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ABSTRACT

Highly purified phospholipase A^ (EC 3.1.1.4) hydrolyzing pure 
phosphatidylcholine in reversed micelles in diethylether-methanol (95:5, 
v/v) displays unexpectedly complex kinetics. Apparent anomalies in ki
netic behavior are shown to be due to the interaction of the enzyme with 
different lipid species existing simultaneously in the organic solution. 
The relative concentrations of each of the proposed species: 1) anhy
drous lipid, 2) a moderately hydrated lipid, 3) a second hydrated lipid 
of high molecular weight and 4) a cation associated lipid are dependent 
on the relative concentrations of reactants, cation, water and lipid and 
are also dependent on the order of mixing the reactants.

When the lipid and water are pre-equilibrated in diethylether- 

methanol and the enzyme added in a small volume with CaCl^, Method I, 
the following results are obtained: 1) there is fourth order activation
by water until an optimal water concentration is reached at approximate
ly 18 ul/ml, 2) near the water optimum, equilibrium-ordered addition of 
calcium ion and lipid to the enzyme is observed, 3) below the water op
timum, calcium ion at high concentrations is inhibitory and 4) the in
hibition by calcium ion is competitive with respect to water.

When the lipid substrate, water and calcium ion are pre
equilibrated in diethylether-methanol prior to enzyme addition, Method 
II, an entirely different kinetic response is observed^ 1) there is
pronounced substrate inhibition, especially at low water arid low calcium 
ion concentrations and 2) all reciprocal plots are nonlinear. However,

xii
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activation by water is still observed at any constant lipid concentra
tion.

The solubility of the enzyme within the micelle was measured 
125using I labeled protein. The incorporation of the enzyme into the 

micelle is absolutely dependent on the presence of divalent cations. 
Although calcium ion is absolutely required for catalysis, solubiliza
tion of the enzyme into the micelle is observed with both barium and 
magnesium ion. In the presence of a divalent cation, activating water 
concentrations completely solubilize the enzyme; much less enzyme is 
solubilized at water concentrations greater than the optimum. The acti
vating effect of water is not related to the solubilization of the en
zyme into the micelle.

In Method I addition of reactants at water concentrations near 

the water optimum, the moderately hydrated lipid is shown to be the sub
strate for the enzyme. Although the lipid binds 5-6 water molecules 
prior to the onset of enzymatic activity and binds approximately thirty 
water molecules at the water optimum, fourth order kinetics with respect 
to water are observed during the water activation phase. Binding 
studies in methanol-water using gel filtration indicates that the lipid 
binds four water molecules. Furthermore, a lipid species which binds 
four water molecules in methanol-water is shown to be the substrate for 

the enzyme.
Calcium and magnesium ions, but not sodium ion, were shown to 

bind to phosphatidylcholine in methanol-water using gel filtration.
High concentrations of calcium or magnesium ion inhibit the hydrolysis 
in methanol-water solutions. Magnesium ion, but not sodium ion.



xiv
inhibits the hydrolysis in diethylether-methanol at low water and high 
cation. This inhibition is shown to be a nonspecific divalent cation 
effect. Based on this, observation, calcium ion, in addition to its 
catalytic role, was shown to act noncatalytically in two important ways 
in diethylether-methanol: 1) it is absolutely required in enzyme solu
bilization into the micelle and 2) calcium ion forms a complex with the 
lipid substrate at low water concentrations. This complex is enzymati
cally inactive.

On the basis of the data presented, the distribution of lipid 
species present in diethylether-methanol prior to enzyme addition and 
the effect of the distribution on the solubilization of enzyme into dif
ferent micellar species is discussed. The state of hydration of the 
lipid and its effect on interfacial properties leading to productive in
teractions with the enzyme is also discussed.



INTRODUCTION

Phospholipase (EC 3.1.1.4) catalyzes the specific hydroly
sis of the fatty acid esterified to the two position of 1,2-diacyl-sn- 
glycero-3-phosphorylcholines* (lecithin).

0II+ R^-CH^-C-OH

0  HC-O-C-CH^-R^ HC-0-C-CH2 -R 1

R2-C„2.S.O-i„ „ AZ , „ | H o
I H +  ̂ l II +

HC-O-P-O-CHL-CHL-N(CUL)- H C -0-P-0-CH L-C H L-N (CH ^)_
U  I _ L L D O  TJ | _ L L O 0
n 0 n 0

The products of the reactions are fatty acid and 1-acyl-sn-glycero-3- 

phosphorylcholine^ (lysolecithin).
Van Deenen and de Haas (1963) have determined the minimum struc

tural requirements for an active substrate to be

0II IR-CH2"C_0-C-H q
ii

H-C-O-P-O- i I.H 0

1. These compounds are named according to the tentative rules 
for lipid nomenclature (IUPAC), however for simplicity they will be ab
breviated, i.e., as dioctanoyl phosphatidylcholine, dioctanoyllecithin, 
or generally, lecithins. 1-Acyl-glycero-3-phosphorylcholine will be 
called lysolecithin.



These studies used whole venom of Crotalus adamanteus as a source of 
phospholipase and buffered aqueous dispersions of substrates. Cal
cium ion is an obligatory cofactor and cannot be replaced by other cat
ions (Long and Penny, 1957; de Haas et al., 1971; Wells, 1972).

The enzyme from C. adamanteus venom has a molecular weight of
30.000 and exists in two distinct forms, a and g (Saito and Hanahan, 
1962; Wells and Hanahan, 1969). Except for electrophoretic mobility, 
the two forms possess identical catalytic and physical properties. The
30.000 molecular weight form is a dimer of apparently identical sub
units. The dimer rather than the monomer is currently thought to pos

sess catalytic activity (Wells, 1971a). The enzyme is relatively stable 
due in part to, the 14-15 disulfide bridges contained in the dimer.

The catalytic reaction proceeds with 0-acyl cleavage, although 
no evidence for a covalent acyl-enzyme intermediate has been found 
(Wells, 1971b). It has been suggested that a lysine is involved in the 
active site of the enzyme (Wells, 1973). A complex of lipid and calcium 
ion does not serve as a substrate for the enzyme (Wells, 1972; Roholt 
and Schlamowitz, 1961; de Haas et al., 1971).

Wells (1972) found from kinetic studies with aqueous dibutryl- 
lecithin in the monomeric state, i.e., at lipid concentrations below the 
critical micelle concentration, that the mechanism of enzyme action is 
equilibrium-ordered. The binding of calcium ion to the enzyme is at 
thermodynamic equilibrium and adds prior to the lipid. The release of 

products is also thought to be ordered with the fatty acid released 
prior to lysolecithin.



Although it has been known for several years that the physical 
properties of the substrate markedly influence the activity of phospho- 
lipase Â , very little is understood regarding the properties of the 
surface of the aggregate and the interaction of phospholipases with the 
lipid-water interface. Those studies which have investigated the enzy
matic activity at the interface of various model systems, e.g., mono
layer (Bangham and Dawson, 1960; Colacicco and Rapport, 1966; Zografi, 
Verger and de Haas, 1972; Verger, Mieras and de Haas, 1973), bilayer 
and liposomal (Uthe and Magee, 1971; Jain and Cordes, 1973a), and mi

celles (de Haas et al., 1971; Bonsen et al., 1972; Wells, 1974), were 
performed in an aqueous medium. Under these conditions, the polar head 
groups of the amphiphillic lipid molecules are oriented into the bulk 
aqueous phase with the aliphatic side chains associated within the polar 
phase. These various aggregate structures are depicted in a highly 
simplified manner below.

monolayer bilayer

micellar liposomal

In all cases, the driving force for the formation of these structures 
is the removal of the apolar side chains from the aqueous medium



accompanied by the solvation of the polar region of the lipid molecule. 
The interfacial properties, in terms of enzyme reactivity, are deter
mined by 1) the state of the hydrocarbon chain, i.e., the relative 
fluidity of the apolar region (Shimshick and McConnell, 1973), 2) the 
effects of other amphiphillic molecules present in the system (Bangham 
and Dawson, 1959; Jain and Cordes, 1973b), 3) the effects of the ionic 
charge characteristics due to associations of cations present in the 
bulk phase (Wells, 1974), 4) multiple forms of lipid aggregates (Tinker 
and Pinteric, 1971) which may have different affinities for the enzyme 
and 5) the effect of lipid hydration at the surface of the micelle.

The activation of phospholipase by substrate aggregation in 

water was investigated by Wells (1974) and found to be primarily related 
to a lowered entropy of activation for hydrolysis. He has suggested 
that the lower entropy is a result of the greater restriction of molecu
lar motion when the lipid is contained within a micelle. The mechanism 
of action in the micellar system was equilibrium-ordered although the 
apparent kinetic mechanism was shown to be sensitive to pH and mono- 
and divalent cation effects acting on the micellar surface.

An alternative approach to studying the effect of substrate 
aggregation on reactivity is to take advantage of the observation that 
phospholipase A^ is active in organic solvents.

Hanahan (1952) noted that a crude preparation of pancreatic 
phospholipase Ag was active in a diethyl ether solution of egg yolk lec

ithin. He was able to extract both the enzyme and the lipid from an 
aqueous emulsion into diethyl ether. Since the enzyme was insoluble in 
ether in the absence of lipid, it was concluded that an enzyme-substrate



complex existed in the ether solution. Product analysis showed only 
free fatty acid and lysolecithin were produced in the hydrolysis. A 
precipitate which formed during the course of the hydrolysis in ether 
was shown to contain lysolecithin and all of the added enzyme (Hanahan, 
Rodbell and Turner, 1954). The addition of fresh substrate in diethyl 
ether to the isolated precipitate re-established the enzymatic hydroly
sis. The original supernatant which contained no phosphorus possessed 
no enzymatic activity.

Long and Penny (1957) reported a preliminary kinetic study on 
the enzymatic hydrolysis occurring in diethyl ether. They used a crude 
preparation of the enzyme from cotton mouth moccasin venom and used egg 
yolk lecithin as a substrate. Calcium ion was required for activity and 
was not replaced by several other cations tested. An interesting obser
vation was that optimal calcium ion concentrations depended on the sub
strate concentration, but the rates were independent of the calcium ion 
to enzyme ratio. The enzymatic reaction was inhibited at high calcium 
ion concentrations. Saito and Hanahan (1962) also noted that calcium 
ion had an optimal concentration in studies using partially purified en
zyme preparation from C. adamanteus venom. Wells and Hanahan (1969) 

utilized an assay system which involved diethylether-methanol, 95:5 
(v/v) as solvent. They observed that the amount of water added to the 
assay solution critically affected hydrolytic rates and suggested that 

there might be a complex relationship of water, calcium, and lipid con

centrations on the rate of reaction.
The orientation of the lipid molecules in an organic solvent 

would be inverted with respect to the orientation in an aqueous solution



(Winsor, 1968). The polar regions of a lecithin molecule, i.e., the 
phosphorylcholine group, would be oriented into the center of the mi
celle forming a relatively polar interior. The apolar aliphatic fatty 
acyl side chains would be in contact with and solvated by the bulk or
ganic solvent. Additional molecules could be solubilized (dissolved) 
within the polar or apolar regions of the micelle depending on the prop
erties of the added molecule. For example, added proteins, water, or 
cations would be expected to partition into the region of higher polari
ty existing within the interior of the micelle. Organic molecules of 
similar polarity as the bulk solvent could organize within the region of 
the aliphatic side chains. Other water insoluble amphiphilic molecules 
could integrate within the micelle and orient themselves with their po
lar groups toward the interior and the apolar groups toward the bulk 

solvent. Molecules with polarities greater than the bulk solvent but 
less than the interior would tend to partition into the interface be
tween the polar and apolar regions oh the interior of the micelle (Win- 
sor, 1968). For example, the addition of methanol to a lecithin 
solution in diethyl ether could result in the methanol partitioning into 
the interior.of the micelle.

Presumably, the enzymatic reaction occurs within the interior 
of the micelle. The concentration of hydrolyzable ester would be. rela
tively high and the environment suitable for the solubilization of the 
enzyme. Water and calcium ion would also partition into the interior 

where all components for the hydrolysis would be present.



The possibility that the lipid substrate may exist in multiple 
forms in solution introduces several general questions regarding a ki
netic analysis of an aggregating substrate system.

Which of the aggregate forms is the substrate which combines 
productively with the enzyme? What is its relative concentration and 
how can it be measured? Can there exist more than a single hydrolyzable 
form? Does the enzyme combine with a lipid form other than the actual 
substrate? If so, what are the relative affinities for each of these 
states? Are all lipid-enzyme complexes productive or can some complexes 

be dead ended? What is the.true concentration-of the enzyme which is 
actively engaged in hydrolysis? Does the presence of the enzyme itself 
in the micelle affect the state of lipid aggregation?

What influence does the chemical structure of the substrate pro
vide toward the state(s) of aggregation? What influence does the intro
duction of a cation have on the micellar state? And finally, what other 
parameters influence the state of substrate aggregation and how do these 
affect the lipid-protein interaction?

The influence of aggregated substrates on a kinetic analysis can 
be overwhelming, but can, nevertheless, yield valuable information on 
the interaction of lipids providing that the complex parameters can be 
dissected. The use of aggregated substrates may, in fact, be desirable 
in the determination of the complex relationships of this interaction.

Micellar phosphatidylcholines and highly purified phospholipase , 

Ag provide, a relatively simple but pure lipid-protein model system 
which may be kinetically studied in an attempt to answer some of the
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questions posed above. No studies have appeared which address these
questions directly.

It was of interest to perform an analysis of the enzymatic hy-
2drolysis of dioctanoyllecithin (DOL) in diethylether-methanOl with par

ticular emphasis on 1) the effects of lipid, water, and calcium chloride 
concentrations, 2) detection of multiple lipid species present simulta
neously in one or more micellar forms, 3) the effect of lipid hydration 
on the interfacial surface and its role in the control of phospholipase 

activity and 4) the possible formulation of a kinetic model to ex*. , _ 
plain the kinetic observations.



I

\

MATERIALS AND METHODS 

Solvents
Anhydrous diethyl ether (Mallinckrodt) was used directly from 

freshly opened cans or was stored over iron wire. Anhydrous benzene was 
prepared by distillation from CaCl2, anhydrous CCl^ was prepared by dis
tillation from P̂ Ô . The dry solvents were stored over molecular sieve 
4A (Matheson, Coleman and Bell). Anhydrous pyridine was prepared by 
refluxing over barium oxide for 2 hours prior to distillation and stor
age over KOH. Water was prepared by double distillation in a quartz 
still.

Aquasol, ^ ĈaCl ,̂ K'^I and were purchased from New England 
Nuclear (Boston, Mass.).

All other materials were of reagent grade and used without fur
ther purification.

Enzyme
The 3 form of phospholipase A^ from C. adamanteus prepared by 

the method of Wells and Hanahan (1969) was used in all studies.

Preparation of Lipid Substrates

Egg Yolk Lecithin
Hen’s egg yolk lecithins were isolated using the procedures of 

Bligh and Dyer (1959) and Wells and Hanahan (1969).
9



Generally, 800 ml of egg yolks, about 4 dozen eggs, and 400 ml 
of water were blended at low speed for two minutes in a commercial 
Waring blender. After addition of 2.4 1 of methanol and 1.2 1 of chlo
roform, the mixture was stirred and allowed to remain at room tempera
ture for 2 hours. An additional 1.2 1 each of chloroform and water were 
stirred into the mixture under nitrogen and kept at 4°C overnight. The 
chloroform was siphoned off. The interfacial residue and aqueous layer 
were washed twice with 600 ml of chloroform. The combined chloroform 
layer and washes were evaporated under vacuum. Acetone was added to a 
total volume of 6 liters and the mixture was kept at 4°C for 24 hours. 
The preicpitate was collected and taken to dryness under vacuum. The 
crude lecithin was dissolved in a minimal volume of chloroform.

Purification of the crude lecithin was accomplished by chroma
tography (Wells and Hanahan, 1969) on neutral aluminum oxide (AG-7, Bio- 
Rad) using a loading factor of 1 mg of phosphorus per gram of aluminum 
oxide. After the addition of the lecithin in chloroform, the column 
was eluted with chloroform until no organic material was detected in the 
eluate (Ways, 1963). Elution of the lecithin was begun with chioroform- 
methanol, 9:1, (v/v). . Twenty milliliter samples were collected until 
there was no detectable phosphorus in the eluate. Every fifth tube was 
tested for lecithin by thin layer chromatography on Silica gel G' (Brink- 
mann Instruments, Westbury, N. Y.) using the solvent system chloroform: 
methanol:water, 95:35:4 (by volume). Those tubes containing the leci
thin were combined after decantation of the aluminum oxide fines and 
taken to dryness under reduced pressure. The residue was dissolved in a 
small volume of methanol, treated with charcoal Darco-G-60 (Matheson,
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Coleman and Bell) using 100 mg/ml and filtered through several layers 
of Whatman #1 filter paper. The phosphorus content was determined 
(Dittmer and Wells, 1969) and the purified lecithin was stored at 4°C in 
methanol.

The analysis of the lecithins prepared in this manner were typi
cally: P, 4.03%; N, 1.81%; N:P ratios, 0.99; choline:P ratios, 1.01;

25
^ 5 4 6  = +6.3° (c 5.0, chloroformrmethanol 1:1, v/v).

Glycerolphosphdrylcholine

Glycerolphosphorylcholine (GPC) was prepared from egg yolk lec
ithin by the method of Brockerhoff and Yurkowski (1965), 60 mmols of
purified egg lecithin were dissolved in 1 liter of diethyl ether. After
the addition of 100 ml of tetrabutyl ammonium hydroxide, 25% in CH^OH
(Eastman Kodak), the solution was stirred and allowed to stand at room 
temperature for one hour. The supernatant was decanted and the precip
itate was washed with diethyl ether, and dissolved in methanol. This .
solution was filtered and evaporated under reduced pressure and thor
oughly dried over P^Og under vacuum. The GPC was stored at 4°C under 
anhydrous conditions. The anhydrous product had [ a ] - -3.0°, (c 2.5,

h2o>. .

Cadmium Chloride Complex of 
Glycerolphosphorylcholine

GPC was dissolved in a minimal amount of 95% ethanol. A 5%
molar excess of CdCl^ was dissolved separately in a minimal amount of

water and cooled. Sufficient absolute ethanol was added to the CdC^
solution to make a solution 95% (v/v) in ethanol. The two solutions
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were added together, mixed and kept in ice. After the precipitation was 
complete, the complex was collected, washed with ethanol, and dried over

P2°5’

Synthetic Substrates

Acylation of GPC•Cadmium Chloride With Acyl Chlorides. Two 
methods were used to prepare synthetic lecithins which contained identi
cal esterified fatty acids. The first method (Baer and Buchnea, 1959) 
was used to synthesize 1,2-dilauryl and 1,2-dipalmityl-sn-glycero-3- 
phosphorylcholines. The cadmium salt of glycerolphosphorylcholine was 
acylated with the acyl chloride of the fatty acid.

Twenty-five millimoles of the fatty acid from Hormel Institute 
(Austin, Minnesota) were refluxed in the presence of 10% molar excess ' 
of oxalyl chloride (Eastman Kodak) in 25 ml of anhydrous benzene for 2 
hours under anhydrous conditions. The reaction mixture was taken to 

dryness under reduced pressure and transferred to a 60 ml dropping fun
nel with 35 ml of anhydrous CCl̂ .

Ten millimoles, 5.5 g of (GPC)^"• (CdCl)^, 100 mmols of anhydrous 
pyridine, 125 ml of anhydrous CCl^ and 75 ml of 1 mm glass beads were 
added to a 500 ml three-necked flask which was fitted with a CaCl^ dry
ing tube, a top driven stirrer, and the dropping funnel containing the 
freshly prepared acyl chloride. After the mixture reached 4°C in an ice 
bath, the acyl chloride was added dropwise over one hour with a high 
rate of stirring. After an additional two hours, the reaction mixture 
was brought to room temperature. The unreacted acyl chloride was decom
posed with 1 ml of water. The glass beads were removed with a Buchner
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funnel and washed three times with CC1,. The filtrate was taken to near4
dryness and placed in a vacuum over H^SO^ overnight.

Purification of the lecithin was accomplished by the procedure 
of Saunders and Wells (1969). The crude preparation was dissolved in a 
minimal amount of chloroform:methanol:water, 5:4:1 (by volume) and 
passed through a mixed bed resin column (10 ml of H+ form of Bio-Rex 70 
and 10 ml of the OH form of AG3-X4, Bio-Rad). The column was eluted 
with the same solvent until there was no detectable phosphorus in the 
eluate. The eluate was taken to dryness under reduced pressure and dis
solved in a minimal amount of chloroform prior to chromatography on 
silicic acid,(Silicic AR, C O 4, Mallinckrodt Chemical Works St. Louis, 
Missouri) . Using a loading factor of 1 mg phosphorus per gram of silic
ic acid the column was eluted with chloroform until no organic material 
was detected in the eluate (Ways, 1963). The eluting solvent was 
changed to chloroform:methanol, 3:1 (v/v) and 20 ml fractions were col
lected until no phosphorus was detected in the eluate. Thin layer chro
matography, chloroform:methanol:water, 95:35:4 (by volume) was used to . 
determine which tubes contained lecithin; these tubes were combined and 
taken to dryness under reduced pressure. The purified synthetic leci
thins were dissolved in methanol and stored at 4°C. The overall yields 
were 20-25%. Analysis of dilaurylphosphatidylcholine yielded P, 4.84%;

9C
theory, 4.98% [ a ] = +7.9° (c 4.6, chloroform:methanol, 1:1, v/v). 
Analysis of dipalmityl phosphatidylcholine yielded P, 4.12%; theory 
4.02%, [a]^g = +6.6° (c 4.8 chloroform:methanol, 1:1, v/v).
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Acylation of GPC With the Anhydride and the Tetraethylammoniuni

Salt of the Fatty Acid. A second synthetic method was a modification of 
the procedure of Cubero Robles and Van den Berg (1969) and was used to 
synthesize 1,2-dioctanoyl-sn-glycero-3-phosphorylcholine. GPC was re
acted with the anhydride of the fatty acid in the presence of the tetra- 
ethylammdnium salt of the fatty acid.

Ten millimoles of octanoic acid (Hormel Institute, Austin, Min
nesota) was titrated to neutrality with a 20% aqueous solution of tetra
ethyl ammonium hydroxide in a 250 ml round bottom flask. The solution 
was taken to dryness under reduced pressure and rendered anhydrous by 
repeated addition and evaporation of anhydrous benzene.

Fifty millimoles of octanoic acid in 100 ml of anhydrous CCl^ 
were added to a solution of 25 mmols dicyclohexylcarbodiimide in 100 nil 
of anhydrous CCl̂ . The combined solution was stirred for 3 hours under 
anhydrous conditions. The solution was filtered rapidly with suction 
and the filtrate taken to dryness under reduced pressure.

Five millimoles of GPC were added to the fatty acid salt and 
dried with anhydrous benzene. The anhydride was transferred with a min
imal amount of anhydrous CCl^ to the GPC-fatty acid salt mixture, taken 
to dryness and treated several times with anhydrous benzene. The flask, 

with its walls well-coated, was rotated under reduced pressure at room 
temperature for three days or until no lysolecithin could be detected 
by thin layer chromatography.

The reaction mixture appeared as a homogeneous slurry after sev
eral days and was dissolved in a minimal amount of chloroform:methanol: 
water, 5:4:1 (by volume) and passed through a mixed bed resin as above.
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The eluate was taken to dryness under reduced pressure and chromator- 
graphed on CC-4 silicic acid as described above. The overall yield was 
70-80%. The final produce analyzed as 5.92% phosphorus (theoretical, 
5.87%) P:N ratio of 1.02, = +10.2 (c 4.5, chloroform:methanol,
1:1).

Kinetic Assays
The assay used in this study consisted of the titration of the 

fatty acid liberated during the course of the enzymatic hydrolysis. Two 
different methods were used for the addition of calcium ion to the reac
tion mixtures. In method I, all the calcium ion was added with the en
zyme aliquot and in method II, the bulk of the calcium ion was added 
with the water to the lipid solution prior to addition of the enzyme 
which contained minimal calcium ion.

Diethyl ether-Methanol Assay

Method I. Generally 2 ml of lecithin in 95% diethylether - 5% 
methanol (v/v) were transferred from a stock solution to a 5 ml glass 

stoppered volumetric flask. Double quartz distilled water was added 
with a 10 or 25 yl glass syringe. The solution was mixed vigorously for 
10 seconds to obtain a clear, homogeneous solution. A 2 pi aliquot of 
an aqueous solution containing both the enzyme (usually 0.1 pg) and the 
total calcium ion in the reaction was added to initiate the hydrolysis. 
The reaction mixture was mixed vigorously for 15 seconds and allowed to 
remain at room temperature until the reaction was terminated by the ad
dition of 3.0 ml of absolute ethanol. A small teflon stirring bar and
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one or two drops of a 0.1% aqueous cresol red solution were added to the 
flask and the released fatty acids were titrated immediately. An Ultra
burette (Scientific Industries, Springfield, Massachusetts) was used to 
deliver 0.010 M NaOH in 95% ethanol. A slow stream of nitrogen was 
passed over the surface of the solution during the titration to minimize 
the uptake of CÔ . Specific activities were expressed as ymol/min/mg 
enzyme.

Method II. All manipulations in method II were identical to 
method I except that aqueous calcium chloride solutions were added to 
the lipid in diethyl ether: methanol. The enzyme solutions were made up 
in calcium chloride at the same concentration as was added to the lipid. 
In all cases, the final concentrations of total water and total calcium 

ion were very similar in both methods.

Methanol-Water Assays

Essentially the same techniques were used to determine the en
zymatic activities in methanol-water solutions. The assay was conducted 
in a total volume of 1.0 ml using 13.5 yg of the enzyme. The enzyme 
aliquot contained all the calcium ion required for the reaction. The / 
reaction was terminated with 3.0 ml of absolute ethanol and titrated as 
described above for the diethylether-methanol assay.

Controls for either the diethylether-methanol or methanol-water 
reactions were obtained from titration at zero time with all components 
present or the titration of all components minus the enzyme at the end 
of the prescribed time of the assay.
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It must be emphasized that consistent kinetic results were ob

tained only after specialized efforts to purify all materials. The use 
of double quartz-distilled water was necessary because the distilled 
water available in this laboratory contained various impurities which 
inhibited the assay. Careful lipid substrate purification was essential 
since minor contaminants easily inactivated the enzyme. The methanol- 
water assay was especially sensitive to slightly impure materials, as 

described by Wells (1972) for dibutryllecithin in water.

lodination of the Enzyme - 
The data presented in the diethylether-methanol studies are ex

pressed as specific activities based on the assumption that the enzyme 
is completely soluble in the reaction mixture under all conditions. To
test the validity of this assumption, the extent of solubilization of

125the enzyme was determined using I labelled enzyme because other meth
ods of protein determination could not be used.

The effect of lodination on the activity of the enzyme was de
termined by the addition of several levels of unlabelled iodine * to the 
enzyme using the procedure of Azari and Feeney (1961). The extent of 
lodination was measured by the absorbance at 411 ran (Edelhoch, 1962) of 
the diiodotyrosine formed.

lodination was carried out in 0.1 M borate buffer, pH 9.5, in 
an ice bath. Aliquots of an ice cold solution of 0.025 M iodine in 
0.24 M KI were added to 0.01 ymol of the enzyme and allowed to react 
for 15 minutes. The reaction mixture was dialyzed against distilled 
water in the cold. Each solution was tested for enzymatic activity in v



18
the diethylether-methanol assay and tested for the amount of diiodoty- 
rosine formed during the iodination.

125 1Labeling of the enzyme with I was carried out by a second
method (Wasserman and Kaplan, 1968) using 1.0 and 3.5 equivalents of 
125I per mole of enzyme.

To either 3 or 10 yl of a 17.5 mM KI and 3.5 mM KIO^ solution 
1was added 20 yl of K I (80 yC). Twenty yl of 0.25 N H^SO^ were added

to generate the Î . One mg (0.03 ymol) of enzyme in 1.0 ml of 0.1 M
glycine-NaOH buffer, pH 9.3, was added immediately to the iodinating
solution. All operations were carried out in an ice bath. After 15
minutes, the iodinated enzyme solutions and an enzyme control with all

additions except the sulfuric acid were dialyzed in the cold against two
changes of 0.005 M glycine-NaOH buffer, pH 9.3. The preparations were
then dialyzed against distilled water in the cold until the dialyzate

125was free of radioactivity. The radiospecific activity of the I en-
x 3zyme was 5.5 and 16.0 x 10 cpm/yg protein respectively. The samples 
were stored at 4°C until used.

Solubilization of the Iodinated 
Enzyme by Lecithin

125Enzyme solubilization was determined by measurement of I en
zyme present in the supernatant after centrifugation. Solubilization 
studies in the presence of calcium ion were precluded by the rapid hy
drolysis of substrate. The product, lysolecithin, changed the state of 
the micelle over the time of the assay. Either Mg++ or Ba++ was sub
stituted for calcium ion. The iodinated protein was diluted with either 

MgClg or BaClg and added to 2.0 ml of a lecithin solution in
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diethylether-methanol which contained the appropriate amounts of water. 
The solution was mixed vigorously for 25 seconds. There was no visible 
precipitate in any of the solutions, Duplicate 0.3 ml aliquots were 
transferred to small beakers with a glass syringe. These samples con
stituted the control for added labeled enzyme at each cation and water 
concentration. The remaining solution was securely stoppered and cen
trifuged at 1500 x g for 10 minutes. Duplicate 0.3 ml aliquots of the 
supernatant solutions were carefully transferred to small beakers.
These samples constituted the measurement of the amount of solubilized 
enzyme which remained in the supernatant solution. The solvent was 
evaporated from all samples in a vacuum oven at room temperature with 
care to avoid foaming. Each of the control and experimental samples 

were counted in duplicate in a Beckman Isomatic Gamma Changer attached
to a Beckman Model 150 scintillation counter. A full tritium isoset was

125used as the window to measure the I radioactivity. The degree of 
solubilization of the enzyme was expressed as the percent of counts in 
the experimental as compared to the counts in the control.

Solubility of Lecithin in Diethylether-Methanol 
as a Function of Water and Calcium Ion

The effect of water on the solubility of lecithin and calcium 
ion were determined in diethylether-methanol (95:5, v/v) by the measure

ment of phosphorus and ^Ca++ present in the supernatant after centrifu
gation.

45A 50 yl aliquot of methanol with or without CaClg (containing 
0.01 yC ^Ca++) was added to 0.95 ml of lecithin in diethylether. Water 
was added when required. The final concentration of the solution was
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95% diethylether and 5% methanol. The solutions were mixed for 30 sec
onds. After remaining at room temperature for 10 minutes, the solutions 
were centrifuged at 1500 x g for 20 minutes. Aliquots of the superna
tant were carefully taken for phosphorus and radioactivity analysis.
The ^Ca++ activity was determined on a Nuclear Chicago planchet coun
ter.

Cation and Water Binding to 
Lecithin in Methanol-Water

The binding of certain cations to lecithin in methanol or 
methanol-water solutions was investigated using a Sephadex LH-20 gel 
filtration column equilibrated with various CaClg concentrations con
taining 0.1 viC ^Ca/100 ml. The 0.2 x 25 cm column had a flow rate of 
0.05 ml/minute maintained by a Marriott flask. Twenty-five nmols of 
lecithin in the equilibrating fluid was added from a sample injection 
valve (Chromotronix, Inc., Berkeley, California) fitted with a 0.25 ml 
sample loop. Approximately 0.2 ml aliquots were collected and the ex
act weight of each fraction was determined. Aliquots of the fractions 
were taken for phosphorus and Ca determinations. The radioactivity 
was measured in a Nuclear Chicago planchet counter. Sufficient counts 
were accumulated to insure the expected counting error was less than 
±5%. A minimum of 25 samples were collected in each experiment so that 
an accurate estimate of the standard error of the equilibrating fluid 
radioactivity was assured.'

In some cases, cations or water were added to the equilibrating 
fluid in addition to ^Ca++ to estimate the competition of the added 
cation with Ca++, or water with Ca++ for binding to lecithin.
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Water Binding to Lecithin in 
Diethylether-Methanol

Water binding to lecithin in diethylether-methanol solutions was 
measured by gel filtration on EM gel OR-750 (Van Waters and Associates). 
This gel is a cross-linked polyvinyl acetate suitable for molecular size 
separation in organic solvents. The reported molecular weight exclusion 
limit was 750. The column was equilibrated in diethylether-methanol 
95:5, (v/v) containing 0.1 yC 0/100 ml. The column was identical to 
the one described for the calcium ion binding experiments above. Since 
solvent evaporation was a potentially serious problem, the sample was 
injected onto the column with the valve. Fractions were collected di
rectly into tared scintillation vials containing 5.0 ml of Aquasol.
Thus the entire operation was conducted in an essentially closed system 
to avoid the loss of the volatile solvent. After the determination of 
the radioactivity in a Beckman scintillation counter, aliquots were 
taken for phosphorus determination.

Specific Resistance Measurements
The specific resistance of egg yolk lecithin solutions in di

ethylether-methanol, 95:5, (v/v) as a function of the water concentra

tion were obtained using a Beckman Conductivity Bridge, Model RC-18 
(Beckman Instruments, Cedar Grove, New Jersey) and a Beckman conductiv
ity cell.

Fifty milliters of 50 mM lecithin in diethyl ether -methanol were 
transferred to the condictivity cell. Increments of quartz distilled 
water were added and thoroughly mixed after each addition. The cell and 
contents were allowed to equilibrate in a constant temperature bath at
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25°C for 20 minutes before each resistance measurement was made. The 
results were expressed as the specific resistance at each water concen
tration. The cell constant was determined with redistilled dimethyl-

-6 -iformamide (specific resistance 1.83 x 10 ohms at 25°C).

Fluorescence Measurements 
The quenching of the fluorescence of cerium chloride (Ventrom 

Corp., Beverly, Massachusetts) as the result of binding to GPC and some 
phosphatidylcholines in aqueous, methanol or methanol-water solutions 
was determined in a Perkin-Elmer Fluorescence Spectrophotometer, Model 
MPT-2A. Generally, a solution of the compound of interest was added in
crementally to a constant concentration of cerium chloride and the re
sulting change in the emission spectra at 355 nm was determined. 
Excitation wavelength was 310 nm.



RESULTS

Kinetic Data in Diethyl- 
Ether-Methanol, 95:5 (v/y)

During the course of this investigation, it was apparent that 
the overall kinetic patterns obtained from the enzymatic hydrolysis in 
diethylether-methanol, 95:5 (v/v) were complex. Therefore, the kinetic 
data will be presented and analyzed in terms of a proposed model with 

other experimental data to support some of the inherent assumptions put 
forth within the model. Deviations from the model will also be dis
cussed from data obtained from non-kinetic sources.

General Observations

The rates of hydrolysis were generally linear with respect to 
enzyme concentrations up to 0.2 yg/ml. At higher enzyme concentrations, 
the rates decreased slightly, therefore the usual enzyme concentration 
used was 0.1 ,yg/ml which gave a linear response with time for at least 
15 minutes. Conditions were chosen such that less than 5% of the sub
strate was hydrolyzed during the course of the reaction in order to 
assure that changes in micelle structure due to the liberation of lyso- 

lecithin and fatty acid had minimal effects on the rates. The only 
phosphorus containing material found in the analysis of products were 

lysolecithin and unreacted lecithin as detected on thin layer chromatog
raphy on Silica Gel G (Brinkman) using the solvent system chloroform: 
methanol:water, 95:35:4 (by volume). The liberated fatty acids were 
detected on thin layer chromatography utilizing the solvent system,

23
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petroleum ether:diethylether:acetic acid, 90:10:1 (by volume). In no 
instance were<methyl esters of fatty acids detected in any product anal
ysis.

Addition of Enzyme-Calcium Ion Solutions 
to Lecithin-Water. Method I.

Initital Velocity Patterns at 15 pi water/ml. Table I contains 
the initial velocity measurements of the hydrolytic reaction at three 
concentrations of a synthetic substrate, 1,2-dioctanoyllecithin (DOL), 
five water concentrations and three calcium chloride concentrations. 

Considering the data obtained at 15 yl water per ml. Figure 1 shows 
reciprocal plots (Lineweaver and Burk, 1938) of velocity as a double 
function of DOL concentration at various concentrations of calcium chlo
ride (Cleldnd, 1963). The reaction rate depends on the DOL concentra
tion at all calcium chloride concentrations and all plots intersect on 
the ordinate. Figure 2 shows in double reciprocal plots the effect of 
calcium ion on the velocity at various concentrations of DOL. The re
action rate depends on the calcium chloride concentration as a function 
of the lipid concentration. Each of the linear plots intersect at a 
common point to the left of the ordinate. Figure 3 is a replot of the 
slopes and intercepts from Figure 1 as a function of the reciprocal cal

cium chloride concentration. Figure 4 is a replot of slopes and inter
cepts from Figure 2 as a function of the reciprocal DOL concentration.

Assuming that a Michaelis-Menton analysis is valid, the kinetic 
patterns shown in Figures 1 through 4 are identical in substance to 
those obtained from a kinetic analysis of the hydrolysis of monomeric
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Table 1. Initial Velocities as a Function of Dioctanoyllecithin, Water 

and Calcium Chloride in Diethylether-Methanol 95:5 (v/v). 
Method I.

Assays were carried out by the addition of water to 2.0 ml of diocta
noyllecithin in diethyl ether-methanol 95:5 (v/v) followed by 0.2 yg 
phospholipase A„ in 2 yl of a calcium chloride solution. Reaction time 
was 1.0 minute and the liberated fatty acids were titrated with 0.01 N 
NaOH.

. Initial Velocity, 
ymol/min/mg

Dioctanoyllecithin (mM) 2.5 5.0 10.0
Water (yl/ml) . iCaCl2(mM)

8.0 0.05 720 2580 3870
0.10 1350 1800

1980
3420

0.30 <30 540 2700
2520

12.0 0.05 3150 4860 6390
. 0.10 3060 4230 6930

0.30 2250 3600 4410
15.0 0.05 3870 5580 6840

.. 0.10 4860 6480 7200
0.30 6210

5400
6300 7290

18.0 0.05 4590 6570 6930
0.10 5670 6570 7200

7110
0.30 6030

5760
6570 8640

7920
23.0 0.05 . 2430 2970 4770

0.10 2340 4230 4950
0.30 1890 . 3300 5220
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Figure 1. Method I: Initial velocities at 15 yl water, DOL vs. calcium ion.

Double reciprocal plot of initial velocity at 15 yl water in diethylether-methanol (95:5, v/v) 
function of dioctonoyllecithin concentrations at fixed changing concentrations of calcium ion. 
data are taken from Table 1.
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Figure 2. Method I: Initial velocities at 15 yl water, calcium ion vs. DOL.

Double reciprocal plot of initial velocities at 15 yl water in diethylether-methanol (95:5, v/v), as 
a function of calcium ion at fixed changing concentrations of dioctanoyllecithin. The data are taken 
from Table 1.
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Figure 3. Replot of slopes and intercepts from Figure 1 as a function 
of fixed changing concentrations of calcium ion.
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Figure 4. Replot of slopes and intercepts from Figure 2 as a function 
of fixed changing concentrations of dioctanoyllecithin.
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dibutryllecithin in aqueous solution (IVells, 1972). By analogy, these 
data are consistent with an ordered addition of reactants; calcium ion 
adds first to the enzyme followed by the addition of the lipid:

Ca++ DOL
4 4

  . (1)
E E-Ca++ E•Ca++•DOL

In Figure 3, the intercept plot intersects the ordinate at 1/Vmax (8300
pmol/min/mg enzyme). This value is about 1600 times the value obtained
for hydrolysis of monomeric dibutryllecithin in water (Wells, 1972).
The slope replot in Figure 3 intersects the 1/Calcium ion axis at
the dissociation constant of the enzyme-calcium ion complex (Wells,
1972) and has the value of 0.05 mM. This is to be compared to the value
of 0.05 mM reported by Wells (1972). In Figure 4, the intercept plot
also intersects the ordinate at 1/V and intersects the abscissa atmax
"1/KD0L, dissociation constant for the enzyme-calcium ion-lipid com
plex where the value is equal to 1.1 mM; the value for dibutryllecithin 
was 32 mM (Wells, 1972). The ratio of the slopes of the slope and in
tercept replots in Figure 4 is K ^ a++ and is equal to 0.05 mM.

Thus the data obtained at 15 yl water per ml in the diethyl- 

ether-methanol assay is consistent with the kinetic patterns observed in 
water with monomeric dibutryllecithin. Both analyses exhibit a similar 
constant for The data at 15 yl water per ml are also consistent
with certain kinetic parameters found recently for the hydrolysis of mi- 
cellar dioctonoyllecithin in water (Wells, 1974). has a value of
1.1 mM in diethylether-methanol and a similar value in water, but is
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dependent on the nonspecific cation added in addition to calcium ion.

3Vmax values are 8.3 x 10 yeq/min/mg protein in diethylether-methanol 
3and 9.8 x 10 yeq/min/mg protein (at pH 7.0) in the aqueous system.

Initial Velocity Patterns at 0.05 mM Calcium Chloride. Unlike
the assay conducted in aqueous media, the water concentration in the or
ganic solvent system is limiting and must be considered a reactant. The 

apparent specific activity of a typical reaction with various amounts of 
water is presented in Figure 5, and indicates that there is a water op
timum observable at 15-18 yl/ml.

More extensive data on the effect of water on the hydrolytic 
rates are found in Table 1. Four of the quantities of water used were 
near or below the water optimum and one amount was above the optimum.
At the lowest calcium chloride concentration (0.05 mM), the data may be 
treated as a two substrate reaction involving DOL and water.

These data are presented in Figure 6 in the double reciprocal
format with DOL as the variable substrate at various concentrations of
water. The reaction rate depends on the DOL concentration as a function 
of water. Each reciprocal plot at water concentrations in the region of 
activation is linear and intersect at a common point on the ordinate.
The inhibiting concentration of water (23 yl/ml) does not conform to the 
pattern, and is not shown.

When the data are plotted with water as the variable substrate 
at various concentrations of DOL, the resulting plots are nonlinear. 
However, each plot at constant substrate approaches linearity when 
plotted as a fourth order function of the activating concentrations of 
water as shown in Figure 7. Figure 8a shows a replot of slopes and



COb

-HU
CT3
U
U
§ 2

o

10 20  
H O p! / ml

30

Figure 5. Effect of water concentration on the specific activity of phospholipase Â .
Each assay was conducted with 0.5 pg phospholipase Â , 10 mM dioctanyollecithin and 0.05 mM calcium 
ion in 2.0 ml diethylether-methanol (95:5, v/v) with the appropriate amounts of water.
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Figure 6. Method I: Initial velocities at low calcium ion, DOL vs.
water.

Double reciprocal plot of initial velocity at low calcium (0.05 mM) in 
diethylether-methanol (95:5, v/v) as a function of dioctanoyllecithin at 
fixed changing concentrations of water. Data are taken from Table 1.
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Figure 7. Method I: Initial velocities at low calcium ion, water vs.
DOL.

Double reciprocal plot of initial velocity at low calcium (0.05 mM)in 
diethylether-methanol as a function of the fourth power of the water 
concentration at fixed changing levels of dioctanoyllecithin. Data are 
taken from Table 1.
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Figure 8. Replot of slopes and intercepts from Figures 6 and 7.

Panel A: Replot from Figure 6 as a function of fixed changing concentration of fourth power of the
water concentration. Panel B: Replot from Figure 7 as a function of fixed changing concentration of
dioctanoyllecithin. ûn
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intercepts from Figure 6 as a function of the reciprocal of the fourth 
power of the water concentration. Figure 8b shows a replot of slopes 
and intercepts from Figure 7 as a function of the reciprocal substrate 
concentration.

Kinetic mechanisms which would be consistent with the apparent 
fourth order dependence of water as a function of substrate concentra
tion could include 1) the sequential addition of four molecules of water 
to an enzyme form (Cleland, 1963), 2) the direct addition of a cluster 
of 4 water molecules to an enzyme form, or 3) the direct interaction of 

4 molecules of water with an anhydrous lipid molecule. It is proposed 
to show that the last suggested mechanism is consistent with the data.

If it is assumed that calcium ion adds to the enzyme prior to a 
hydrated substrate as depicted in equation 2,

4H?0
Ca++ DOL i DOL- (H20)4

E•Ca++ E•Ca++•DOL•(H20)4
(2)

the kinetic derivation based on rapid equilibrium assumptions (Appendix 
A) gives the following initial velocity equation.

1 1 1 K' 1 K. ++
- = — {[-------  + 1][1 + — (3)
v Vm Vm ST KH^I2°'IT CaT++

IVhen simulated plots are constructed from this equation, the patterns 
agree in a qualitative manner with the experimental data. Figures 9a 
and b contain reciprocal plots of calculated data from equation 3 using
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Figure 9. Calculated double reciprocal plots taken from rapid equili
brium derivation of equation 2 found in Appendix A.

Panel a: Double reciprocal plot of velocity as a function of total wa
ter at fixed changing concentrations of total lipid substrate. The cal
cium concentration is constant. Panel b: Double reciprocal plot of
velocity as a function of total lipid substrate at fixed changing con
centrations of total water. The calcium concentration is constant.
Panel c: Replot of slopes and intercepts from Panel a as a function of
total lipid substrate. Panel d: Replot of .slopes and intercepts from
Panel b as a function of the fourth power of the water concentration.
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arbitrary constants as defined in Appendix A. Inserts (c and d) in 
Figure 9 contain a replot of slopes and intercepts of the calculated
data. These calculated data in Figure 9 should be compared with the ex
perimental data found in Figures 6, 7 and 8.

Inhibiting Concentrations of Water. When the amounts of water 
exceed certain levels, 18-20 yl/ml, the rate of hydrolysis decreases
(Table 1 and Figure 5). The inhibition by high concentrations of water

is attributed to the formation of a second hydrated lipid species. 
Equation 2 can be expanded to include this species.

4H70
I mH?0

++ DOL ; DOL-CHzO) 4 DOL^O)

E•Ca++ E•Ca++•DOL•(Ĥ O)4
(4)

The velocity equation for this scheme based on rapid equilibrium assump
tions (Appendix B) is consistent with the observed data for water inhi

bition.

{—  [----------------------------(H20)™ + 1 ] [1  + h c a ! i  J } (5 )

v Vm Vm ST CaT++

At constant lipid and calcium ion and low water concentrations, the 

1
y n  o)n

term will contribute significantly to the reciprocal velocity
2 T

mand the ^(H^O)^ term will have little effect; thus one sees activation.

As the amount of water is increased, the   term will decrease
V ^ T
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(increasing v) but the K^Ci^O)111 term also increases (decreasing v) until 
at high amounts of water the K^Q-^O)111 term becomes dominant and the ve
locity decreases. The calculated data are recorded in Appendix B. 
Equation 5 predicts an optimal water concentration and this prediction 
is consistent with the observed data.

Initital Velocities at 0.1 and 0.2 mM Calcium Chloride. The 
data at the highest calcium chloride concentration tested (0.3 mM) are 
shown in Figure 10 for variable DOL at various amounts of water and in 
Figure 11 for variable water as a fourth order function at various con
centrations of DOL. In Figure 10, the plots intersect to the left of 
the ordinate and in Figure 11 they intersect on or very near the ordi
nate. These observations at high calcium chloride are in disagreement 
with the proposed velocity equation (3) since the equation predicts that 
increasing calcium concentrations should not affect the intercept be
havior of the 1/v versus DOL plot (Appendix A).

A replot of slopes and intercepts of ^ vs. - at various

amounts of water at each of the calcium ion concentrations is presented
in Figure 12. The apparent water requirement depends on the calcium 
concentration. Therefore, the velocity equation derived in Appendix A 
is only valid at the lowest calcium ion concentration tested. The in
tercept replot at 0.05 mM Ca++ in Figure 12 indicates that the maximal 
velocity as a function of water is independent of the calcium concentra
tion.

A replot of slopes and intercepts of — vs. —   at various
V (H20)4

concentrations of DOL at each of the calcium concentrations is presented
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Figure 10. Method I: Initial velocities at high calcium ion, DOL vs.
water.

Double reciprocal plot of initial velocity at high calcium (0.3 mM) in 
diethylether-methanol (95:5, v/v) as a function of dioctanoyllecithin 
at fixed changing concentrations of water. Data are taken from Table 1.
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Figure 11. Method I: Initial velocities at high calcium ion, water vs. DOL.
Double reciprocal plot of initial velocity at high calcium (0.3 mM) in diethylether-methanol (95:5, 
v/v) as a function of the fourth power of the water concentration at fixed changing concentrations of 
dioctanoyllecithin. Data are taken from Table 1.



42

0.3

0.05

4.0
Ca>4‘m M 0 .3

CL

LU

2.0

0.05

0 5 1 0 20 - 30
i /[h2 o] 4  M"4

Figure 12. Method I: Effect of calcium ion as a function of water con
centration.

Replot of slopes and intercepts of double reciprocal plots of initial 
velocity in diethylether-methanol (95:5, v/v) as a function of diocta- 
noyllecithin at fixed changing concentrations of water at each of the 
constant calcium ion concentrations. Slopes and intercepts are plotted 
as a function of the fourth power of the water concentration. Data 
originates from Table 1.
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in Figure 13. The intercept replots suggest that DOL requirement de
pends on the calcium concentration. The slope replots suggest that cal
cium ion is inhibiting and the effect of the inhibition is most

)pronounced at low water concentrations.
The effect of increasing calcium ion concentrations can be seen 

more clearly in a double reciprocal plot of velocity and calcium ion at 
various amounts of water as shown in Figure 14a, b, and c at each of 
three constant levels of DOL. These data indicate that the higher cal
cium ion concentrations are inhibitory.at low concentrations of water. 
The relative inhibition by calcium ion at any DOL concentration is re
lieved as the water concentration is increased but is relieved relative
ly more rapidly as the DOL concentration is increased.

In addition, plots of velocity and water as a function of three 
constant DOL concentrations, as shown in Figure 15a, b, and c, indicate 
that calcium ion is only effective as an inhibitor at low concentrations 

of water and that the inhibition is not relieved until the water concen
tration approached 15 yl/ml.

Addition of Enzyme-Calcium Ion Solutions 
to Lecithin-Water-Calcium Ion. Method II.

The observed kinetics are considerably different when calcium
ion is added to the reaction mixture by Method II. Analysis of this
data, Table 2, yields primarily nonlinear double reciprocal plots. Fig-

< . 
ure 16 presents one of these plots of reciprocal velocity and DOL at
various concentrations of calcium chloride conducted at 15 pi water/ml.
These data are typical of the general observation of apparent substrate
inhibition which occurs at low calcium chloride. These data should be
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Figure 13. Method I: Effect of calcium ion as a function of diocta-
noyllecithin.

Replot of slopes and intercepts of double reciprocal plots of initial 
velocity in diethyl ether-methanol (95:5, v/v) as a function of the 
fourth power of the water concentration at fixed changing concentrations 
of dioctanoyllecithin at each of the constant calcium ion concentration. 
Slopes and intercepts are plotted as a function of dioctanoyllecithin. 
Data originate from Table 1.
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Figure 14. Method I: Effect of water as a function of the calcium ion

concentration.
Double reciprocal plots of initial velocities as a function of calcium 
ion at fixed changing concentrations of water at each constant lipid 
substrate concentration. Data are taken from Table 1.
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Figure 15. Method I: Effect of calcium ion as a function of water con
centration, velocity vs. water.

Initial velocities as a function of the water concentration at each con
stant lipid substrate. Data are taken from Table 1.
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Table 2. Initial Velocities as a Function of Dioctanoyllecithin, Water 

and Calcium Chloride in Diethylether-Methanol 95:5 (v/v). 
Method II.

Assays were carried out by the addition of a calcium chloride solution 
to 2.0 ml of dioctanoyllecithin in diethyl ether-methanol' 95:5 (v/v) 
followed by 0.2 yg phospholipase A„ in 2 yl of the same concentration of 
CaCl-. Reaction time was 1.0 minute and the liberated fatty acids were 
titrated with 0.01 N NaOH.

Initial Velocity, 
ymol/min/mg

Dioctanoyllecithin (mM) 2.5 5.0 10.0
Water (yl/ml) CaClg (mM)

8.0 0.004 4466 1200 1400
0.016 5000 3700 1600
0.080 5700 4200 5500
0.160 3000 3700 3800

12.0 0.006 5933 5600 3800
0.024 ' 9100 9800 6100
0.120 9100 10000 8200
0.240 8400 8900 7800

15.0 0.007 7866 5600 3400
0.030 12300 10900 8400
0.150 11400 12600 12900
0.300 10000 12400 11000

18.0 0.009 8700 7400 4800
0.036 12200 12700 12900
0.180 11700 13900 14600
0.360 12100 12400 12400
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Figure 16. Method II: Inhibition by lipid substrate at low calcium ion
concentration.

Double reciprocal plot of initial velocities at 15 yl water/ml as a 
function of dioctanoyllecithin at fixed changing calcium ion concentra
tion. Data is taken from Table 2.
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compared with those in Figure 1 which was conducted at essentially the 
same reactant concentrations by Method I addition of calcium chloride. 
However, if the data in Figure 16 is replotted as the reciprocal of 
velocity and the molar ratio of calcium ion to DOL, the resulting plot 
(Figure 17) is linear except at the highest ratio of DOL/Ca. Included 
in Figure 17 is data at 15 yl water/ml replotted from Table 1 in a simi
lar format. A comparison of these data indicate that there is a change 
in kinetic response which is dependent on the order of calcium ion addi
tion to a solution of lipid-water in the organic solvent.

Cation and Water Binding 
to Phosphatidylcholines

The observation that enzymatic activities at low water and high 
Ca++ concentrations were inhibited (Figure 15) suggested that perhaps 
some type of interaction between the cation and lecithin was occurring. 

Furthermore, since the. inhibition could be overcome when the water con
centration was raised it appeared that the calcium-lecithin interactions 
were diminished at increased water concentrations.

It is a reasonable assumption that in the absence of both water 
and cation the solvent composing the interior of the reversed micelle 
and in contact with the polar portion of the lecithin molecule is of a 
different composition (Winsor, 1968) than the bulk solvent, 95% diethyl- 
ether and 5% methanol (by volume). It is also reasonable to assume that 
the cation in the absence of water would partion into the interior of
the micelle where the polarity would be greater than that of the bulk 

++solvent since Ca is virtually insoluble in- diethylether-methano1 
(95:5). It is conceivable, under these conditions, that calcium ion
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Figure 17. Method I and Method II: Initial velocities at 15 yl water/ml.

Reciprocal plot showing the comparison of initial velocities obtained by Method I and Method II at 
15 yl water/ml as a function of the molar ratios of calcium ion and dioctanoyllecithin at fixed 
changing dioctanoyllecithin. Data shown for Method I taken from Table 1; data shown for Method II 
taken from Table 2.
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could form a ligand to lecithin in the region of the polar head group in 
the reversed micelle. When water is added to the bulk solvent, it would 
also partion into the interior of the micelle and raise the net polarity 
of the solvent in contact with the polar head group. It is assumed that 
under these conditions that ligand formation between lecithin and cal
cium ion would diminish since it is known that lecithin does not bind 
calcium ion in aqueous dispersions and solutions (Barton, 1968; Wells, 
1972).

Analysis of Calcium Ion Binding Data
In order to test the hypothesis that calcium ion is capable of 

binding to lecithin under conditions of relatively low solvent polarity, 
binding studies were conducted using the technique of gel filtration of 
lecithin on a Sephadex LH-20 column equilibrated with ^Ca++ in anhy
drous methanol or methanol-water solutions. Very low calcium chloride 
solubility in diethylether-methanol precluded the possibility of binding 
studies in this solvent. Therefore, methanol was chosen as a solvent to 
mimic the polarity assumed to exist within the interior of the micelle 
of a diethylether-methanol solution. In addition, since methanolic so
lutions of lecithins are presumably monomeric (Kellaway and Saunders, 
1970a, b) the distinction of direct calcium ion binding and "trapping" 
of calcium ion into a micellar organization could be made with greater 
ease. Lastly, since the enzyme exhibits activity in methanol-water so
lutions, it was possible to correlate the binding results with enzymatic 

reactivity.
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If calcium ion binds to phosphatidylcholine (PC) in methanol un

der these conditions, the equilibrium equation can be expressed as

PC + nCa++ tPC-Ca*+ (6)

The number of calcium ions bound per molecule of PC is expressed as n 
and can assume any value, e.g., 1/4, 1/2, 1, 2__  The value of n rep
resents the number of calcium ions binding to a single PC molecule and 
is not to be interpreted as n number of identical binding sites on 
phosphatidylcholine. This definition is utilized because free (Ca++) is
the only conveniently measurable variable in this experiment. The asso
ciation constant for the reaction can be written as

(PC-Ca++)

k«" ' (PCHcV <7)
If v is defined as the number of moles of calcium ion bound to the total
number of moles of PC in solution

the combination of equations 7 and 8 results in an expression which can 
be utilized to calculate v in terms of free calcium ion. The derivation 
is given in Appendix C.

V = nk  (CaT n  (9)1 + k(Ca )n

or



Free calcium ion (Ca++) is the concentration of calcium ion used 
to equilibrate the gel filtration column. The v term is determined from 

the excess calcium ion found in the fractions containing phosphatidyl
choline eluted from the column and is measured for each of several ex
periments conducted at various free calcium ion concentrations.

A plot of 4 vs.  “ -—  should be a straight line with the or-
v (Ca )n

dinate intercept equal to i and the abscissa intercept equal to ++.

The value of n is determined by plotting the binding data as a function

of —  until n is assigned a value which results in a linear plot.
(Ca )n

The value of the reciprocal of the ordinate intercept should equal the 
assigned value of n.

Figure 18 represents the data from a typical binding experiment 
conducted at 50 mM Ca++ (0.1 yC ^Ca++ per 100 ml) and dioctanoylphos- 
phatidylcholine (DOL). The coincidental elution of phosphorus and 
^Ca++ above equilibration levels of ^Ca++ indicate the binding of cal

cium ion to DOL. The results of the experiment conducted with DOL in 
anhydrous methanol are presented in Table 3a and plotted in Figure 19. 
The double reciprocal plot of v and (Ca++)n is a linear function when 
the value of n is equal to 1. Included in Figure 19 are data obtained 
from Table 3b with egg yolk lecithin to indicate that there is no sig
nificant difference in results observed with the two lecithins. The 
value of k^a++ is 0.0286 mM .
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Figure 18. Binding of calcium to dioctanoyllecithin in methanol.
Gel filtration of dioctanoyllecithin on LH-20 equilibrated with 50 mM 
CaCl̂  in anhydrous methanol. The open circles represent the radio
activity of 45ca present in each fraction. The squares represent the 
amount of lecithin present in each fraction. "3 S.D." refers to three 
times the standard deviation of the average 45ca radioactivity in all 
nonphosphorus-containing fractions.



Table 3. Binding of Calcium to Phosphatidylcholine in Methanolic Solu
tions .

_2
Experimental Conditions v

a) Dioactanoyl lecithin in anhydrous 
methanol, and

c)

6.25 mM Ca+ 2 0.145 ± 0 . 0 1 2

12.5 mM Ca+ 2 0.258 ± 0.004
25.0 mM Ca+ 2 0.375 ± 0 . 0 1 0

50.0 mM Ca+ 2 0.580 + 0.015
100.0 mM Ca+ 2 0.700 ± 0 . 0 1 2

Hen's egg yolk lecithin in
anhydrous methanol, and

4.0 mM Ca+ 2 0.113 ± 0.016
12.0 mM Ca+ 2 0.233 ± 0.080

Dioctanoyl lecithin, 12.5 mM
Ca+2, and

- . 3  5.0 per cent water 0.240 ± 0 . 0 1 2

1 0 . 0  per cent water 0 . 1 2 0 ± 0.016
2 0 . 0  per cent water 0.015 ± 0.005

d) Dioctanoyl lecithin and 12.5 mM 
Ca+2 in anhydrous methanol, and

25.0 mM NaBr 0.260 ± 0.017
12.5 mM MgCl9 0.206 ± 0.009

1. Determined by gel filtration on Sephadex LH-20 as detailed in the 
text.

2. Average moles of calcium bound per mole of phosphatidylcholine and 
the standard deviation within a run. :X ■

3. Percent by volume. -
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Figure 19. Determination of n and Kpa for calcium binding to lecithin 
in anhydrous methanol.

The data for calcium binding have been plotted as a function of 1/[Ca]n 
with n = 1. The open circles refer to experiments carried out with 
hen's egg yolk lecithins, and the bars to those carried out with dicota- 
noyllecithin. The line is a least-squares line through the dioctanoyl- 
lecithin data.



Analysis of Water Binding Data

Having established that lecithin binds one calcium ion per mole
cule in anhydrous methanol, it was necessary to determine the effect on 
calcium binding when water was added to the methanol. In order to test 
the hypothesis that there was a competitive and mutually exclusive bind
ing of both calcium ion and water to phosphatidylcholine in methanol 
containing water, the column was equilibrated with various amounts of 
water in methanol at one calcium ion concentration. The determination 
of v was calculated as before. Since Ca does not bind to phosphati
dylcholine in water, the assumption of exclusive binding is probably 
valid.

Two equilibria would be present

free species in solution. If v is expressed as in equation 8 , the deri
vation contained in Appendix D yields

PC + (1) Ca++ t PC-Ca++ (11)
PC + mPLO (12)

with association constants

, = (PC-Ca )
ra++ ++La (PC) (Ca )

(13)

(14)

The expressions (PC), (H^O), and (Ca +) are the concentrations of the
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kCa++(Ca ) (15)v
1 + kca++ (Ca++) + (H20)m

and by rearrangement and taking the logarithm of each side

(16)

If the assumption is made that k^a++ determined in anhydrous methanol 
does not change in the presence of water containing methanol solutions 
and that the total water is approximately equal to the free water under 
the conditions of the experiment, a plot of the left side of equation 16 
as a function of log (Ĥ O) should be a straight line with a slope of m 
and an intercept of log k^

These values are plotted in Figure 20 as a function of log (H^O). To 
determine the value of m, the solution of the left side of the equation 
16 is plotted against mlog(i^O) assuming values of 1 through 6 for m.
The best fit of the experimental data with the calculated data occurs at 
m equal to 4.

These data suggest that lecithin binds 4 molecules of water un

der the conditions of the experiment. The decrease in v (Table 3c) with 
increasing water suggests that the binding of calcium ion to phosphati
dylcholine is diminished as water is bound. The value of 4 water

The data from an experiment at three concentrations of water in 
methanol at 12.5 mM Ca++ is presented in Table 3c.

The left side of equation 16 is solved from the experimentally 

derived values of v and (Ca++) in Table 3c using k^a++ determined above.
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Figure 20. Determination of the number of water molecules bound to 
lecithin in methanol.

The inhibition of calcium binding to dioctanoyllecithin by water is 
plotted according to equation 16 (see text). Log Q refers to the left 
side of equation 16. The bars represent the range of calculated values 
using the experimental data. The lines labeled 1-6 are drawn assuming 
1 - 6  water molecules are bound.
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molecules bound to lecithin is in agreement with the kinetic data in
diethylether which suggests that four molecules of water interact with
dioctanoyllecithin. The value of q is equal to 0.0017 M \

2
An experiment was conducted with gel filtration to determine if 

calcium ion was specific in binding to dioctanoyllecithin and to deter
mine whether the specificity included mono-valent cations. One concen
tration of MgClg and NaBr were tested independently in the presence of 
calcium ion to determine if there was competition for DOL. This data, 
presented in Table 3d, indicate that v is unchanged in the presence of 
NaBr but decreases in the presence of MgCl^. These data under the con
ditions tested indicate that Na+ does not bind and Mg++ does bind to 
DOL. The association constant for Mg++ is estimated from equation 16 to

- 1 +4-be 0.024 mM assuming that one Mg is bound per dioctanoyllecithin 
molecule.

Kinetic Data in Methanol-Water
A kinetic study was carried out with phospholipase A^ in 

methanol-water solutions to determine the effect of water and calcium 
ion on hydrolytic rates and to test the hypothesis that there exists 
more than a single lecithin, specie in solution.

The data presented in Table 4a are the results of assays con
ducted in 10% and 20% water in methanol (v/v) at several calcium ion 
concentrations using 25 mM DOL as substrate. A double reciprocal plot 
with calcium ion as the variable substrate at various water concentra
tions is presented in Figure 21. The reaction rate is dependent on 
the water concentration; rates in 20% water in methanol are higher than
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Table 4. Specific Activity of Phospholipase on Dioctanoyllecithin in 
Methanol-Water Solutions.

a) Assays contained 25 ymoles of dioctanoyllecithin, 13 yg phospholi
pase A2 at each calcium chloride and methanol-water concentration in a 
total volume of 1.0 ml. Reaction time was 10.0 minutes. Liberated 
fatty acids were titrated with 0.01 N NaOH.
b) Assays contained 25 ymoles of dioctanoyllecithin, 13 yg phospholi
pase A^ and 1 ymole CaClg in 1.0 ml of solvent. Reaction time was 10.0 
minutes. Liberated fatty acids were titrated with 0.01 N NaOH.

a) Calcium chloride (mM) Methanol-water (v/v)
90:10 80:20

specific activity specific activity
ymol/min/mg ymol/min/mg

3.70 5.10
5.10 6.95
6.02 7.85
6.48 8.80
6.48 9.25
5.55 9.25
5.10 9.25

specific activity 
ymol/min/mg

4.24 
6.50 .
6.95

b) Methanol-water (v/v)

90:10
85:15
80:20

0.,5
1.,0
2.,0
5.0

O !—I 0
25.0
50.,0
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Figure 21. Double reciprocal plots of specific activity of phospho- 
lipase A2 as a function of the CaCl? concentration at two 
fixed changing levels of in methanol.

Assays were carried out using 25 mM dioctanoyllecithin and 13.5 yg of 
adamanteus phospholipase Â .
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those in 10% water in methanol. Inhibition occurs at high calcium ion 
and is more pronounced in the solvent, containing less water.

In order to determine the effect of water concentration on re
action velocities, an experiment was conducted at three water concentra
tions at 1 mM calcium chloride and 25 mM DOL (Table 4b). A double 
reciprocal plot of velocity and water concentration is nonlinear but the 
plot is linear when the reciprocal of a fourth order function of the 
water concentration is used as indicated in Figure 22.

These data suggest that four molecules of water are interacting 
with the lecithin and is consistent with the data derived from the bind
ing studies in water-methanol and the kinetic data presented in the 
diethylether-methanol assays.

Table 5 presents data in which various levels.of magnesium chlo

ride were added to the assay media containing 1 mM calcium chloride. 
Magnesium ion inhibits the reaction in 10% water in methanol, but has 
little effect in 20% water in methanol except at the highest level 
tested (50 mM). A similar experiment using NaBr had no effect on the . 
reaction rates. Since magnesium ion does not inhibit phospholipase A^ 
in aqueous media, but inhibits the enzymatic reaction in methanol- 
water it would appear that the effect of magnesium is due to an inter
action with the substrate. It is not unreasonable therefore, to 
conclude that the inhibition observed in the presence of calcium ion : is 
also due to calcium ion interactions with the substrate.

On the assumption that there are at least three monomeric spe
cies of lecithin present in methanol-water solutions , namely an anhy
drous species, a hydrated species binding four molecules of water and a
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Figure 22. Double reciprocal plots of specific activity of phospho- 
lipase Ag as a function of the water concentration in 
methanol.

Assays were carried out using 25 mM dioctanoyllecithin , 1 mM CaCl_, and
13.5 yg of C. adamanteus phospholipase A2 . The open circles assume four 
water molecules are required in the reaction, while the half-filled cir
cles assume one water molecule is required.
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«{-• 2 "4*Table 5. Inhibition of Phospholipase Ag by Mg and Na Under Various 

Conditions.
Assays were carried out using 25 mM dioctanoyl lecithin, ImM CaQ^, 
0.0135 mg of phospholipase Ag in 1 ml reaction volume. The cations were 
added as methanol solutions. The reaction time was 10 min. and the lib
erated fatty acids were titrated with 0.01 N NaOH.

Specific Activity 
Conditions ( moles/min/mg)

a) Methanol--Water
90:10 (v/v)
Control (No additional cations) 5.1

Addition of 1 mM MgClg 5.1
" 10 mM MgCl2 4.6

25 mM MgCl2 4.2
50 mM MgCl2 . 3.7

" 25 mM NaBr 5.1?!
" 50 mM NaBr 5.1

b) Methanol - - Water
80:20 (v/v)
Control (No additional cations) 7.0

Addition of 10 mM MgClg 7.0
25 mM MgCl2 7.0

" 50 mM MgCl2 6.5
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species which can bind one calcium ion, it is possible to calculate the 
relative concentrations in solution of each of the postulated species 
using the appropriate association constants derived from the binding 
studies. The results of such a calculation is presented in Figure 23 as 
a function of the percentage of each species versus the calcium ion con
centration and is calculated for two different concentratioris of water.

At 20% water in methanol, the concentration of the hydrated spe
cies is high and changes little with increasing calcium ion. In 10% wa
ter in methanol, there is a significant decrease in the concentration of 
the hydrated species as the calcium ion concentration is increased. The 
decrease in hydrolytic rates at high calcium ion (>25 mM) and at low wa
ter (10%) may simply reflect the decreased concentration of the hy
drated species. Alternatively, the formation of significant 
conccntrations of the lipid specie binding calcium ion at 10% water con
centrations might suggest that this specie is acting as an inhibitor in 
the reaction. At the higher concentration of water, there is an insig
nificant concentration of the calcium ion binding specie.

In order to distinguish between these two possibilities, the 
ratios of the hydrated specie in 20% water in methanol to that in 10% 
water in methanol was calculated at each calcium ion concentration. The 
ratios of the specific activities was calculated in a similar manner.
The two ratios were then plotted against each other as shown in Figure 
24. There is a linear relationship between the ratios of the hydrated 

specie concentration and specific activities. The correlation coeffi
cient of the plot is 0,97. A similar treatment of data plotting the 
ratios of calcium ion binding specie concentration against the ratio of
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(S-Ca2+) as a function of the calcium concentration at two 
levels of water (10 and 20%).

-1 -4The data were calculated assuming k^a = 0.0286 mM , q = 0.0017 M 
and a solution containing 25 mM dioctanoyllecithin. 2
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Figure 24. Correlation between phospholipase ̂  activity and the rela
tive concentration of the hydrated substrate species [DOL- 
(H2CO4 ] or the calcium complex (D0L-Ca2+).

At a given calcium concentration the ratio of enzymatic activity in 20% 
H2O in methanol to that in 1 0 % water in methanol was calculated from the 
data in Figure 21. For the same calcium concentration the ratio of the 
substrate species present as DOL-(H2CO4 or D0L-Ca2+ in 20% H2O in meth
anol to that in 1 0 % water in methanol was calculated from the data in 
Figure 23. These two ratios are plotted in this figure. The lease 
squares line through the DOL-(HoOX data have a correlation coefficient 
of 0.97.
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specific activities is also presented in Figure 24. These data are in
conclusive as to whether the calcium ion binding specie is acting as an 
inhibitor. There is a decrease in activity with increasing concentra
tion of the calcium ion binding specie; however, the largest change in 
the concentration of the calcium ion binding specie occurs where there 
is relatively little change in the specific activity.

Interaction of Water, Calcium Ion and 
Lecithin in Diethylether-Methanol

In order to provide support for the inferred interaction of wa
ter and calcium ion with lecithin in diethylether-methanol solutions, 
several avenues of experimentation were explored which gave indirect 
evidence of the interaction. One gel filtration study was conducted at 
a relatively low concentration of water in order to determine whether 
water could bind to lecithin under the conditions used in the enzymatic 
assay. The interaction of lecithin and water was examined in one in
stance with several different phosphatidylcholines using a conductance 
study. Solubilization measurements of calcium ion, water and lecithin 
in diethylether-methanol were utilized to determine the interactions of 
the three components present simultaneously in solution.

Interaction of Water and Lecithin 
Measured by Gel Filtration

In one experiment using EM gel filtration to examine the binding 
of water to lecithin directly in diethylether-methanol, the simultaneous 
elution of excess tritiated water and phosphorus suggested that water 
• does bind to the lipid micelle. The results of the study with the 
equilibrating solution that contained 4 yl water/ml (0.1 yC 0/100 ml
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equilibration solution) are presented in Figure 25. The average value 
of v was 0.80. Direct binding studies of calcium ion and water by the 
use of LH-20 Sephadex gel filtration in diethylether-methanol were not 
possible since this gel does not swell in the solvent. In addition, the 
limited solubilities of both calcium salts and water in the solvent pre
cluded the necessary concentrations of water or calcium ion which would 
be required in the equilibrating solutions.

Interaction of Water and Lecithin 
Measured by Conductance

Water interaction with lecithin was assayed by observing con
ductance changes as a function of the water concentration. There is no

cmeasurable change in the conductance ( > 1 0 y o h m s / c m )  in diethylether- 
methanol (95:5, v/v) in the absence of lipid using water concentrations 
up to 20 yl/ml. However, the specific resistance of hen's egg lecithin, 
dipalmitoyllecithin and dioctanoyllecithin (all at 50 mM), Figure 26, 
decreased with increasing amounts of water until the solutions became 
biphasic. These changes in conductivity must be ascribed to the incor
poration of water into the lipid micelle and indicate that there is a 
physical change in the micelle as the amount of water is increased which 
led to the increased conductance of the solution.

Interactions of Water, Calcium Ion and 
Lecithin Measured by Solubilization

Evidence for the interaction of calcium ion and water with leci

thin was obtained by determining the solubility of lecithin and calcium 
ion in diethylether-methanol as a function of the water concentration. 

These experiments depend on the observation that lecithin is
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Figure 26. Effect of water on specific resistance of several micellar 
lecithins in diethylether-methanol (95:5, v/v).

Increments of quartz distilled water were added to 50 ml of 50 mM leci
thin in diethylether-methanol, thoroughly mixed and equilibrated at 25°C 
for 2 0 min before each resistance measurement was determined.
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precipitated by certain concentrations of calcium chloride and water.
The precipitating species can be sedimented in a low g field. The ex
tent of solubilization was determined from the relative amount of leci
thin, as measured by phosphorus and calcium ion as ^Ca++, which remains 
in the supernatant solution with different amounts of water. In a sec
ond experiment, the solubilization of lecithin was measured as a func
tion of different amounts of both water and calcium ion.

Table 6 presents the solubility data with lecithin and calcium 
ion as a function of the amount of water. Lecithin, in the absence of 
calcium ion, is completely soluble in anhydrous diethylether-methanol 
and in those solutions, containing up to 15 yl water per ml (Table 6 a).
In the absence of lipid, calcium ion has limited solubility in the an
hydrous solvent. The solubility of calcium ion decreases even further 
as the water concentration is increased to 15 yl/ml (Table 6b). Added 
calcium ion is completely solubilized by the lecithin at water concen
trations from 0 to 10 yl/ml. All the lecithin and calcium ion remained 
in the supernatant solution in this concentration range of water. How
ever, when the water concentration is raised, to. 15 yl/ml, both.the leci

thin and calcium ion precipitate (Table 6c).
Additional data on this point is found in Table 7, where the 

solubility of lecithin is measured as a function of calcium ion and of 

the water. In the absence of calcium ion, the lecithin remains in the 
supernatant solution below concentrations of 30 yl/water per ml. As the 

calcium ion concentration is increased, the amount of water required to 

precipitate some of the lecithin decreases. When the lecithin to cal
cium ion ratio approaches 1 .0 , the lecithin is precipitated in the



74
Table 6 . The Effect of Water bn the Solubility of Dioctanoyllecithin 

and CaClg in Diethylether-Methanol.
Each mixture contained 10 mM dioctanoyl lecithin or 5 mM CaCl2 (with
0.01 yC 45ca) or both lecithin and CaCl^• The solvent composition was 
diethylether-methanol 95:5 (v/v). After addition of the indicated 
amount of water, the solution was mixed, allowed to stand 1 0 min., and 
then centrifuged for 20 min. at 2500 RPM. Aliquots of the supernatant 
solution Were removed for phosphorus analysis and radioactivity measure
ment .

Soluble Lecithin Soluble CaC
Experiment (ymoles/ml) (ymoles/ml)

+2a) Lecithin, no Ca
yl water/ml

0  

5 
10 
15

b) CaCl^, no lecithin
yl water/ml

0 -- 0.310
5 -- 0.073

10 -- 0.027
15 -- 0 . 0 2 2

c) Lecithin and CaC^
yl water/ml

0 9.7 5.03
5 ■ 9.8 5.06
10 9.9 4.91
15 • 0 . 1  0.20

9.8 
9.5
9.9
9.9
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Table 7. Solubility of Dioctanoyllecithin in Diethylether-Methanol 95:

5 (v/v) as a Function of Water and Calcium Chloride.
To 0.95 ml of a 4.0 mM solution of dioctanoyllecithin in the indicated 
solvent was added 50 al of a methanolic solution of CaClg to give the 
desired final concentration of CaCl̂ . Where indicated, water was added, 
the solution mixed and allowed to stand for 10.0 minutes. After cen
trifugation at 1500 rpm for 20 minutes, aliquots of the supernatant so
lution were taken for phosphorus analysis.

Water added (vil/ml)

0 5 10 15 20 25 30
Dioctanoyllecithin in Supernatant Solution (umole/ml)

CaClg (mM)
0 . 0 3.93 4.03 4.08 3.91 3.91
1 . 0 3.91 3.95 3.92 4.04 2.801
2 . 0 3.93 3.90 2.051 0.831

3.0 3.96 1.961 0.951

4.0 1.351

5.0

1 . biphasic system

z
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absence of water. These precipitates when examined on thin layer chro
matography showed no evidence of hydrolysis or other detectable altera
tions in the lecithin. The precipitate was soluble in methanol as would 
be expected from the experimental conditions of the calcium ion binding 
studies where precipitation was not observed.

These data demonstrate that calcium chloride is solubilized by 
lecithin under anhydrous conditions in diethylether-methanol. Water is 
solubilized by lecithin in the absence of calcium chloride. Since ei
ther the water or the calcium ion can precipitate the lipid independent
ly as well as cooperate to decrease the solubility of the lecithin, an 
alteration in the physical structure of the micelle is suggested. This 
alteration leads to the precipitation of the lipid. These data also 
suggest indirectly that more than a single lecithin specie can exist si
multaneously in solution. Certainly the lipid must be hydrated in the 
presence of only water and the lipid must form a complex with calcium 
ion in the absence of water. It is reasonable to assume that these spe
cies coexist under the appropriate experimental conditions. Therefore, 
diethylether-methanol solutions contain at least three lipid species; 

an anhydrous, a hydrated, and a species which binds calcium ion.
The lipid species which can be sedimented in a low g field at 

high water concentrations in the absence of calcium ion deserves com
ment. It is conceivable that this species represents a more highly hy
drated lipid species of very large molecular weight and is different 
than the hydrated lipid specie which remains in the supernatant after 
centrifugation. The existence of the large molecular weight specie 
which is not a substrate would be consistent with the observation of a
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water optimum in the diethylether-methanol assays. Increasing water 
concentrations could lead to the formation of the second hydrated specie 
which decreases the total available hydrated lipid substrate for the en
zyme and subsequent decrease in the observed rate of hydrolysis.

The Interaction of Lecithins and 
Cerium Ion Measured by Fluorescence

The use of rare earth cations have been suggested as a probe for 
calcium ion binding sites in- proteins (Bimbaum,,,Gomez and Darnell,

1970) so it appeared likely that these cations might bind to glycerol- 
phosphorylcholines (GPC) and lecithins in methanol or methanol-water so
lutions. The high fluorescence of cerium ion is quenched by ligand 
formation with certain anions (Jorgensen, 1962). Aqueous solutions of 
CrÔ , or F strongly quench the fluorescence of cerium ion, but I , 
which forms a very weak ligand to cerium ion, has no effect on the fluo
rescence. Similarly, CrO” and F but not I quenched the fluorescence 
of cerium ion in methanol solutions.

GPC, DDL, dilauryllecithin and dipalmitoyllecithin were shown to 
bind cerium ion in methanol. A typical experiment is presented in Fig
ure 27 for the binding of cerium ion to GPC. The fluorescence decreases 
as the concentration of GPC is increased. In other experiments not 
shown, the addition of water to the methanol solutions of GPC and cerium 
ion decreased the extent of the fluorescence change, indicating a de

creased binding of the ligand to GPC in the presence of water. There 
was no change in fluorescence in an aqueous solution of GPC even at a 
1 0 0 -fold concentration of cerium ion used in the methanol experiment.
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Figure 27. Quenching of the fluorescence of cerium by glycerophospho- 
rylcholine.

Fluorescence emission spectra were recorded while activating at 317 nm. 
All solutions contain 2.0 x 10~4 M CeCl? in methanol. Curve 1: no 
added GPC; curve 2: plus 0.5 x 1 0 "4 m CPC; curve 3: plus 1.1 x 1 0 " 4  M 
GPC; curve 4: plus 2.9 x 10'4 M GPC; curve 5: plus 8.5 x 10"4 M GPC. 
All solutions were in a final volume of 3.0 ml.
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Enzyme Solubilization by Lecithin 

in Diethylether-Methanol
In order to assure the specific activities expressed in the 

diethylether-methanol assays were a function of the total enzyme added, 
solubilization of phospholipase by the lipid were conducted with
different amounts of water and calcium ion. Since the enzyme is insolu
ble in diethylether-methanol in the absence of lipid, it was expected 
that the protein which was not solubilized by the lipid could be sedi- 
mented under a low g field. Attempts to determine the protein present 
in the supernatant after centrifugation using conventional procedures 
were unsuccessful. Severe light scattering by the lipid precluded mea
surements by UV absorption. The relatively high concentration of lipid 
present in the supernatant solutions interfered with color development 
in the method of Lowery et al. (1951). Attempts to extract the enzyme 
from the organic solvent into an aqueous phase were unsuccessful. The
method which proved to be both reproducible and very sensitive was a .

125radioassay of the enzyme which had been labeled with I.
Figure 28 presents the effect of iodination on the specific 

activity of the enzyme. Since it is assumed that the major iodination 
on the protein occurs at tyrosine, the concentration of diiodotyrosine 
(BIT) formed during-the reaction was used as a measure of the extent of 
iodination. It was necessary to use relatively low levels of iodine 

since Figure 28 indicates that the relative enzymatic activity decreases 
as the incorporation of iodine into the enzyme was increased.

Conditions were chosen for the incorporation of less than one 
125molecule of I per phospholipase A£ molecule to insure that the
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Figure 28. Effect of iodination on phospholipa.se activity.

The incorporation of iodine into phospholipa.se A2 was estimated by 
diiodotyrosine absorbtion at 411 nm (Edelhoch, 1962) and plotted as a 
function of the relative specific activity of phospholipa.se A2 . Assays 
were conducted in diethylether-methanol (95:5, v/v) by Method I using 
10 ymol dioctanoyllecithin, 0.05 ymol calcium ion and 0.01 ymols phos- 
pholipase A2 which had been treated with 2.5, 5, 10 and 20 equivalents 
iodine per mole protein. Reaction volumes were 1.0 ml'and contained 18 
yl water per ml.
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enzymatic and solubilization properties of the enzyme were minimally al
tered.

Table 8 presents the results of the labeling experiment con
ducted at two levels of iodine addition. The amount of labeled BIT in
corporated into the enzyme was measured by the absorbance at 411 nm.
The relative specific activity of each of the preparations was measured 
against an untreated standard enzyme sample. The control was taken
through the entire experimental procedure without the addition of the

125iodine generating system. The enzymatic specific activity of the I
preparations were very similar to those found in the control experiments
(Figure 28). It is unlikely, therefore, that any radioactivity in the
preparations due to the possible labeling of a minor impurity. All the
solubilization experiments were conducted with the preparation labeled

125at 3.5 equivalents I per equivalent of enzyme (specific radioactivi- 
ty, 16 x 1 0  cpm/vig protein).

Data on the solubilization of the labeled enzyme as a function 
of water and magnesium chloride (substituted for calcium ion) are found 
in Table 9a. Essentially all the enzyme is solubilized by egg yolk lec
ithin at 8 i-i 1 water per ml. This suggests that the low kinetic rates 
observed at this water concentration were not due to the absence of en
zyme in the micelle. The solubilization of the enzyme near the water 

optimum (18 yl/ml) is almost total but decreases significantly at 24 yl/ 
ml. The observed decrease in hydrolytic rates at high water concentra
tions may be due to the decreased solubilization of the enzyme in addi
tion to the decreased solubility of the lipid. The solubilization of 
the enzyme increases as the cation concentration at any water level



82

Table 8 . Effect of lodination on Activity of Phospholipase Â .
125Phospholipase A^ was labelled with I as outlined in Materials and 

Methods. Diiodotyrosine was measured by its absorbance at 411 run. 
Specific activity of phospholipase A„ was determined in the diethyl 
ether-methanol 95:5 (v/v) assay. Each assay contained 10 ymoles egg 
yolk lecithin, 0 . 1  ymole CaCl ,̂ 18 yl water and 0 . 1  yg phospholipase A„ 
in a total reaction volume of 1.0 ml. Reaction time was 1.0 minute. 
Liberated fatty acids were titrated with 0.01 M NaOH.

Equivalents of 
labelled iodine added

cpm 1 2 5 I/ 
yg protein .

Equivalents
diiodotyrosine/
equivalent
protein

Relative specific 
activity of 

phospholipase A^

0 0 0 . 0 1 . 0

1 . 0 5500 0.31 0.92

3.5 16000 0.48 0 . 8 8
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Table 9. Solubilization of Phospholipase A2 by Lecithins in Diethyl- 

ether-Methanol 95:5 (v/v) as a Function of Cation and Water.
The solubility of phospholipase Ag by lecithins as a function of cation 
and water was determined as outlined in Materials and Methods. One 
tenth microgram labeled phospholipase A2 (1600 cpm) was added to each 
determination.

water (yl/ml)
1 8 18 24

Cation % phospholipase
Lecithin Cation Concentration A2 solubilized

a) egg yolk Mg++ 0.05 93 8 8 38
(10 mM)

0 . 1 0 98 93 55
0.50 1 0 2 97 76

b) egg yolk Ba++ 0 . 0 3 9 1 1
(10 mM) 0.05 96 93 60

0 . 1 0 108 98 67
0.50 951 106 8 6

5.0 961 .96 90

c) dioctanoyllecithin Ba++ 0.005 105 97 72 9
(5 mM) 0.05 1 0 1 1 0 1 91 40

0 . 1 0 106 1 0 0 98 331

0.50 99 99 1 0 0 1.51

1 . biphasic sys tern
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increases. This observation does not correlate with the kinetic data 
where the specific activities at low water concentrations decrease as 
the cation concentration is increased, i.e., the inhibition by high cal
cium ion at 8 yl/ml water is not due to decreased enzyme solubilization.

In the absence of cation, there is virtually no enzyme solubi
lized into the micelle. These data are found in Table 9b for egg yolk 
lecithin and barium chloride. The overall solubilization of the enzyme 
in the presence of barium chloride is essentially identical to the data 
obtained with magnesium chloride. There is almost complete solubiliza
tion of the enzyme at 8 and 18 yl water per ml at cation concentrations 
ranging from 0.05 to 5.0 mM barium ion at a lipid concentration of 10 
mM.

An experiment conducted with 5 mM DOL in the presence of barium 
chloride indicates that there is total enzyme solubilization at the cat
ion concentration of O.O05 mM and a water concentration of 1 pi of wa
ter per ml as shown in Table 9c. Essentially all of the enzyme is 
solubilized by the cation in concentrations ranging from 0.005 to 0.5 mM 

in the water concentrations of 1 to 18 pl/ml. At the highest water con
centrations, 24 pl/ml, the amount of enzyme remaining in the supernatant 
is reduced drastically. The data presented in Table 10 represents a 
saturation study of enzyme solubilization at 8 pi of water per ml in the 
presence of 0.1 mM barium chloride and 2.5 mM DDL. The solubilization 
is linear from 0.1 to 0.3 pg phospholipase A^ per ml. The latter con
centration represents a 3 fold higher amount of the enzyme which was 
used in the kinetic assay. •
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Table TO. Solubility of Phospholipase iU by Dioctanoyllecithin in Di- 

ethylether-Methanol 95:5 (v/v) Containing 0 . 1  mM BaCl. and 
8 yl water/ml as a Function of Phospholipase Added.

The solubility of phospholipase A„ by dioctanoyllecithin as a function 
of added phospholipase was determined as outlined in Materials and 
Methods. Each determination had 2.0 ymole dioctanoyllecithin, 0.1 ymole 
BaClg and 8 yl water in a total volume of 1.0 ml. The specific radio
activity of the enzyme was 16000 cpm/yg protein.

yg phospholipase A^ added yg phospholipase A^ solubilized

0 . 1 0 0 . 1 0

0.30 0.27
0.70 0.57
1.50 1.35
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It is apparent from these data that enzyme solubilization is in-. 

dependent of the water concentrations below the water optimum. All the 
enzyme is solubilized by the lipid under these conditions. There is a 
strict requirement for the presence of a divalent cation to effect en
zyme solubilization within the micelle. The enzyme can be sedimented 
under a low g field above the water optimum and may be forming a complex 
with the very large molecular weight lipid species.

Enzyme Activity in Diethylether-Methanol 
as a Function of Various Cations 

at High and Low Water
Since phospholipase A^ interacts with cations other than calcium 

ion in diethylether-methanol, i.e., magnesium and barium ions, as shown 
in the enzyme solubilization studies, and since both calcium and magne
sium ion, but not sodium ion, interact with phosphatidylcholines as 
shown in binding studies conducted in methanol-water, it was of interest 
to determine the relative specific activity of the enzyme in diethyl
ether-methanol as a function of calcium, magnesium and sodium ions at 
high and low amounts of water, These data are presented in Table 11.

High Water Amounts
If the relative specific activities are based on the reaction 

at low calcium ion (0.1 mM) and a water concentration near the optimum 
(16 yl/ml), the relative rate at high water is independent of high cal
cium ion, high magnesium ion substituted for a portion of the calcium

+ion or a high concentration of a monovalent cation, Na , substituted for 

a portion of the calcium ion.
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Table 11. Relative Specific, Activity of Phospholipase A„ in Diethyl-

ether-Methanol 95:5 (v/v) as a Function of Various Cations at 
High and Low Water Concentrations.

Each assay contained 5 nmoles dioctanoyllecithin in diethyl ether-metha- 
nol 95:5 (v/v) and 0.1 ng phospholipase A„. The cation or cations in 
combination were added with the enzyme. Reaction time was 1.0 minute. 
Liberated fatty acids were titrated with 0.01 N NaOH. All relative spe
cific activities were based on the reaction which contained 0 . 1  nmole 
Ca++ and 16 nl water per ml.

Relative Specific Activity 
Cations Added water nl/ml

0.1 mM Ca++
0.8 mM Ca++

0.1 mM Ca++ + 0.8 mM Mg++ 
0.1 mM Ca + 0.8 mM Na

0.55
0.27
0.28

0.53

16

1.0
0.94
0.95
1.0
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Low Water Amounts

However, when the same experiment is conducted at low water 
( 6 ul/ml), the specific activity at low calcium ion (0.1 mM) is less, as 
expected, than the activity at 16 yl/ml water at the same calcium ion 
concentration. In the presence of high calcium ion (0.8 mM), the rela
tive activity is still lower due to inhibition by calcium ion as pre
viously observed (Table 1). The relative activity at low calcium ion 
(0.1 mM) plus a high concentration of magnesium ion (0.8 mM) is the same 
as the relative rate at high calcium ion (0.8 mM) alone. Thus the in
hibition observed at 6 ul/ml water and high cation concentrations is not 
a specific effect of calcium ion but is due to a nonspecific effect of 
divalent cations since the relative rate observed at low calcium ion 
plus high monovalent cation (Na+) is the same as the relative rates ob
served at low calcium ion alone.



DISCUSSION

The concept that solutions of lecithin in diethylether-methanol 
contained distinct lipid species or aggregates was suggested by kinetic 
studies on the action of phospholipase in this organic solvent. Ap
parent inconsistencies in these data could be explained by invoking the 
idea that physical properties of the lipid aggregates were modulated by 
the concentrations of water, cation and lipid.

Kinetic Mechanism 
The available kinetic data for the hydrolysis of dioctanoyl- 

lecithin in diethylether-methanol are in good agreement with data for 
the hydrolysis of monomeric dibutryllecithin in water (Wells, 1972) and 
for the hydrolysis of micellar dioctanoyllecithin in water (Wells,
1974). The apparent similarity of the kinetic constants suggest that 
the mechanism of action of the enzyme, whether operating on monomeric 
or micellar lecithins in water or micellar lecithins in diethylether- 
methanol is equilibrium-ordered. Calcium ion binding is in thermody

namic - equilibrium with the enzyme and adds prior to the lipid. These 
conclusions are derived from experiments conducted under the specific 
conditions of water concentrations near the observed optimal value (15 
yl per ml) and calcium ion addition by Method I (see below). The modu
lation of the physical parameters of the aggregates under these specific 

conditions appear to be minimized. The apparent deviations from this 
mechanism at other than optimal water concentrations observed in

89.
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diethylether-methanol occur as a result of the modulation of the physi
cal state of the aggregates as a function of the water, cation and lipid 
concentrations.

It is surprising that a classical kinetic approach, i.e., rapid 
equilibrium assumptions with Michaelis-Menton treatment of data, would 
yield linear kinetic patterns at all under the conditions of the experi
ment. The lipid, water, cation and enzyme concentrations in diethyl- 
ether-methanol have been treated as if they were in true solution, i.e., 
ymol reactant per ml total reaction volume. In fact, micellar solutions 
of phosphatidylcholine in organic solvents are heterogeneous mixtures. 
The actual reaction volumes in these mixtures is that contained within
the core of the micelle. If the total microscopic volumes were known,

* ++ the microscopic concentrations of enzyme (E)̂ , calcium ion (Ca ) ,■
and water would be more meaningful in the treatment of the kir
netic data. There are no data available to make these calculations. In 
addition, the partition coefficient of methanol between the bulk solvent 
and the interior of the micelle and the effect of water, cation and lip
id concentrations on this partition coefficient is unknown.

It is also difficult to define the microscopic concentration of 
the lipid (PC)^. Presumably, each polar group of the lipid molecule at 
the interface is equally available to the enzyme. Since the number of 
micelles is several orders of magnitude higher than the total number of 
enzyme molecules, only a small fraction of micelles contain an enzyme 
molecule. Increasing the total lipid concentration results in an in
creased number of micelles but not the size of the micelle (Poon and 
Wells, 1974). Since the micellar size remains constant, the number of
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lipid molecules available to the enzyme should remain constant as the
lipid concentration is increased. In effect, an increase in total lipid
does not increase (PC) . Furthermore, (PC) is not a true solutiona a
within the micellar core but can be represented as a two dimensional 
array of polar head groups lining the micellar core.

Effects of Water on the 
Micellar State of the Lipid

The kinetic data in diethylether-methanol can be fitted to an 
equilibrium-ordered equation if the lipid substrate is considered to be 
tetra-hydrated (Figure 7 and equation 3). In spite of the total solubi
lization of the enzyme by lipid at low water concentration, 8 yl/ml, 
(Table 9), significant hydrolysis cannot occur until a sufficient con

centration of the hydrated lipid species is present. The extent of lip
id hydration determines the relative concentration of the actual lipid 
substrate which is available to the enzyme and consequently the relative 
rate of hydrolysis. The enzyme remains fully active and is not dena
tured at low water because the subsequent addition of water to the same 
solution results in an increased hydrolysis rate. In effect, there are 
two forms of lipid present, an anhydrous and a hydrated species. The 
latter is associated with at least four molecules of water.

Evidence for a hydrated lipid species in diethylether-methanol 
can be directly observed from the EM gel filtration data conducted at 
4 yl water per ml (Figure 25). At this concentration of water, very 

little enzymatic activity is observed under any experimental conditions 
(data not shown). The water bound to the lipid under these conditions 
may exist in a state analogous to the initial hydration state observed
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by Poon and Wells (1974). Six to seven water molecules per lipid mole
cule must bind before enzymatic activity is observed. They describe the 
initially bound water to possess ice-like characteristics. The bound 
water in the second hydration state has properties similar to ordinary 
or bulk water.

The interpretation of the activating effect of water in diethyl- 
ether-methanol can be approached in two ways, 1 ) the fourth order depen
dence on water is due to the presence of a tetra-hydrated lipid 
species, which serves as the actual substrate for the enzyme. This con
cept has been developed in the Results section. 2) The activation by 
water is due to some, as yet undefined, fourth order process which al
ters the interfacial properties of the micelle. This alteration then 
allows the enzyme to interact productively with the polar head group of. 
the lipid in the interface.

There is evidence in this laboratory for the latter possibility. 
These data suggest that there are at least two distinct hydration states 
of phospholipid micelles in diethylether (Poon and Wells, 1974). The 
first hydration state occurs at low water concentration (0-5 ul/ml) and 
is completed prior to the onset of enzymatic activity. The second hy

dration state is then initiated. It is the second hydration state which 
exhibits fourth order dependence on free or total water with respect to 
enzymatic activity. The total number of water molecules bound per lipid 
molecule, however, is far greater (30 molecules water per lipid molecule 
at the water optimum) than the four water molecules detected kinetical- 
ly. In addition, the number of water molecules bound per lipid molecule 
increases in a cooperative manner as the total water concentration
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increases during the second hydration process. The increase in coopera
tive binding correlates with increased activity. These data suggest 
that the interfacial properties of the micelle may change as additional 
water is bound to the lipid molecules. In the micelle, the enzyme can 
bind more productively to the hydrated substrate as the interface is 
arranged into an organization which approaches a more ideal state for 
enzyme-lipid binding and subsequent hydrolysis.

Hydration of the Enzyme 
Substrate hydration in aqueous solutions is not usually consid

ered in a kinetic analysis. But when the amount of water is limiting, 
as in an organic solvent, considerations of substrate hydration become 
important. The hydration state of the enzyme must also be considered. 
Based on the dimer molecular weight of 30,000 daltons, three picomoles
of enzyme added to an assay in diethylether-methanol is certainly fully

11hydrated. There is at least 10 times the stoichiometric concentration 
of water to enzyme present in any assay. Therefore it must be assumed 
that the water effects observed at activating amounts are due exclusive
ly to the hydration of the substrate and not of the enzyme.

Water Effects Above Activating 
Concentrations on the Micellar Lipid

The apparent specific activity decreases in diethylether-
methanol when the amount of water exceeds 15 pi per ml (Figure 5 and
Table 1). At these amounts of water, the lipid is less soluble, or
more accuratly, is more easily sedimented and less enzyme is solubilized
(Table 9). The sedimentable enzyme retains its ability to hydrolyze
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lipid on the addition of a fresh solution of lipid; therefore, it does 
not denature in the presence of high amounts of water. The mechanism 
by which the specific activity decreases is probably related to a phase 
change which is induced by large amounts of water solubilized within the 
micelle. The new micellar state has a very large molecular weight and 
can be sedimented in a low gravitational field. A portion of the total 
enzyme is associated with the new micellar form and co-sediments. The 
concentration of lipid as well as enzyme remaining in the original mi
cellar forms is decreased and the specific activity appears to decrease. 
This decrease in activity is the result of a changing physical property 
of the lipid and is influenced by the amount of water. The decrease is 
not due to either a change in mechanism of the enzyme nor an inactiva
tion of the enzyme since that portion sedimented still possesses its 
usual activity.

Effects of Water on the Monomeric 
State of the Lipid

Additional evidence for the interaction of water with lecithin 
in a nonpolar solvent can be found in the experiments conducted in 
methanol-water. The direct measurement of water binding to dioctanoyl- 
lecithin in methanol-water using LH-20 gel filtration shows that the . 
lipid in the monomeric state binds 4 molecules of water (Figure 20). 
Enzyme studies in water in methanol indicate that the rate of hydrolysis 
is a fourth order function of the water concentration (Figure 22). Fur
thermore the correlation of the theoretical calculation of lipid specie 
distribution (Figure 23) and observed enzymatic activities (Figure 24) '
suggests that the tetra-hydrated lipid form is the substrate in the



95
reaction. These data suggest that the hydration of the lipid occurs in
dependently of micellar formation. The hydration of the lipid is a re
sult of a direct interaction of lipid and water molecules and not 
necessarily the result of the "trapping" of water inside the micelle.

In addition to the observed effect of water on the hydrolysis of 
lipid, divalent cations influence the activity of the enzyme.

Divalent Cation Effects 
The enzymatic response with respect to the anhydrous, hydrated 

and large molecular weight hydrated lipid species is complicated by the 
presence of a divalent cation in solution.

Calcium ion can interact in a specific (catalytic) or a non
specific (non-catalytic) manner with respect to enzymatic hydrolysis.
It acts as a specific metal cofactor for the enzyme and it functions 
nonspecifically both in the solubilization of the enzyme into the mi
celle and in ligand formation to the anhydrous lipid.

Specific Cation Effects
The specific effect of calcium ion is observed in both the water 

in methanol and the diethylether-methanol kinetics. Figure 21 shows 
that the velocity of the hydrolysis in water in methanol is a function 
of the calcium ion concentration at both the amounts of water tested.

The specific effect of calcium ion in diethylether-methanol is 
more difficult to observe because of the modulation effect on the physi
cal state of the lipid by both water and, as will be discussed below, 
the cation concentration. Because the order"of addition of calcium ion 
to the reaction mixture greatly affects the observed kinetic response in
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diethylether-methanol, the two methods of calcium ion addition are re
iterated here. In the first method (Method I) all the calcium chloride 
was added in the solution of enzyme to a preequilibrated solution of wa
ter and lipid in diethylether-methanol. Prior to enzyme addition, the 
lipid species present in the organic solvent included the anhydrous and 
hydrated species. In the second method (Method II), the bulk of the 
calcium ion and water was preequilibrated with the lipid in diethyl
ether-methanol. The enzyme was added subsequently in a solution of min
imal calcium chloride (see Materials and Methods). The preequilibrated 
solution then contained the calcium ion-lipid complex in addition to the 
anhydrous and hydrated lipid species.

Specific cation effects in diethylether-methanol are observed 
under the limited condition of high water amounts, i.e., high concentra
tions of the hydrated lipid and only by Method I of calcium ion addi
tion. Figures 1 and 2 show the specific effect of calcium ion at 15 pi 
of water per ml. These data at various lipid and calcium ion concentra

tions suggest an equilibrium-ordered mechanism as discussed above.

Nonspecific Cation Effects
In contrast, the data obtained by Method II reveals severe sub

strate (lipid) inhibition especially at low levels of calcium ion as 
shown in Figures 6 and 16. Both methods of calcium ion addition were 
conducted at essentially the same concentration of all reactants and 
differ only in whether the. solution was preequilibrated with or without 
calcium ion prior to the addition of the enzyme. It can be shown
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that nonspecific cation effects are responsible for the different hinet- 
ic response.

Cation Dependent Enzyme Solubilization 
Very little, if any, enzyme is solubilized by the lipid in the 

absence of a cation (Table 9b). The nonspecific effect of calcium ion 
can be mimicked by two other divalent cations, magnesium and barium, 
neither of which is a specific cofactor for Phospholipase The cat
ion requirement in the solubilization of the enzyme is not understood, 
but may be a function of charge neutralization (Gitler and Montal, 1972) 
of the negatively charged protein (Saito and Hanahan, 1962; Wells and
Hanahan, 1969). Large amounts of water are not as essential, in the

_6solubilization since as little as 5 x 10 M barium ion in the presence 
of 1 Ml of water per milliliter of reaction volume is sufficient to 
solubilize all the protein (Table 9c). 'These data suggest that there is 
a high affinity of the cation associated protein for the anhydrous lipid 
or conversely, a high affinity of the protein toward cation associated 
lipid. The distinction between the two possibilities cannot be made 
from the data.

Cation Ligand Formation With Lipid 
Calcium ion, as well as magnesium ion, binds to. monomeric, leci

thins in anhydrous methanol (Figure 19). This interaction decreases at 
increased water concentrations in methanol (Table 3c). The fluorescence 

data with cerium chloride as the cation supports the direct interaction 
of the cations with lecithin in nonpolar solvents. Cerium ion does not 
bind to glycerolphosphorylcholine in aqueous solutions. In anhydrous
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methanol, glycerolphosphorylcholine as well as dioctanoyl-, dilauryl-, 
dipalmitoyl- and egg yolk lecithin decrease the fluorescence of cerium 
ion indicating that ligand formation occurs. The data suggest that the 
site of ligand interaction is with the polar phosphorylcholine group, is 
independent of the fatty acyl side chains of the lecithin and is inde
pendent of an aggregate since glycerolphosphorylcholine is certainly 
monomeric in anhydrous methanol. The addition of water to methanolic 
solutions of glycerolphosphorylcholine or any of the lecithins decreases 
cerium binding (data not shown). This suggests that water competes with 
the cation directly and that the competition is not a function of an 
aggregated state of the lipid.

Comparison of Methods I and II 
Addition of Calcium Chloride

There is a consistent activation effect of water as the amounts 
of water are increased to the water optimum in both methods of calcium 
ion addition. The activating effect of increasing water amounts is ob
served at all constant concentrations of either calcium ion or lipid by 
either method (Tables 1 and 2). At water concentrations greater than 
optimal values, a decrease in enzymatic activity is observed (data not 
shown for Method II beyond optimal water concentrations). These acti
vating and inhibiting effects of the amount of water are due to the hy
dration of the lipid concomittant with possible alterations of the 
interface in both methods.- However, kinetic patterns observed in the 

two methods are different because the distribution of species or aggre
gates is dependent upon the presence or absence of calcium ion prior to 

the addition of the enzyme.
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Method I '

When calcium ion in the enzyme solution is added to a lipid 
solution preequilibrated with water, the relative rate of hydrolysis is 
dependent on the free calcium ion concentration and the extent of lipid 
hydration. The latter is controlled by the amount of water present.
More catalytically active calcium ion is solubilized with the enzyme 
within a particular micelle as the calcium ion concentration is in
creased. If present, non-catalytic calcium ion distributes itself 
among micelles other than the micelle which contains the enzyme. The 
greater the water content, the greater the amount of hydrated lipid 
available to solubilize the enzyme. As the lipid concentration is in
creased at each amount of water, the absolute concentration of the hy
drated lipid species is increased. At optimal water concentrations, 15 
i-i 1 /ml, the maximum amount of lipid is hydrated. The addition of in
creasing amounts of calcium ion with the enzyme to the optimally hy
drated lipid results in kinetic patterns which are consistent with 
equilibrium ordered addition of reactants using classical kinetic meth
ods of analysis. At the higher levels of calcium ion and sub-optimal 
concentrations of water, some of the micelles may contain more calcium 
ion per micelle than others. Since the enzyme appears to prefer to 
associate with a calcium ion rich micelle, there may be a preferential 
distribution of enzyme into these micelles. The higher affinity of the 
enzyme toward the proposed cation rich micelle is observed in the enzyme 

solubilization studies. The data in Table 9.indicate that at any 
constant water concentration, relatively more enzyme is solubilized as 
the total cation concentration is increased. Since increased hydrolytic
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rates are not observed with increasing calcium ion concentrations at 
constant water, more enzyme must be solubilized within an enzymatically 
inactive (cation-rich) micelle. This analysis predicts that the inhibi
tion by calcium ion should be competitive with respect to water. This 
is seen experimentally in Figure 12. The observed linear kinetic pat
terns in Method I are not the result of a classical enzyme-substrate 
interaction, but the result of the partitioning of the enzyme among dif
ferent micelles which possess different reactivities toward the enzyme. 
The partitioning of the enzyme depends on the concentration of the reac
tants and the resulting kinetic patterns are analogous to classical 
kinetics.

Method II
When both calcium ion and water are preequilibrated with the 

lipid prior to enzyme addition, an entirely different distribution of 
lipid micelles is present when compared to the distribution at any com
parable water and cation concentration produced by Method I. During 
preequilibration at low water amounts, the formation of the cation-rich 
micelle is favored (Figure 23). The enzyme, added in a relatively cal
cium ion poor solution, would selectively partition into these unreac
tive micelles. The activity of the enzyme molecules which partition 
into a moderately hydrated micelle depends on the availability of free 
calcium ion within that micelle. The free calcium ion concentration in 
any micelle would decrease as the lipid concentration is increased since 
more calcium ion would be associated with the lipid-calcium ion complex. 
This, in turn, would result in more enzyme partitioning into more
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unreactive micelles. This analysis predicts lipid inhibition at any 
constant calcium ion or low water concentration. At higher water 
amounts, the enzyme which is incorporated into a moderately hydrated 
micelle has more hydrated lipid substrate available and the reactivity 
increases. But as the total lipid concentration increases, the lipid- 
calcium ion species amounts increase with a concomitant decrease in 
free calcium ion availability and again substrate inhibition is ob
served (Table 2). Consider the distribution of the hydrated and cation 
associated lipid species present in solution prior to the addition of 
the enzyme as

++ KCa ‘Sv
DOL-Ca t DOL * DOT-hydrate (17)

It is theoretically possible to reproduce the experimental data obtained 
in Figures 16 and 17 by making the assumption that the association con
stant for the formation of the lipid calcium ion complex, K^, is much 
larger than the association constant for the formation of the hydrated 
lipid, K̂,. This was shown in the calcium ion binding studies in 
methanol-water (see Results). The second assumption is that the rate of 

enzymatic hydrolysis is a direct function of the free calcium ion con
centration. These calculated data (see Appendix E) are shown in Figure 

29 as a function of the reciprocals of free calcium ion, proportional to 
i, and total lipid and in Figure 30 as a function of the reciprocals of 

free calcium ion, proportional to i, and Ca++/D0L molar ratios. These 
figures are similar, in substance, to the experimentally derived data in 
Figures 16 and 17.



600

400+

200t CA

1

Figure 29. Method II: Simulation of data in Figure 16.

Calculated double reciprocal plot taken from derivation of equation 21 found in Appendix E simulat
ing data in Figure 16. Double reciprocal plot of free calcium ion concentration as a function of 
total lipid substrate at fixed changing concentrations of total calcium. Enzymatic velocity is 
assumed to be directly proportional to free calcium concentrations and data shown simulate experimen
tal data depicted in Figure 16.
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Figure 30. Method II: Simulation of data in Figure 17.

Calculated double reciprocal plot taken from derivation of equation 17 found in Appendix E simulating 
data presented in Figure 17. Double reciprocal plot of free calcium as a function of molar ratios 
of total calcium and total lipid substrate. Enzymatic velocity is assumed to be directly proportion
al to free calcium ion concentration and data shown simulate experimental data depicted in Figure 17.



104
These data clearly suggest that a kinetic analysis of an enzyme 

acting on a micellar substrate requires prior or concomitant knowledge 
of the physical properties of the micelle(s). Additionally, information 
on the types of interactions of the protein with one or more of the mi
celles must be known before an adequate analysis can be performed. The 
classical approach to kinetic analysis must be utilized with caution 
since reactant concentrations are not necessarily those concentrations 
which were added to the reaction mixture. The observed reactivity is 
not due to the classical E*S complex but is an expression of the distri
bution of the enzyme among the various micelles.

The system utilized in these experiments, purified phospholipase 
Ag and highly purified phosphatidylcholines represent a relatively sim
ple model acceptable for further, investigation into interactions of pro
teins and lipids. The system also represents a powerful tool which can 
be used to further investigate micellar properties of phosphatidylcho
lines as well as other phospholipids such as phosphatidylserine and 
phosphatidylethanolamine, both of which are susceptible to phospholipase 
Â . Such studies should attempt to define the molecular basis for the 
various effects of water and cations reported here. Attempts should 
also be made to study the properties of the protein solubilized within 
micelles of various degrees of hydration. Such studies should exploit 
the properties of this system without losing sight of the necessity to 

explore all possible model systems in order to achieve maximum under
standing of the interactions of proteins and lipids.



APPENDIX A

DERIVATION OF EQUATION 2

Abbreviations 
S, anhydrous dioctanoyllecithin 
S', hydrated dioctanoyllecithin 
Srp, total dioctanoyllecithin 

Ca, free calcium 
Câ , total calcium ion 
H2O, free water 
Ĥ Orp, total water 
E, free enzyme
KfCaJ dissociation constant for E'Ca complex 
Kg,, dissociation constant for E-Ca-(S') complex 
Kpj, association constant for S* (Î O)̂  complex 
v, velocity of reaction 
Vm, maximal velocity

k̂ , rate constant for breakdown of E•Ca•S' complex to products

Assumptions
Cdrp = Ca

l̂ Orp “ H2 0
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Enzyme Terms

E,p = E + E • Ca + E • Ca • S'

E + Ca  ̂E*Ca

= (E) (Ca) 
iCa E-Ca

E'Ca = l|3i-Ca.) 
iCa

E-Ca + S' 2 E-Ca-S1

v- = (E-Ca) (S')
KS? E-Ca-S*

E'Ca-S’ = -ff
KS'

E'Ca'S' = ^$1%)
Rapid Equilibrium Assumptions

dPv = ̂  = E-Ca*S’

Vm K3Er

V (E-Ca-S') 
v = -m Et
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Rapid Equilibrium Equation

nH2°
I

Ca
4-

E-Ca E-Ca-S'

sT = S + S'

S + nH-0 ^ S(H20)nES'

Substrate Terms

KH =
S'

(S)(H20)n

n

rtisT = S[1 +

S =
Sr

[1 + KH(H20)n]

S' =
Kh(H20)“St 
1 + Kh(H20)n

Kh (H20)n
+ 1 ]

products



Rate Equations
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r(E)(Ca) (S'),
m KICaKS' 

v Ci , (CaHS
KiCa ^KiCa^KS,')

v = Vmi + i 1

f -  [ n + 1] [1 + CS^IT KH(H20)n LaT

V VSl 5T

i i i Ks, K. Ca
v X  + V [{5r (^ x T 7 )>{1 + C57 }]

slope [kh(H20)t + 1] [ 1 + Ca^ ]

intercept = Vm

7  vs- ™ 2 T

7 = t  + s f )} + (| 1(1 +

Ks» ^ica
slope = T O  (1 + ^
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intercept = [1 + ^ — ( 1 + p-— )]
m bT r

Calculated Data
H205 =1, 5, 10 
ST = 1, 2, 10

CaT =  2

KiCa = 1

Kg, = 1
kh = 1

Vm = 1

For i  vs. i -

K K
Sl0pe = \  [Kh(H20)t + 1] [1 + C5^]

H20t Slope

1 3.0
5 1.8
10 1.65

intercept = V =1.0 m
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For v vsI H ^

slope = W 7 [1 + ^ 1

Slope

1 1.5
2 0.75
5 0.3
10 0.15

1 KS1 ^iCaintercept = tt- [1 + ^ — ( 1 + p-— •)]
m T LaT

ST Slope

1 2.50
2 1.75
5 1.30
10 1.15



APPENDIX B

DERIVATION OF EQUATION 4

Abbreviations 
All abbreviations as presented in Appendix A plus: 
S", second hydrated dioctonyllecithin 
K^', association constant for S'(l Ô) complex

Assumptions
Ca^ = Ca

Enzyme Terms
Identical with Appendix A

Rapid Equilibrium Assumptions 
Identical with Appendix A

Rapid Equilibrium Equation

nH^O mH^O

S S' S"
Ca I
i 1

TFCa E-Ca-S'
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Substrate Terms

S + nH20 £ S*(H20)n e S'

= — S L _
(S)(H20)n

S’ = KH(S)(H20)n

S' + niH20 # S’-(H20)m = S”

K , =  ____
H (S')(H20)m

S" = KH,S'(H20)m

S" = K^iyS) (H20)n(H20)m

sT = S + S' + S"

ST = S[1 + Î (H20)n + KH,KH(H20)n(H20)m]

g =_____________ ST_______________
1 + %(H20)n + KH,KH(H20)n(H20)m

Rate Equation
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V = -------------- f  ^  J-------

1 +(K d j i v  [1 + KH (H20)n + KH'KH (H2O)n 0 ,2O)m ]>{1 +

v _ ______________________ jn ______________________

1 + [   „ + K (H2 0 )m
T KH(H20)n H LaT

Water Terms

H20 t  = H20 )  + n i l20  + mH20

if nH2 0  + mH2 0 <<H2 0  

then H2 0 rp = H2 0

Calculated Data
(H20)t = 0.25, 0.5, 1, 2, 3, 4

Kg' = 1  

ST = 1

% = 1

Kr t - 0 . 1

KiCa = 1

CaT = 1

n = 1

m = 2
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0.25
0.5
1.0

2. 0

3.0
4.0

1
v

11.01
7.05
5.20
4.80
5.46
6.70



APPENDIX C

DERIVATION OF EQUATION 6

Abbreviat ions
PC - free phosphatidylcholine 
Ca - free calcium

v - moles calcium bound per mole phosphatidylcholine

PC + nCa [PC- (Ca)n]

PC-(Ca)
K, - n
Ca (PC)(Ca)"

- bound calcium 
v - total PC

n[PC-(Ca)n]
V = (PC) + [PC-(Ca)nj

v = - nPC + t 
[PC-(Ca)n J

PC = n.
[PC-(Ca)n j -

115
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1 = S -  1
K^[Ca]n v

K
n[^a]^ _ jCa]n

V = nKCa[Ca]
n

1 + KCa[Ca]n

I =  i + i
V nKCa[Ca]n n



APPENDIX D

DERIVATION OF EQUATIONS 11 AND 12

Abbreviations
PC - free phosphatidylcholine
PGj, - total phosphatidylcholine
Ca - free calcium
H^O - free water

bound calcium 
v total PC

PC + (l)Ca $ [PC-Ca]

_ [PC-Ca] 
X a  [PC] [Ca]

PC
[PC-Ca] KCa[Ca]

PC = ©cli

PC + mH20 $ [PC-(H20)m]

2° (PC) (H20)m
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pc = [PC(:H20 :im] = [PC-Ca] 
Kr o(H2°)m KCalCa]

KH20 [H20]m _ [PC (H20)m] 
KCa[Ca] = (PC-Ca)

PCj, = PC + [PC-Ca] + [PC-H20) ]

- _ bound Calcium _ (PC-Ca)
v PCT PC + [PC-Ca] + [PC-(H20) ]

and

v =

V =

1  = k T W  f1 + X o ( H20)m] + 1v Ca 2

(Kca(Ca)[l - 1]} - 1 = %  (H20)m
v Z

log{KCa(Ca)[1 - 1] - 1} = logKn Q + m log(H20)
v 2



APPENDIX E

DERIVATION OF EQUATION 17

Abbreviations
PC - free phosphatidylcholine 
PGp - total phosphatidylcholine 
Ca - free calcium 
Ca^ - total calcium 
H^O - free I^O

-Ca +H2O
PC-C a +Ca PC -R2 0  PC-fl2°

PC + Ca ^ PC-Ca

r = [PC'Ca]
Ca (PC) (Ca)

PC-Ca = KCa(PC)(Ca)

Ca, = Ca + PC-Ca

CaT = Ca[l + (KCa)(PC)]

Ca = -----—-----
1 + (KCa)(PC)
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PC + h2o ^  p c *h2o 

[PC-H20]

'Sv = (PC) (H20)

[PC-H20] = Kj^PC) (H20)

Assume: H2 0̂, = H20

PCT = PC + PC-Ca + PC*H20

PCT = PC[1 + (KCa) (Ca) + (Kiv)(H 2Ot )]

PCT = PC{1 + Kc a [ i  + (KCa) (PC)  ̂ + (Kiv) (H2° t  ̂ 1

PCT = p c { 1 +  1 + (Kw>CH2oT)}

KCa

Assign:

H2°T = 1

Kw = 1 0

KCa = 100



PC
Cap

PCT

1
pcT

Ca

1
Ca

' 1  
Cap
PCZ

1 2

1 2 5 1

11.99 12.98 15.95 22.98

0.0834 0.0770 0.0627 ■ 0.0435

0.009 0.020 0.050 0.005

101

11.9

50.5 20.2

6.49 3.19

204

22.98

5
2 5 1 2  . . 5

23.98 26.96 55.95 56.95 " 59.95

0.0417 0.0371 0.0179 0.0176 0.0167

0.010 0.025 , 0.002 0.004 0.010

101 40.3 526 256 101

11.95 5.38 56.0 28.4 12.0

5  .
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