the

assumption is probably valid at saturating bulk substrate i;@ ¢ /C\\_O/CZ /\‘

IGURE 8: Top panel (in the box) shows the relationship of the
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substrate even when bulk of the substrate is dispersed aglain, M. K., Rogers, J., Hendrickson, H. S., & Berg, O. G. (1993a)

solitary monomer. Since thie, depends on the nature of

the head group (phosphate, phosphonate, arsonate), it i

suggested that its interaction with Ca(ll) is critical in the
chemical step of the catalytic cycle, possibly during the
decomposition of the tetrahedral transition intermediate.
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