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Abstract

Many cells and tissues respond to extracellular stimuli by mobilizing arachidonic and

other polyunsaturated fatty acids from the sn-2 position of membrane phospholipids.

It has been suggested that one possible route for the Caz*-independent release of sn-

2 fatty acids could involve the sequential hydrolysis of the phospholipid by a

phospholipase A, and lysophospholipase Ar. The major aim of this study has been

to determine the characteristics and regulation of phospholipase Ar and

lysophospholipase A, activities in guínea-pig heart microsomes. This involved using

radiolabelled phospholipid substrates for in vitro assays of enzyme activity. A Caz*-

independent lysophospholipase A, was characterized that exhibited highest activity with

2-arachidonoyl and 2-linoleoyl GPE. This enzyme displayed characteristics that were

different from a 1-acyl GPE and 2-acyl GPC lysophospholipase activities in guinea-

pig heart microsomes. A Caz*-independent PC-hydrolyzing phospholipase A, activity

was characterized that displayed highest activity with 1-palmitoyl-2-linoleoyl GPC. This

enzyme displayed a preference for substrates which contain palmitic acid at the sn-

1 position and the nature of the fatty acid at the sn-2 position affected the rate of the

enzyme activity. The addition of GTP[S] inhibited the hydrolysis of 1-palmitoyl-2-

linoleoyl GPC and 1-palmitoyl-2-arachidonoyl GPC. This inhibition was not duplicated

by any other nucleotide tested suggesting that the enzyme activity was regulated by

an inhibitory G protein. A Caz*-independent PE-hydrolyzing phospholipase A, activity

was also characterized. This PE-hydrolyzing phospholipase A, displayed highest

activity with 1-stearoyl-2-arachidonoyl GPE and preferred PE molecular species which

contained arachidonate at the sn-2 position. Again, the rate of hydrolysis of the sn-

1 position by the PE-hydrolyzing phospholipase A, was influenced by the nature of the
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fatty acid at the sn-2 position. The hydrolysis of 1-16:0-2-18:2 GPE was enhanced by

the addition of GTPIS] and GMPPNP but not by any other nucleotide. The

phospholipase Ar activity with 1-16:0-2-18:2 GPE was also stimulated by S1-

isoproterenol and this activation could be specifically blocked by butoxamine, a ßr-

adrenergic receptor antagonist. Experiments suggest that G protein mediated activation

of phospholipase A, hydrolysis of 1-16:0-2-18:2 GPE occurs subsequent to activation

of the ßr-adrenergic receptor. Taken together, the results of this study indicate that

phospholipases A, and lysophospholipases A, exist in guinea-pig heart microsomes

that could work in concert to selectively release arachidonic, linoleic, or possibly other

polyunsaturated fatty acids subsequent to cell stimulation.
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1. lntroduction

1.1. The Biological Membrane

The organization of metabolic activity in all higher cells depends in a large part

on the compartmentalizaiion of specific cellular processes. This compartmentalization

is afforded by the biological membrane. The biological membrane, of which the

plasma membrane is one example, acts as a barrier as it encloses every cell or

particular components of the cell and so defines the limits or boundaries within the

cell and of the cell itself. The nature of the membrane allows it to be semi-permeable.

The membrane of the cell is a principal factor in determining the environment inside

the cell.

1.1.1. The Structure of the Biological Membrane

The principal components of membranes are lipids, proteins, and carbohydrates

(1,2,3,4). Although the composition of the membrane may vary greatly from one cell

type to another, most of the basic structural and functional concepts are applicable

to all cells. The amount of carbohydrate is usually small (1Olo or less), whereas the

lipíds of the membrane account for approximately 40% of the mass of the membrane,

the balance being made up by protein. The structure of the membrane was

elucidated as early as 1925 was determined to be a bilayer of lipids (5). A further

modification of this bilayer model was made by Davson and Danielli in 1935 (6). ïhe

currently accepted model for the structure of the biological membrane was first

proposed in 1972 by Singer and Nicholson (7).

The Singer and Nicholson fluid mosaic model of membrane structure

encompassed and satisfied all the thermodynamic requirements for the structure of the



membrane. ln this model, the biological membrane can be envisaged as being a

sandwich of two layers of phospholipid. The matrix of the bilayer is the phospholipíd.

The proteins that are integral to the membrane are each arranged in a manner that

satisfies the thermodynamic restrictions of the particular protein. This means that the

ionic and highly polar portion of the protein protrudes from the surface of the bilayer

into the aqueous phase of either the cytosol or the extracellular space while the apolar

and hydrophobic porlion of the protein is embedded within the lipid bilayer.

One consequence of such a membrane structure is that there is a lack of order to the

organization of the components in the membrane. The reason for this randomness

is that there is a lack of long-range interaction intrinsic to the membrane. There is

very little interaction that enforces a distribution of a protein(s) in the membrane since

the entire matrix of the bilayer is phospholipid. lt is very likely that short-range order

does exist (7). Direct interactions may exist between the protein and the lipid. A

lipid dependence of many membrane enzyme activities has been ínferred from the "re-

activation" of purified membrane proteins by dispersion of the protein in model-

membrane systems (1). Normal enzyme function can often be restored by lipids or

even by detergents which simply provide an appropriate non-polar environment (1).

Experiments have determined that for some enzymes a "boundary-layer" of lipid must

exist to confer enzyme activíty and hence micro-domains of specific lipids may exist

within this sea of phospholipid (1).

Another consequence of the lipid nature of the membrane matrix is that the

membrane would be fluid (7). There is good experimental evidence to show that the

lipids of cell membranes are in a fluid state not unlike a viscous aqueous solution.

Phospholipids in a bilayer may undergo lateral or rotational motion in the plane of the



bilayer (a). The rate at which lateral motion occurs was studied by Hubbell, Kornberg

and McOonnell (8,9) who determined that the rate of phospholipid neighbour exchange

was approximately once every microsecond. However, phospholipids are

thermodynamically unfavoured to undergo transverse motion or 'Tlip-flop" across from

one side of the bilayer to the other. McOonnell and Kornberg found that the rate of

flip{lop is once every 6 hours (3,4,9). The rate of flip{lop has been shown to be

accelerated by the participation of putative phospholipid flippases (10). Proteins may

also undergo lateral or rotational motion in the plane of the bilayer. Neither proteins

nor phospholipids are thermodynamically favoured to undergo flip-flop. The rate of

movement of the proteins in the plane of the bilayer is limited by the viscosity of the

phospholipid. The fluid mosaic model of the biological membrane is a very dynamic

one.

1.1.2. The Composition of the Biological Membrane

There are essentially three components to the biological membrane: lipids,

proteins, and carbohydrate. Three classes of lipids found are: phospholipids, neutral

lipids, and glycolipids. Phospholipids and glycolipids share one property and that is

that they are both amphipathic. Amphipathic molecules have a dual nature to them.

One portion of the lipid molecule will be hydrophilic while another portion will be

hydrophobic.

The most common membrane lipids are phospholipids. Phospholipids all have

the general structure of a glycerol carbon backbone with a polar head group attached

at the sn-3 (stereospecific number) position and two long chain hydrocarbons linked

to the sn-2 and sn-1 positions. The hydrophilic polar head group will assocíate with



the aqueous phase of the cell while the long chain fatty acids will extend away from

the polar head group and preferentially interact with other hydrophobic groups in the

centre of the lipid bilayer. Hence, the polar head groups of phospholipids form the

surfaces of the bilayer while the centre of the bilayer is formed by the long chain

hydrocarbon groups. Some common phospholipids are depicted in Figure 1. The

hydrophilic head group can be either choline, ethanolamine, serine, or inositol. The

hydrophobic fatty acid tails can differ in length, but generally they are 14-24 carbons

in length. The sn-1 fatty acid is usually saturated while the sn-2 fatty acid may have

one or more cis double bonds. lt is this amphipathic nature of phospholipids that

allows them to spontaneously form micelles or bilayers in solution. The major classes

of phospholipids of mammalian cells are phosphatidylcholine (PC),

phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol (Pl),

sphingomyelin (SM), and þþ-phosphatidylglycerol also known as cardiolipin (CL). ln

general, phosphatidylcholine or phosphatidylethanolamine are the most abundant.

Phospholipids can also be of different subclasses. Phospholipids which ditfer

in subclass differ with respect to the covalent linkage of the fatty acid at the sn-1

position. The majority of phospholipids in mammalian cell membranes are composed

of diacyl phospholipids (eg. 1-acyl-2-acyl phosphatidylcholine), but in certain tissues

or cell types, phospholipids exist in which the sn-1 fatty acid is attached with an O-

alkenyl bond or as an O-alkyl group (11). Phospholipids can therefore be ether linked

and have either an ether linked alkyl group or an o,ß-unsaturated hydrocarbon. Both

the O-alÇl and the O-alkenyl phospholipids constitute ether-linked subclass of

phospholipids. These can have either choline or ethanolamine headgroups.
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Ether linked phosphatidylcholine is termed plasmanylcholine while the vinyl ether linked

phosphatidylcholine is termed plasmenylcholine to differentiate them from diacyl

phosphatidylcholine. Vinyl ether linked phospholipids are termed plasmalogens.

Biological membranes are vectorial structures with an asymmetric distribution

of the phospholipids in the inner and outer leaflet of the bilayer. Monolayers of the

red cell membrane contain different proportions of the different phospholipids (12).

The asymmetry in the red blood cell membrane is of a rather simple nature in which

the choline phospholipids, phosphatidylcholine and sphingomyelin, constitute the outer

half of the bilayer while the inner half (the cytosolic side) of the bilayer consists of the

amino phospholipids, phosphatidylethanolamine and phosphatidylserine.

Phosphatidylinositol is found on the cytoplasmic face of the bilayer, while cardíolipin

is exclusively found in mitochondrial membranes. This asymmetry is not absolute as

almost every type of phospholipid is present on both sides of the membrane bilayer

but in different amounts. The low rate of flip{lop movement of phospholipids aids in

the maintenance of this asymmetry. The function of phospholipid asymmetry is largely

unknown.

A glycolipid molecule has a hydrophobic tail consisting of a ceramide

molecule, similar to that of sphingomyelin. The hydrophilic portion of the amphipathic

glycolipid is composed of a number of simple sugar residues linked together to form

an oligosaccharide. Glycolipids are found exclusively on the outer or extracellular

face of the membrane bilayer,

Cholesterol, fatty acids, diacylglycerol, and triacylglycerol comprise the neutral

lipids. Cholesterol is the major neutral lípid found in the membrane. lt has a steroid

ring structure and like other neutral lipids is found in either monolayer of the bilayer.



Cholesterol will orient itself with its polar head group aligned with the polar head

groups of the phospholipids.

Membrane proteins are also distributed asymmetrically in the phospholipid

bilayer. Membrane proteins can span either both or one monolayer of the membrane.

Protein asymmetry is maintained by the low rate at which the protein can change its

orientation. For a large membrane protein to invert its orientation, many polar and

charged groups would have to be forced through the hydrophobic core of the lipid

bilayer (7,12). Membrane proteins can be classified as being either peripheral or

integral proteins. The distinction between the two classes of proteins is that integral

proteíns are much more ditficult to dissociate from the membrane than are peripheral

proteins. Often the solubilization of integral proteins requires the use of detergents,

acids, urea, or other chaotropic agents. Peripheral membrane proteîns are more

easily solubilized from the membrane with salt or the addition of a cation chelator

(1,2,7). The inference from this empirical classification of membrane proteins is that

peripheral membrane proteins are held to the membrane by rather weak, noncovalent,

electrostatic interactions and are not tightly associated with the membrane lipid. ln

contrast, integral membrane proteins are quite the opposite as they are held to the

membrane very tightly. The majority of proteins in most plasma membranes are

integral membrane proteins (7).

The final component of the membrane is the carbohydrate. Carbohydrates are

found as oligosaccharides on membrane glycolipids and glycoproteins. As mentioned

above, membrane glycolipids are consistently found ín the outer leaflet of the

membrane bilayer. Glycolipids contain sugar residues linked to sphingosine.

Glycoproteins contain sugar residues which are attached to the protein either through



an N-linkage to the nitrogen of asparagine or the sugar residues are O-linked through

the amino acid serine. All glycoproteins are located in the outer leaflet of the

membrane bilayer. The function of carbohydrates on the cell surface is not clearly

defined, but, there is evidence that the carbohydrates play a role in cell-cell recognítion

(1,2).

1.1.3. The Function of the Biological Membrane

Some of the functions of the biological membrane have already been

mentioned above. A great many of the functions of the cell are maintained by the

enzymes and proteins of the cell membrane. But, the cell membrane itself also has

several functions. The cell membrane defines the geographical limits of the cell.

Other membranous compartments within the cell define the limits of particular cellular

organelles.

The membrane bilayer plays a role in defining the environment within the cell.

The membrane prevents some substances from entering the cell and others from

leaking out. lt regulates the traffic of materials moving between the interior and the

exterior of the cell. All substances moving from the extracellular space to the interior

of the cell must cross the cell membrane.

The cell membrane serves as a reservoir for a number of bÍologically active

molecules which are derived from phospholipids. For example, when an appropriate

ligand (eg. a hormone or growth factor) binds to a cell surface receptor,

phosphatidylinositol 4,5-bisphosphate is hydrolyzed to diacylglycerol and inositol 1,4,5-

trisphosphate (13). The inositol trisphosphate is involved in activation of intracellular

Caz* release and diacylglycerol activates protein kinase C (14). Particular fatty acids



in the phospholipid are precursors of biologically active compounds called eicosanoids

(eg.prostaglandins,leukotrienes,etc.lS,l6,lT)'Degradationofphospholipidsby

enzymes will release these fatty acids which are metabolized to eicosanoids' More

recently, it has been determined that sphingolipids and their breakdown products may

inhibit protein kinase C (18).

1.2. Degradation of Membrane Ljpids

Much of the initial interest in the study of degradation of membrane

phospholipids was the discovery in the 1950's that membrane phospholipids were

synthesized from precursors and could be broken down post-synthesis into their

constituent parts within the cell (21,22,29,24,25)' The eXistence of enzymes that

degrade phospholipids was known of as early as 1932 when Belfanti and Arnaudi

found that pancreatic juice could release fatty acids from phosphatidylcholine (26)'

Currently, the impetus for studying the degradation of phospholipids is the role of

phospholipid degradation in the production of lipidic cellular second messengers such

asdiacylglycerol,plateletactivatingfactorandarachidonicacid.

'1.2.1. Pathways for the Degradation of Membrane Upids

There are several metabolic routes by which membrane lipids are degraded'

ln general, the catabolism of lipids is via phospholipases and lipases' several reviews

have been published on this subject (19,20,21,22,29)' All four ester bonds in a

phospholipid are susceptibte to enzymatic hydrolysis. Phospholipases are defined by

the specific ester bond that they attack (Figure 2). Phospholipases A, hydrolyze the



Figure 2
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Fig. 2. Positional specificity of phospholipase attack on phospholipids.

RICOO and R2COO refer to the fatty acids on the sn-1 and sn-2 positions,

respectively, of the stereospecifically number phospholipid and X refers to the polar

head group. Adapted from ref. (19,21).
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sn-1 fatty acyl ester bond, while phospholipases A, hydrolyze the sn-2 ester bond.

Phospholipases C cleave the phosphodiester bond proximal to the glycerol backbone

and produce a diacylglycerol and a free phosphobase. The enzyme which degrades

sphingomyelin called sphingomyelinase carries out an analogous reaction with

sphingomyelin that the phospholipase C does with phospholipids. Those phospholipid

hydrolyzing enzymes that attack the phosphodiester linkage on the side distal to the

glycerol backbone are called phospholipases D,

Phospholipase A hydrolysis produces lysophospholipidsl (either 1-acyl or 2-

acyl lysophospholipids) and fatty acids, Lysophospholipids may be further degraded

by lysophospholipases A, or Ar. The diglyceride product of phospholipase C action

can also be further degraded to its constituent fatty acids by diglyceride and

monoglyceride lipases. Phosphatidic acid the product of phospholipase D hydrolysis

can be further degraded, in principle by either phospholipase A, or phospholipase A,

activities. More likely, the phosphatidic acid will be converted to a diacylglycerol by

the enzyme phosphatidate phosphohydrolase and then deacylated by the mono- and

diglyceride lipases.

Defining whether a protein extract has a particular phospholipase activity is

very difficult for a number of reasons. One reason is very obvious from the preceding

paragraph, many of the products of phospholipase hydrolysis can arise via the action

of one or a combination of phospholipase or lipase activities. lt is not unusual to find

that a phospholipase activity has other associated phospholipid metabolising enzyme

t_.' The nomenclature for lysophospholipids in this thesis is to designate the fatty acid
that is present. Hence, 1-acyl GPE refers to a lysophospholipid that can also be defined as
1-acyl-2-lyso GPE as the sn-2 fatty acid is missing.
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activities. Many examples of such enzymes exist (section 1.3.). Phospholipases have

been purified that can also calalyze transacylation reactions and transesterification

reactions. Altogether, it seems that for enzymes that carry out a simple hydrolytic

reaction, the classification of the phospholipases is difficult.

1.3. The Phospholipases

1.3-1. Phospholipase Ar

Phospholipase A, is defined as a hydrolytic activity that is capable of removing

the sn-1 fatty acid from a phospholipid. Phospholipase A, activities have been found

in both protein extracts from prokaryotes (27,28) and eukaryotes (29,30,31) in

lysosomes, membranes, mitochondria, and cytosol subcellular fractions (32).

Scandella and Kornberg (27) were the first to purify a phospholipase A, activity

from E. coli membranes. The enzyme was purified 5000-fold after solubilization from

the membrane with sodium dodecyl sulfate. lt had a molecular weight of 29 kDa and

was active with an optimal pH of 8.4. As is the case with many purified

phospholipâses A1, the E. coli enzyme did not have a precisely defined substrate. ln

the presence of 0.05% Triton X-100, the enzyme hydrolyzed 1-acyl

glycerophosphocholine at a rate that was two-fold faster than observed with diacyl

phosphatidylethanolamine under the same assay conditions. However, the enzyme

did not hydrolyze 2-acyl lysophospholipids or triolein. The purified enzyme was

defined by the products that were formed. On the basis of its substrate specificity,

the E coli phospholipase Ar was described as a phospholipase Ar with

lysophospholipase activity.

It is interesting to note that detergent had an effect on the substrate specificity
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of the E. coli phospholipase A, (27). This effect was also observed when the bovine

pancreatic phospholipase A, was assayed in the presence of detergent (33). A

phospholipase A, activity from bovine pancreas was purified to homogeneity using the

dual radiolabelled substrate 1-['H]-palmitoyl-2-[14C]-linoleoyl

glycerophosphoethanolamine as the substrate for the enzyme assay (33). Using this

substrate, it was possible to characterize unambiguously the lipase activity that

hydrolyzed the substrate. The phospholipase A, was shown to be stimulated by the

inclusion of 0.5 mM EDTA and 1 mg/ml sodium deoxycholate in the enzyme assay.

The phospholipase A, activity was found to have an optimal pH of 7.5. The enzyme

was purified 1S4Jold following chromatography on CM-cellulose, gel filtration, DEAE

ion exchange, and hydroxylapatite resins. Surprisingly, in all fractions the

phospholipase A, activity was also associated with a lysophospholipase activity.

However, electrophoresis revealed one band of protein in the final pooled column

fractions. The lysophospholipase ac-tivity of the pancreatic enzyme was completely

inhibited by the presence of sodium deoxycholate. Hence, in the presence of the

detergent, the enzyme only exhibits one lipolytic activity. Under assay conditions with

intermediate amounts of sodium deoxycholate, complete deacylation of the

phospholipid could be achieved. This 60 kDa phospholipase exhibits a high

lysophospholipase activity with 1-acyl glycerophosphocholine and some activity with

2-acyl glycerophosphocholine.

Another pancreatic phospholipase A, activity was purified in 1981 by Fauvel et

al. (34,35,36) from guinea-pig pancreas. The authors themselves have characterised

this enzyme as being a cationic lipase displaying high phospholipase A, activity. Two

lipases (la and lb) were resolved after the last gel filtration step with a molecular mass
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of 37 and 42 k)a respectively. The la and lb lipases have indistinguishable isoelectric

points of 9.3-9.4. The two lipases also cannot be distinguished on the basis of their

substrate specificities. The enzymes hydrolyze dioleoylglycerol > monoleoylglycerol

phosphatidylethanolamine. The guinea-pig pancreatic enzyme differed from its bovine

counterpart in having a high lipase activity with triolein as the substrate and the

guinea-pig enzyme was insensitive to diisopropyl flurophosphate unlike the bovine

enzyme. These pancreatic phospholipases A, described above probably function in

the digestion of foods and are extracellular in their localization.

lntracellular phospholipases A, have also been described in heart (29,37,38),

liver (30,32) and brain (39). Phospholipases A, in heaft have been characterized by

a number of groups. However, to date, only a partial purification of a rat heart

sarcoplasmic reticulum phospholipase A, has been achieved (40). Hence, the study

of phospholipases A, of the heart has been limited to defining the optimal conditions

for assay of the enzymes from the various subcellular fractions (29,37,38). The partial

purification of phospholipase A, from rat heart sarcoplasmic reticulum was achieved

by the solubilization of the heart membranes by sodium taurodeoxycholate or octyl

glucoside or with potassium chloride (40). The solubilised enzyme was purified 4-5

fold after HPLC gel filtration chromatography. Two peaks of activity were found when

the column fractions were assayed with di[14C]-oleoyl phosphatidylcholine. Peak I had

an apparent molecular mass of 60 kDa while peak ll eluted in the void volume of the

column indicating a large molecular mass. There was some lysophospholipase activity

in the column fractions with phospholipase A, activity. The authors did not state with

what substrate the lysophospholipase activity was assayed. Each peak of
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phospholipase A, activity also had an associated phospholipase C activity, The

addition of 6 mM CaC|. did not cause any significant change in the peak I or peak

ll phospholipase A, activities. EGTA was inhibitory to the peak ll enzyme activity up

to a concentration of 3 mM EGTA after which there was no change in the activity with

increasing concentration of the chelator. The addition of micromolar amounts of Caz*

to a solution of 3 mM-EGTA pretreated solubilized peak ll enzyme resulted in an

increase and eventual restoration of the phospholipase A, activity up to the level of

activity obtained with addition of 3 mM Caz*. The two peaks of phospholipase A,

activity could be further distinguished on the basis of their differential sensitivity to

heating and Hgt* ions. The authors suggested that this peripheral membrane

phospholipase A, activity might be the same phospholipase A, they had previously

characterized as being cytosolic (37).

Phospholipases A, have been described and partially purified from rat liver

cytosol and lysosomes (41,42,43), however, the best studied of all the liver

phospholipases A, is that activity from liver plasma membranes that is heparin

releasable (30,32,44,45,46,47). lt has a molecular mass of 60-70 kDa but can form

oligomers as it has also been purified with a molecular mass of 180 kDa (30). lt has

a broad substrate specificity and can be easily dissociated from rat liver plasma

membranes by perfusion with heparin. The enzyme hydrolyzes triacylglycerol,

diacylglycerol, monoacylglycerol, and phospholipids. lt carries out transesterification

and transacylation reactions in addition to the hydrolytic reaction. Due to its broad

substrate specificity, the enzyme has a number of names. lt has been called

monoacylglycerol acyltransferase, hepatic triglyceride lipase, and phospholipase \ (47).

It has been suggested that in vivo this enzyme acts as a phospholipase A, and is
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implicated in lipoprotein metabolism. There is evidence that in vivo inactivation of

this enzyme by specific antibodies induces a change in the subclasses of high density

lipoproteins (48,49). The substrate specificity of this phospholípase A, was studied

using mixed micelles of .phospholipid and Triton X-100 (50). The phospholipase A,

preferred phosphatidylethanolamine over phosphatidylcholine. When present together,

phosphatidylcholine inhibited the hydrolysis of phosphatidylethanolamine, but

phosphatidylethanolamine had no effect on the hydrolysis of phosphatidylcholine. The

ether lipids choline plasmalogen and ethanolamine plasmalogen had no effect on the

hydrolysis of phosphatidylethanolamine (32). lt is curious that the enzyme prefers

phosphatidylethanolamine as a substrate since lipoproteins (especially HDL) contain

a larger proportion of phosphatidylcholine than phosphatidylethanolamine.

1.3.2. Phospholipase &

The existence of phospholipases A, (PLAJ was shown more than a century

ago. The interest in this enzyme revolves around its role in the release of unsaturated

fatty acids especially arachidonic acid and thereby initiating the biosynthesis of the

eicosanoids and platelet-activating factor (14,15,16,51). Phospholipases A, hydrolyze

the sn-2 fatty acid of phospholipids. Phospholipases A, can be divided into two

groups: the extracellular phospholipases and the intracellular phospholipases Ar.

1.3.2.1. Extracellular phospholipases A,

lnitial studies on phospholipases A, were perïormed with snake and bee

venoms which are a rich source of very active phospholipases A, (19,20). The

enzymes from venoms are the most completely studied of all the phospholipases.

Some of the enzymes have been crystallized and the x-ray diffraction patterns have
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been used to construct models of the structures of the enzymes. As well the

catalytic mechanism has also been deduced for the phospholipases Ar. Studies have

revealed that all snake and bee venom phospholipases A, have some common

features (56). With few exceptions, it was found that all such phospholipases A,

contained as many as 5-7 disulfide bonds. The molecular masses of the snakes and

bee venom enzymes were remarkably similar, approximately 14 kDa, Other features

that appear to be conserved in structure include a Caz*-binding loop involving the

amino acids Tyr-28, Gly-30, and Asp-49, and an s-helical region at the N-terminus.

These enzymes require Caz* and are optimally active in the acid or alkaline pH ranges

depending upon the source of the enzyme. Henrikson et al. (52) were the first to

classify the primary structures of the venom phospholipases A, into two major groups:

Group I and Group ll. The Group I phospholipases consist of venoms of the snakes

of the species Elapidae, Hvdrophidae. and other Old World snakes, while the Group

ll phospholipases A, are found in Crotalidae and Viperidae variety of snakes. A key

difference between the structures of the two groups of enzymes is that the Group I

enzymes have a disulfide bond between Cys-11 and Cys-77 whereas, the Group ll

enzymes are missing this bond but have instead a disulfide link at Cys-50 and Cys-

132 and also contain an additional seven amino acid residues at the carboxyl-

terminus (52,53). The two classes of enzymes tend to have different pharmacological

properties (53). Snake venoms usually contain one or the other type depending upon

their phylogenetic origin. Recent evidence indicates that lizards of the species

Heloderma contain a PLA, enzyme that is different from the Group I and Group ll

enzymes described above and represent a third group. The Group lll enzymes have

the following characteristics: they are Ca2* dependent, have an alkaline pH optimum
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and are glycosylated (53). The venom from bees has a phospholipase A, that falls

into the Group lll as well.

Mammals have retained both the Group I and Group ll enzymes. The human

pancreatic extracellular phospholipase A, is a Group I enzyme with a molecular mass

of 13,800 daltons. lt consists of a single polypeptide chain of 123 amino acids linked

by six disulfide bonds (54,55). The Group ll phospholipases A, are found in many

tissues such as liver (56), spleen, lung (56), in a number of cell Çpes such as

platelets (57,58), vascular smooth muscle cells (59), syhovial fluid (58), human seminal

plasma (56) and other non-pancreatic sources (56). All these enzymes are

extracellular and may be secreted in response to an appropriate stimulus.

Although all these enzymes are from different sources, some general

characteristics were observed. First, the catalytic mechanism of all these enzymes is

identical, as well as the geometry of the active site residues is similar. However, they

have different substrate specificities. The generally accepted mechanism for the

action of this enzyme is that a His-48 assisted by Asp-99 extracts a proton from a

water molecule, the resulting hydroxide molecule acts as a general base to attack the

carbonyl carbon at the sn-2 position of the phospholipid (60,61). The carbonyl may

be co-ordinated to the catalytic Caz*. The Caz* is also held in place by Asp-49 and

is co-ordinated to a phosphate group on the phospholipid. Tyr-69 determines the

stereospecificity of the enzyme through its interaction with the phosphate group of the

substrate. This mechanism is similar to that of the serine esterase chymotrypsin.

Such a reaction mechanism is known as a proton relay system (62).

It seems reasonable that in the reducing environment inside the cell that the

intracellular phospholipase A2 should be quite different from its extracellular
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counterpan, The constraints of seven disulfide bonds in a protein molecule will

maintain a pressure for the molecule to remain quite similar to its original ancestor.

This is exemplified quite well by the extracellular phospholipases Ar. From reptiles to

mammals, the three dimensional structure of the enzyme has been well conserved over

all these years of evolution. Without the constraints of the disulfide bonds, the

intracellular phospholipase A, will probably differ from the Group l, ll, and lll enzymes.

1.3.2-2. Plasmalogen selective phospholipase,\

Plasmalogens are found in every mammalian tissue, but they are especially

enriched in tissues such as the brain and the heart (63,64,65). The plasmalogen

content of the liver is low (66,67). One postulated function of plasmalogens is to

serve as a reseruoir of arachidonic acid. This may be very true considering that

studies have shown that a large proportion of polyunsaturated fatty acids (in particular

arachidonic acid) are esterified at the sn-2 position of plasmalogens (64,65).

Plasmalogens may also be important in ion transport across membranes (65). The

presence of these molecules in relatively large quantities in the heart and their

presumed functions suggests that these compounds may be very important in the

normal physiological and pathophysiological functioning of the heart. Further evidence

for such a hypothesis is in part found in the "amphiphile hypothesis" (68) and the

significance of myocardial lysophospholipid and eicosanoid generation in the heart in

situations of ischemia and arrythmia (69,70,71).

ln 1985, Gross and Wolf identified a phospholipase A, activity in canine

myocardial subcellular fractions (72). This phospholipase A, activity was a Caz*-

independent phospholipase Ar. This characteristic was dramatically different from the

small molecular weight, extracellular enzymes described in section 1.9.2.1. The
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extracellular phospholipases A, required millimolar concentrations of Caz* for activity

(56), ln fact, this myocardial phospholipase A, activity was actually inhibited by the

addition of 'l mM CaCl, relative to a control with EGTA added or no additive (72).

Activíty was detected when the enzyme was assayed with radíolabelled

phosphatidylcholine or plasmenylcholine. The activity was localized to both the

microsomal and cytosolic compartments of the canine myocyte. The activity with

plasmenylcholine was highest in the cytosol, while the phospholipase A, activity with

phosphatidylcholine was highest in the microsomal fraction. Activity was found with

both substrates in both the cytosolic and microsomal fractions. The cytosolic Caz*-

independent myocardial phospholipase A, was purified to homogeneiÇ in 1990 by

Hazen et al. (73). The enzyme was purified 154,000 fold and had a molecular mass

of 40 kDa which differs significantly from the extracellular phospholipases A, described

in section 1.3.2.1. All the column fractions during the purification were assayed with

radiolabelled 1-O-alkenyl-2-[3H]-oleoyl glycerophosphocholine. The purification scheme

involved ion-exchange, chromatofocusing, ATP-agarose, and HPLC on hydroxylapatite.

The phospholipase A, was bound specifically to an ATP-agarose column and was

eluted by ATP but not any other adenosine nucleotíde. The substrate specificity of the

enzyme revealed that it had highest activity with plasmenylcholine versus other choline

glycerophospholipids. The enzyme also showed some specificity for a particular

molecular species of plasmenylcholine. lt displayed 15O% more activity with 1-

palmitoyl-2-arachidonoyl plasmenylcholine versus 1-palmitoyl-2-oleoyl plasmenylcholine.

The enzyme had the following preference for the partîcular substrates assayed: 1-

palmitoyl-2-arachidonoyl plasmenylcholine > 1-O-palmitoyl-2-arachidonoyl GPC > 1-

palmitoyl-2-oleoyl plasmenylcholine > 1-palmitoyl-2-arachidonoyl GPC > 1-palmitoyt-
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2-oleoyl GPC. This selectivity for plasmalogen substrate was exhibited in mixed

micelles of both plasmenylcholine and phosphatidylcholine. The myocardial cytosolic

phospholipase A, is specific for the hydrolysis of the sn-2 ester linkage in choline and

ethanolamine diradylglycerophospholipids. The enzyme did demonstrate intrinsic

lysophospholipase activity with 1-palmitoyl lysophosphatidylcholine and some palmitoyt

CoA hydrolase activity. ln the presence of mixed micelles of LPC and

plasmenylcholine, there was no detectable release of fatty acid from LPC. Many

properties of this plasmalogen-selective phospholipase A, distinguish it from the

extracellular phospholipases Az previously described. Plasmalogen hydrolyzing

phospholipase A, has been detected in a number of other tissues besides the heart.

lntracellular phospholipase Az activities with plasmalogen substrates have been

detected in bovine, human, and rat brain (74,Ts), pc12 pheochromocytoma,

neuroblastoma, and glioblastoma cells (75), in sheep platelets (76), and vascular

smooth muscle cells (77).

lnitially, Gross and Wolf (72) described this phospholipase A, activity in both

the cytosolic and microsomal subcellular fractions of canine myocardium. Further

work by Hazen, Ford, and Gross (78) determined that the membrane-associated

phospholipase A, from rabbit myocardium was activated by a period of ischemia.

Using isolated-perfused rabbit hearts as their model system, it was found that under

ischemic conditions, the activity of a microsomal phospholipase A, with plasmalogen

substrate was increased relative to a non-ischemic control. The concentration of Caz*

ín the model system did not change the degree of activation of the rabbit myocardial

microsomal phospholipase A, activity with plasmenylcholine as a substrate. A similar

activation under ischemic conditions was not observed when diacyl
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phosphatidylcholine was used as a substrate. Moreover, the addition of actinomycin

D and cycloheximide did not alter the profile of activation suggesting that this enzyme

is present at all times in the rabbit heart and is not newly synthesized under

conditions of ischemia. Subcellular fractionation of the ischemic rabbit heart indicated

that only the microsomal phospholipase A, activity and not any other plasmalogen

selective phospholipase A, activity (eg. the cytosolic activity discussed above) was

activated in this manner. ln addition, an analysis of the molecular species of

plasmenylcholine that was hydrolyzed by the ischemia-activated rabbit phospholipase

A2 revealed that it, like the canine myocardial cytosolic phospholipase A, (73),

preferred to hydrolyze 1-O-palmitoyl-2-arachidonoyl plasmenylcholine versus 1-O-

palmitoyl-2-oleoyl plasmenylcholine. However, the level of activation by íschemia of the

hydrolysis of 1-O-palmitoyl-2-arachidonoyl plasmenylcholine was significantly greater

than the level of activation of 1-O-palmitoyl-2-oleoyl plasmenylcholine. The difference

in the ratio of the hydrolysis of the two molecular species of plasmenylcholine was

dramatically different from the ratio of the specific activities for the hydrolysis of the

two molecular species of plasmenylcholine in heart microsomes that were not prepared

from ischemic hearts. lt is possible to infer from thís data that multiple microsomal

plasmalogen selective phospholipases A, may exist in rabbit myocardium that are

differentially activated under conditions of ischemic stress. There is evidence for

multiple plasmalogen selective phospholipases A, in vascular smooth muscle (77).

Unfortunately, more physical evidence on which to base this hypothesis is lacking as

the membrane-bound form of the plasmalogen selective phospholipase A, has not

been purified. The regulation of the plasmalogen selective phospholipases Ar, in

particular by nucleotides and protein-protein interactions, will be further discussed in
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section 1.5.

1.3.2.3. High molecular weight phospholipase A,

Recently, attention in the field of phospholípases A, has focused on an enzyme

which has properties that indicate that it may be responsible for the deacylation of

phospholipids to release arachidonic acid in vivo. ln 1988, Leslie et al. stirred up

new interest in the field of phospholipases A, when they characterized and purified a

phospholipase A, from the macrophage cell line RAW 264.2 (29). The enzyme was

initially characterized with plasmalogen substrate 1-O-hexadecyl-2-[3H]-arachidonoyl

GPC. ln determining the subcellular localization of the enzyme, they found that

hydrolysis of the substrate releasing labelled arachidonate was found to only occur in

the cytosol and that there was essentially no detectable phospholipid hydrolyzing

activity in the membrane fraction under similar assay conditions. The cytosolic

phospholipase A, activity hydrolyzed the plasmalogen substrate with an optimal pH of

8.0, but exhibited a rather broad pH optimum. The enzyme exhibited an absolute

requirement for Caz* as there was no activity when it was assayed in the presence of

EGTA. Concentrations of Caz* as low as 0.4 pM resulted in detectable phospholipase

A, activity. The greatest increase in activity of the enzyme was found when it was

assayed at millimolar concentrations of Caz*. When the substrate specificity of the

phospholipase A2 was examined, the enzyme preferred to hydrolyze 1-acyl-Z-

arachidonoyl GPC versus 1-O-hexadecyl-2-arachidonoyl GPC (79). Furthermore, the

activity with the arachidonoyl containing substrates was 4-5 fold greater than those

observed with linoleoyl containing substrate and B times greater than substrates with

oleic acid. The enzyme displayed higher activity with 1-palmitoyl-2-arachidonoyl GPC

than it did with 1-acyl2-arachidonoyl GPE or with 1-acyl-2-arachidonoyl GPI. The
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enzyme was subsequently purif¡ed 1000{old from the cytosol of RAW 264.7 cells (79).

It had a molecular mass of 70 kDa by SDS-PAGE under non-reducing conditions and

60 kDa under reducing conditions. The purified enzyme had characteristics identical

to the crude cytosolic enzyme. The substrate specificity of the pure enzyme showed

that it had maintained its preference for arachidonoyl containing substrates with a

requirement for Caz*. The purified enzyme displayed a greater activity with 1-acyl-

2-arachidonoyl GPE than with 1-acyl-2-arachidonoyl GPC. The pure enzyme was

inhibited by all the detergents tested. lnterestingly, this cytosolic phospholipase A,

was inhibited 50% by bromophenylacylbromide. Bromophenylacylbromide is an

alkylating agent that is known to alkylate the His-48 in the active site of the snake

venom and other secretory or extracellular phospholipases A, thus completely inhibiting

the activity. The fact that this alkylating agent does not completely inhibit the cytosolic

Pß, (cPl-Ar) implied that the compositíon of the amino acid residues at the active

site of this intracellular phospholipase A, was different from that of the extracellular

phospholipases A, discussed in section 1.9.2.1.

Subsequent to this study by Leslie et al. (79) several other investigators purified

a similar enzyme from the Ug37 monocyte cell line (80,81,82). The purification of a

56 kDa enzyme with proper-ties similar to that of the 70 kDa enzyme was reported by

Diez and Mong (80). The authors claimed that the enzyme was purified to

homogeneity after only a 2000-fold purification. Again the U937 cell enzyme was b6

kDa, caz*-dependent and had a pH optimum of 8.0. The enzyme was purified by

assaying all column fractions with 1-O-hexadecyl-2-[3H]arachidonoyl GPC. The U937

cell enzyme was distributed differentially in the partículate and soluble fractions

depending upon the amount of Cazr in the buffer mixture that was used to

24



homogenize the cells. ln fact, Channon and Leslie have demonstrated that the RAW

264.7 cell phospholipase A, also exhibits a Caz*-dependent association with the

membrane (83). The RAW 264.7 cell enzyme was found in the soluble fraction

(100,000 x g) of the cell homogenate when the initial homogenization was performed

in buffers containing cation chelators. Sixty to seventy percent of the activity was

found to be associated with the membrane fraction when the cells were homogenized

in a buffer containing 230 - 450 nM Caz*. This concentration of Caz* is comparable

to the intracellulat Ca2r concentration in stimulated cells. Although the exact

mechanism of translocation is not known, the enzyme has been shown to translocate

to the membrane in vivo (84).

ln the past few years, several other groups have purified this same

phospholipase A, from Ug37 cells (81,82) by as much as 2B0,0OO-fold. These studies

have shown that the cytosolic phospholipase A, is noT a 56 - 70 kDa enzyme, rather

it is a 100 - 1 10 kDa enzyme. The 60 kDa protein is a contaminating protein which

can form dimers that tail into the active fraction in a size-exclusion chromatographic

step. Hence, the purification procedures of Leslie (79) and Diez and Mong (BO)

resulted in an incorrect determination of the true size of the enzyme. However, all

of the studies on the phospholipase A, corroborate the substrate specificity, Caz*-

dependency and membrane translocation of the enzyme found previously (79,80).

Moreover, in assays with mixed micelles the U937 cPLA, hydrolyzes 1-palmitoyl-2-

arachidonoyl GPC at a rate that is at least 3-fold greater than any other molecular

species of 1 -palmitoyl-Z-acyl phosphatidylcholine examined (80).

The cDNA of the cPl-A, from Ug37 cells has been isolated, cloned, and

expressed in cells by two groups independently (84,85). The sequence of the cDNA
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predicts a protein of 85.2 kDa which is smaller than the 100 kDa protein purified by

many investigators. The sequence of the cDNA has absolutely no identity to that of

any other known phospholipase A, including the low molecular weight phospholipases

A, from venoms. The protein had a calculated isoelectric point of 5.1 and was 749

amino acids in length, When the cDNA of the cPlA, was expressed in CHO cells, the

recombinant cells had greatly enhanced PLA, activity relative to appropriate controls.

lnterestingly, the cDNA of the cPLA, did show some homology in a region with a

Caz.-lipid binding domain that is also found in protein kinase C, and other proteins

that are known to translocate to the cell membrane upon Caz* and phospholipid

stimulation. Expression of the portion of the sequence for the Caz*-lipid binding

domain indicated that it is responsible for the translocation of the enzyme in response

to Caz*. The expressed protein was found to translocate to the membrane at

concentrations of Ca2* as low as 10 nM. The cDNA .sequence also predicts several

sites at which the protein can be phosphorylated by Ser/Thr kinases. The cPLA, has

been shown to be phosphorylated in vitro by protein kinase C (86) and by the

mitogen-activated protein kinase (MAP kinase,BT). Finally and most importantly, the

expressed protein hydrolyzed a mixture of endogenous U937 membranes such that

selective release of arachidonate was noted. ln U937 cell membranes, 2Ol" of the

fatty acids at the sn-2 position contain arachidonate, the recombinant enzyme

hydrolyzed arachidonate containing phospholipids at a rate that was 4 times higher

than the rate of hydrolysis of oleate containing phospholipids which are present in 3

times greater quantity. lt is quite clear that the cPlá, might very well be the enzyme

that is responsible for intracellular arachidonate release. Much is also known about

the regulation of the cPtA, by Caz*, protein phosphorylation, and guanine-nucleotide
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binding proteins. This is further discussed in section 1.5.

The cPLA, is a phospholipase Ar. However, it has also been found to exhibit

some lysophospholipase A, and transacylase activities (BB,B9). When the cPLA, was

assayed during purification by Leslie (BB), the column fractions with phospholipase A,

activity also exhibited activity that was able to hydrolyze 1-palmitoyl

lysophosphatidylcholine. Moreover, an antibody to the cPLA, also cross reacts with

fractions that contain the lysophospholipase A, activity. This suggested that a single

protein had two distinct activities. The lysophospholipase A, activity did not require

Caz*. The specific activity of the lysophospholipase Ar was greater than the

phospholipase A, activity. The etfect of different pH on phospholipase A, activity was

mirrored in the lysophospholipase A, activity. The substrate specificity of the

lysophospholipase A, activity was not examined. Also, it is not known in great detail

what regulates the lysophospholipase A, activity. However, when the enzyme is

presented with a dual labelled substrate, there is release of products indicative of

phospholipase A, activity at a rate that is 10 times greater than the lysophospholipase

activity. The lysophospholipase activity is stimulated by Caz* if the activity is assayed

in the presence of glycerol or ïriton X-1OO (Bg). The identification of the cPLA, as a

transacylase (catalyzes the production of 1 mol of phosphatidylcholine from 2 mol of

lysophosphatidylcholine) suggests that the cPLA, forms an acyl-enzyme intermediate

in its catalysis of the hydrolytic reaction. This further implies that the cPl-A, does not

catalyze the hydrolysis of fatty acid through a proton relay system as described for

the extracellular phospholipase Ar. Another enzyme with phospholipase A, activity has

been identified, purified and cloned from sheep platelets that has an acyl-enzyme

intermediate in its catalytic mechanism. This is a 30 kDa protein (90). lt is not
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inconceivable that there may be a family of hígh molecular weight phospholipases.

1.3.3. Phospholipase C

1.3.3.1. Phosphatidylinositol-specific phospholipase C

The phosphoinositides are a group of membrane phospholipids which are

unique in that the headgroup, mvo-inositol can be phosphorylated. The three

predominant members of the phosphoinositides in mammalian tissues are

phosphatidylinositol (Pl), phosphatidylinositoi-4-phosphate (plp), and

phosphatidylinositol 4,S-bisphosphate (PlPr). The numbers refer to the position of the

phosphates on the inositol ring. Altogether, these three lipids usually constitute less

than B% of total membrane phospholipids (2).

Hokin and Hokin in the 1950's spurred the initial interest in the study of the

breakdown of phosphatidylinositol when they discovered an unusual phenomenon

later termed the "Pl response" (91,92,93). The Hokins' found that an increase in lipid

radiolabelling, which accompanies secretion, in agonist stimulated tissue is confined

to the lipids Pl and phosphatidic acid (PA). The "Pl response" is explained if the

phosphoinositide is cleaved by a phospholipase (phospholipase c) producing

diacylglycerol and an inositol phosphate. These results indicate that there is a

degradation and renewal of the phosphobase of the pl molecule.

Attention therefore focused on the isolation of a phospholipase C which was

active against phosphatidylinositol. The phospholipase C which catalyzes the

hydrolysis of Pl is present in most mammalian cells, plant cells, and micro-organisms

(94,95,96). One of the first purified Pl-specific phospholipase C reported from animal

cells was a 70 kDa enzyme purified 4300-fold from rat liver cytosol (97). There is

evidence for the presence of multiple isoenzymes of Pl-specific phospholipase C (Pl-
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PLC) in various tissues. Multiple and distinct enzymes have been purified and

characterized in sheep seminal vesicles (98), bovine platelets (99), and bovine brain

(100,101,102).

The membrane localization of phospholipase C has always been a source of

controversy. All the Pl-specific PLCs that have been described are from the cytosolic

fraction of cells or tissues. lf the phospholipase C were to play a role in the

production of the cellular second messengers inositol trisphosphate and diacylglycerol,

the enzyme had to be located where phosphatidylinositol was located, that is in the

plasma membrane. A counterpart to the bovine brain 150 kDa cytosolic enzyme was

purified by two laboratories from the particulate fraction of bovine brain (103,104).

Another approach that was used to try to determine the cellular localization of the

phospholipase in living cells was to permeabilize the cell membrane to allow the

cytosolic components to leak out. When streptolysin O, a bacterial cytolysin is added

to cells, it was determined that the phospholipase C exits the cell much slower in

comparison to enzymes which are truly cytosolic such as lactate dehydrogenase (10b).

This suggests that possibly the phospholipase C may be in a dynamic equilibrium

between the membrane and the cytosol or that a mechanism exists whereby the

cytosolic phospholipase C may become membrane associated. Such mechanisms

have been postulated for a number of other enzymes such as protein kinase C,

phosphatidate phosphohydrolase, and the cytosolic high molecular weight

phospholipase Ar.

The bovine brain cytosolic enzymes (100,101,102) have become representative

examples of the different classes of the Pl-specific phospholipases C. cDNAs

corresponding to the phospholipases C from bovine brain cytosol were initially isolated
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and cloned (94,95,110,111). Since then several more isoenzymes have been purified

and their amino acid sequences have been deduced from their cDNA sequences

(93,94,95,106,107,108,109,1 10,1 1 1). From comparison of these predicted amino acid

sequences and on the basis of results of experiments to determine the antigenic

relatedness of these isoenzymes, it is suggested that all mammalian Pl-specific

phospholipases C (PLC) can be placed in either of three classes: PLC-ß, PLC-Y, and

PLC{. Each type is a single polypeptide protein from a single specific gene. The

PLC-ß class of enzymes have molecular masses of 150-154 kDa. PLC-I enzymes

have a molecular mass of 145-148 kDa and the PLC-ð have molecular masses of Bb-

BB kDa. ln each class, there are subtypes, for example there are two enzymes, PLC-

ß1 and PLC-ß2 within the PLC-ß class.

A total of 16 amino acid sequences (14 mammalian and 2 Drosophila PLC

enzymes) and their corresponding cDNA sequences have been classified into one of

the three categories (95). There is low sequence similarity between the classes but

high sequence similarity between members of the same class. Significant similarity is

demonstrated at two regíons by all three classes of phospholipases C (94,110). The

conservation of the sequences in these two regions implies that they may be domains

which are important in the catalytic function of the phospholipase C. Unlike the pLC-

ß and PLC-õ enzymes, PLC-õ can be thought of as consisting of three domains not

two. PLC-ü has an additional domain termed the SH domain which is not present in

PLC-ß or PLC{. The SH domain is similar in sequence to regions of members of the

slg-encoded family of tyrosine kinases (112,113). The SH-domain has a non-catalytic

function in PLC-[ (114). As well, since only PLC-Ú has the SH-domain, it is possible

that the regulation of this class of phospholipase C is different from the other classes
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of PI-PLC.

Finally, Pl-specific phospholipase C activity has been purified that is distinct

from any of the above discussed phospholipases C. These phospholipases C are the

a-class of enzymes (93,111). They were first described in rat liver and guinea-pig

uterus. These appeared to be immunologically distinct from the other three classes

of PI-PLC isoenzymes. The amino acid sequence of PLC-a showed no identity to any

other PLCs that had been isolated and cloned. The FLC-o cDNA was obtained from

rat basophillic leukemic cell libraries using rabbit serum against the 62 kDa guinea-

pig uterus PLC (115). The PLC-c clone displayed a considerable degree of homology

to a thiol:protein disulfide oxidoreductase (115). Furthermore, since the pLC-q cDNA

has not been expressed and shown to have intrinsic phospholipase C activity, the

question of whether a PLC-o exists has been raised.

A great deal is now known about this very important class of phospholipase.

Of all the phospholipases, our knowledge of the Pl-specific phospholipases C is the

most detailed at the molecular and cellular level and in terms of its regulation, function

and structure.

1.3.3.2. Phosphatidylcholine-specific phospholipase G

The stimulation of hydrolysis of PlP, by Pl-specific PLC is the initial response

of many cells to various agonists, neurotransmitters and hormones. Hydrolysis of

inositol phospholipids by phospholipase C results in the production of inositol

trisphosphate and diacylglycerol. lt was noticed by Bocckino et al. (1 16) that the

production of diacylglycerol in response to some stimuli exceeds that attributable to

PlP, hydrolysis. This production of diacylglycerol has been found in conjunction with

an increase ín the release of choline and phosphocholine (117,118 and the references
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therein). Since the basal intracellular levels of choline and phosphocholine are high,

1.3 mM and 0.23 mM respectively in liver (119), it seemed likely that the production

of choline and phosphocholine was not vía a de novo pathway but was most likely

produced by the breakdown of phosphatidylcholine. An analysis of the molecular

species of diacylglycerol that were produced upon agonist stimulation confirmed that

in stimulated mast cells, fibroblasts, and hepatocytes, the diacylglycerol that was

produced was not from degradation of Pl but from the breakdown of PC (120,121).

The production of choline and phosphocholine can occur through one of two

mechanisms: eíther through phospholipase C hydrolysis of PC or phospholipase D

hydrolysis of PC. Some products of phospholipase D or phospholipase C hydrolysis

are interconvertible via the action of specific kinases and phosphatases.

Phosphocholine can be produced via agonist stimulated breakdown of pC by

phospholipase C. This phospholipase C that hydrolyzes PC would be expected to be

different from the Pl-specific phospholipases C described in section 1.9.9.1.

Cell free preparations from a number of rat tissues exhibit phospholipase C

activities that metabolize phosphatidylcholine (72,1?2,123,124). Phospholipases C that

hydrolyze PC have been purified from dog heart cytosol (72) and U937 monocytes

(125). A neutral active phospholípase C was partially purified from canine myocardial

cytosol by ion-exchange, chromatofocusing, and gel-filtration (72). The partially pure

enzyme had a pl as determined by chromatofocusing of 2.4 and a molecular mass as

determined by gel filtration chromatography of 29 kDa. The phosphotipase c

hydrolyzed substrates in the following order: diacylphosphatidylcholine > 1-alkenyl-

2-acylphosphatidylcholine(plasmenylcholine)>

enzyme displayed no activity towards sphingomyelin or phosphatidylinositol. The

32



myocardial phospholipase C had a pH optímum betweenT-8. lts activity was inhibited

by 7O-8O% in the presence of 2 mM EDTA or EGTA and completely inhibited by the

detergents Triton X-100 and sodium deoxycholate. Nucleotides had no effect on the

phospholipase C activity.

Another phosphatidylcholine-specific phospholipase C was identified and purified

using a novel strategy from the human monocytic cell line U937 (12b). lt was

hypothesized that phospholipase C hydrolysis of PC may have a role in the

pathogenesis of rheumatoid arthritis. Therefore, an approach was taken to purify the

U937 cell phospholipase C using the Bacillus cereus enzyme as a tool. The enzyme

from B. cereus prefers PC as a substrate. The investigators made antibodies to the

bacterial enzyme and immobilized the antibody on a column resin. The result was

a 3000{old one step purification procedure that bound a 40 kDa enzyme. The

bacterial phospholipase C was only 23 kDa. ln fact, this strategy worked so well, that

the investigators were able to separate an activity that hydrolyzes 1 -acyl-2-arachidonoyl

phosphatidylcholine from an activity that hydrolyzes 1-acyl-2-arachidonoyl

phosphatidylinositol. The enzyme is similar to the dog heart enzyme in a number of

characteristics. The U937 cell phospholipase C had an optimal pH of 7-B and was

inhibited by EGTA.

Aside from these examples, the¡'e has been little work on the purification of

PC-specific phospholipases C (PC-PLC). The majority of studies have characterized

the mechanism of stimulation of the PC-PLC and its regulation. Such studies have

involved labelling phospholipid precursors and then determining if there is any

formation of radiolabelled products of phospholipase C hydrolysis such as [32p]-

phosphocholine or [3U1-diacylglycerof or both. The production of diacylglycerol by pC
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breakdown represents a second stage of diacylglycerol generation. This second

phase is a sustained phase of diacylglycerol generation. Phosphatidylethanolamine

is not considered to be a major contributor to this second phase of diacylglycerol

generation. lt has been shown that a sustained activation of diacylglycerol production

occurs in response to mitogens, growth factors, phorbol esters, and transformation by

oncogenic Ras (126,127,128,129). The function of such a sustained production of

diacylglycerol and presumably a sustained activation of protein kinase C is thought to

be important for the maintenance of signals necessary for long term responses such

as cell proliferation, differentiation, and mitogenesis.

1.3.4. Phospholipase D

Many agonists cause rapid hydrolysis of phosphatidylcholine generating

diradylglycerol (117,118). This generation of diradylglycerol may occur through either

a direct or indirect mechanism. The direct mechanism involves the hydrolysis of

phosphatidylcholine via a phosphatidylcholine-specific phospholipase C (discussed in

section 1.3.3.2.). The indirect mechanism for the generation of diradylglycerol involves

the hydrolysis of phosphatidylcholine initially by a phospholipase D to produce a

molecule of phosphatidic acid (PA) and a molecule of free choline. The PA is further

metabolised by a PA phosphatase to produce a diradylglycerol. This indirect pathway

for the formation of various subclasses of diacylglycerol has been shown to operate

in a number of cell types (130,131).

Phospholipases D hydrolyze phospholipids at the terminal phosphodiester bond

generating PA and a polar head group. Phospholipases D also have a

transphosphatidylation activity that removes the head group and transfers the

phosphatidyl moiety to certain nucleophiles such as ethanol, ethanolamine, glycerol,
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propanol, or other pr¡mary alcohols (132). This unique reaction has been exploited to

determine íf in vivo certain agonists produce diacylglycerol via phospholipase C or

phospholipase D. Phospholipase C cannot catalyze a transphosphatidylation reaction.

This transphosphatidylation reaction in addition to several rather ingenious protocols

for radiolabelling phospholipids (12S) have been used by many investigators to provide

evidence for the formation of diacylglycerol in addition to that produced by PlP,

hydrolysis. The diacylglycerol produced by phospholipase D is usually in the second,

more sustained phase of formation of diacylglycerol. ln fact, diacylglycerol production

by phospholipase D can be activated subsequent to activation of protein kinase C by

by the breakdown of PlP, which also produces diacylgrycerol (190,191,193).

Phospholipase D activity was described as early as 1947 when Hanahan and

Chaikoff invoked its existence to explain the abundance of choline and ethanolamine

in carrots (134). Phospholipase D activities have been described in many plants and

micro-organisms (135). Phospholipase D (PLD) activity was thought to be absentfrom

mammalian tissues until 1973 when Saito and Kanfer described a PLD activity in a

solubilized preparation of rat brain membranes (136). This enzyme was partially

purified 24}-fold and was determined to have a molecular mass of 200 kDa (137). A

human eosinophil PLD activity of 50 kDa molecular mass was characterized in 1976

(138). The subcellular localization of the eosinophil enzyme is not known as the

procedure involved using sonicates of eosinophils. Since then PLD activity has been

detected in a number of mammalian systems including liver (116), lung (109),

endothelial cells (140), and HL-60 cells (141). All of these PLD activities have been

associated with the membrane subcellular fraction.

lnterestingly, there is one report of the partial purification of a cytosolic PLD
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and the comparison of this enzyme with its membrane counterpart (142). The authors

concluded that assay conditions used by previous investigators inhibited the activity

of the cytosolic PLD and so prevented its discovery. Moreover, the authors state that

it is not ímpossible that this cytosolic PLD may be able to translocate to the

membrane upon activation by an appropriate signal not unlike several other enzymes.

This is the first evidence for multiple isoenzymes of PLD in a single tissue (142).

There is still a great deal to be added to our knowledge of PLD. Further information

will surely come with the complete purification of a phospholipase D and its cloning.

1.3.5. Lysophospholipases A,

Lysophospholipases are enzymes that catalyze the hydrolysis of fatty acyl ester

bonds in lysophospholipids. The activation of phospholipase A (either A, or Ar) results

in the liberation of free fatty acid and the production of an equimolar amount of

lysophospholipid. A 1-acyl lysophospholipid can be produced by the action of a

phospholipase A, on a diacyl phospholipid. Similarly, the action of phospholipase A,

on a diacyl phospholipid produces a 2-acyl lysophospholipid. Lysophospholipases A,

hydrolyze 1-acyl lysophospholipids to release fatty acid,

Lysophospholipase activity has been detected in both eukaryotes and

prokaryotes (21) and is present in most tissues examined (14g). Studies on the

subcellular distribution of lysophospholipases indicates that they are present in most

suþcellular fractions including cytosol, membranes, and mitochond ria (144,14s,146,147),

Lysophospholipases A, are active in the absence of Caz* (21) and are inhíbited by

different detergents such as Tween-80, Triton X-100, cholate and deoxycholate

(21,33,148). lt has also been observed that the specific activity of lysophospholipases

Ar is greater than that of either phospholipase A, or phospholipases Ar. This results
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in very little accumulation of lysophospholipid during degradation of

diacylphospholipid (21). Lysophospholipases have been purifíed from a number of

sources.

De Jong et al. (149) solubilised a lysophospholipase activity from bovine liver

by treatment of homogenates with n-butanol. Passage of the solubilised protein

extract over a DEAE-cellulose column resulted in the separation of the total activity

into two peaks of lysophospholipase activity. Peak I was purified S600-fold to

homogeneity. The enzyme had a molecular mass of 25,000 Da and had a neutral pH

with an isoelectric point of 5.2. The second enzyme, peak ll, was purified 770-fold to

obtain a pure protein with a molecular mass of 60,000 Da. lt was active at a neutral

pH and had an isoelectric point of 4.5. Long chain diacylphospholipids were not

hydrolyzed to any extent by both enzymes. Both the beef tiver lysophospholipases

were inhibited by the detergents Triton X-100 and sodium deoxycholate. Both

enzymes exhibited general esterolytic properties as they hydrolyzed tributyrin and p-

nitrophenylacetate in addition to 1-acyl glycerophosphocholine.

Van den Bosch and his group determined the characteristics of a cytosolic rat-

liver lysophospholipase (146). The enzyme showed highest activity with 1-myristoyl

lysophosphatidylcholine. This cytosolic lysophospholipase was active at pH 7.0 and

was also active in the presence of EDTA. The enzyme also exhibited some activity

with diacylphosphatidylcholine. It hydrolyzed 1-acyl-2-linoteoyl phosphatidylchotine.

The rat liver enzyme also displayed activity with 2-acyl glycerophosphocholines. The

activity with 2-stearoyl or 2-oleoyl glycerophosphocholine was 50% that observed with

the corresponding 1-acyl glycerophosphocholine. The enzyme did not hydrolyze

triolein.



A lysophospholipase A, was purified 164-fold from homogenates of beef

pancreas. The lysophospholipase had a molecular mass of 63 kDa as determined by

gel filtration and an isoelectric point of 5.0-5.8. Again, the enzyme was active in the

absence of any cations and in the presence of EDTA. No activiÇ was observed when

diacyl phosphatidylcholine was used as a substrate. The enzyme preferred 1-acyl

glycerophosphocholine as a substrate.

The oDNA for this bovine pancreaiic lysophospholipase has been isolated,

cloned, and sequenced from a cDNA library of adult rat pancreas (1SO). While in the

process of developing a strategy to improve the method of constructing cDNA libraries

containing more full-length clones, Han et al. described the isolation of a cDNA clone

which encodes for the full length lysophospholipase A, from rat pancreas which is

similar to the bovine pancreatic lysophospholipase. The cDNA is 2067 bp in length.

It has an open reading frame of 1839 nucleotides with 21 nucleotides at the S' end

and 2O7 nucleotides at the 3' end including the poly(A) tail. The oDNA sequence

predicts for a protein of 612 amino acids that would have a molecular mass of 62,107

Da. The bovine pancreatic enzyme is 67,000 Da as determined by SDS-disc gel

electrophoresis (148). The predicted size of the rat lysophospholipase and its

predicted amino acid composition are comparable to that of the bovine

lysophospholipase. ln the absence of any peptide sequence for the bovine

lysophospholipase A, to compare the sequence of this enzyme, Han et al. expressed

the cDNA for the rat pancreatic lysophospholipase A, in Chinese Hamster Ovary cells

(CHO cells) using an SV4O expression vector. They subsequently determined the

activity of the expressed cDNA using cell extracts of the CHO cells as a source of

enzyme' An assay with 1-[14C]-palmitoyl lysophosphatidylcholine revealed that there
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was a 12-fold difference in the lysophospholipase A, activity of control and transfected

cells. Although the evidence presented by the authors is quite persuasive, comparison

of the amino acid sequences or immunological evidence of similarity between the rat

and bovine pancreatic lysophospholipases Ar is still necessary for absolute

confirmation.

A number of intracellular lysophospholipases have been purified.

Lysophospholipases have been purified from HL-60 cells (151), several murine

macrophage cell lines (152,153), rabbit myocardial cytosol (154) and human amnionic

membranes (155). Many of these cells have more than one lysophospholipase A,

activity. For example, anion exchange chromatography of WEHI 26s.1 mouse

macrophage cell homogenates revealed that there were three distinct

lysophospholipase A, activities that will hydrolyze 1-pamitoyl LPC (153). Peaks 1 and

2 have molecular masses of 28 and 27 k)a while peak 3 was not homogeneous and

analysis by SDS-PAGE revealed the presence of several bands including 57 and 1 10

kDa size proteins. The three peaks represent 30ólo, 17!" and 53% of the total

lysophospholipase activity respectively. Peak 3 had significant phospholipase A,

activity when assayed using 1-stearoyl-2-[raO]-arachidonoyl GPC. This peak 3 is

believed to þe the high molecular weight cytosolic phospholipase A, which exhibits

lysophospholipase A, activity and was described in RAW 264.2 mouse macrophages

(88). This phospholipase A, is described further in section 1.9.2.9. All three

lysophospholipases in the WEHI 265.1 cell line preferred 1-acyl glycerophosphocholine

as substrate, but they hydrolyzed 1-acyl glycerophosphoethanolamine at rate that was

only 10% that with choline substrate. Even less activity was displayed with 1-acyl

lysophosphatidylserine. None of the lysophospholipases hydrolyzed 1-acyl



lysophosphatidylinositol. ln the absence ol Caz*, none of the lysophospholipases

displayed any phospholipase 4,, phospholipase Ar, nonspecific esterase, transacylase,

or acyltransferase activity. The lysophospholipase A, activity of the Peaks 1 and 2

enzymes were unaffected by ca2*, Mgz* and EDTA. The peak 3 lysophospholipase

was inhibited 407o in the presence of 10 mM CaCl, or MgOlr. ln summary, the

results from this paper (153) indicate that in WEHI 265.1 cell lines, there are three

soluble lysophospholipases. Of these three, one is found in a number of other cell

types including RAW 264.7 cells and U937 monocytes (80,88). The other two

lysophospholipases are probably distinct enzymes as they have different amino acid

compositions. The cellular localization and relationship of these enzymes remains to

be determined.

ln another study with P3B8D, cells, multiple lysophospholipases were again

discovered (152). Two lysophospholipases A, were identified in the macrophage-like

cell line P388D1. The two activities were separated by Blue-Sepharose

chromatography. The purified lysophospholipase I had a molecular mass o'f 27 k)a,

while the partially purified lysophospholipase ll had a molecular mass of 28 kDa. The

size of these two enzymes correlates very well with the peak 1 and peak 2

lysophospholipases identified in WEHI 265.4 cells (1Sg). The P3BBDI

lysophospholipases had isoelectric points of 4.4' and 6.1 respectively. The

lysophospholipase I peak had pH optimum of 7.5-9.0. The peak I enzyme was the

only enzyme characterized in this study due to difficulties in purifying the peak Il

enzyme to homogeneity. No other phospholipase, transacylase, or acyltransferase

activity was associated with the purifíed lysophospholipase 4,. The enzyme was active

in the presence of EDTA, Caz*, Mg2*, and Fez* cations, however, all the other cations
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tested dramatically inhibited the enzyme. The two enzyme activities from P3BBD, cells

were found to be immunologically distinct as antibody raised to the peak I enzyme

failed to react with the peak ll enzyme (157). Although some of the characteristics of

the WEHI 265.1 enzymes are similar to the PSBBDT cell lysophospholipases, it is not

known if these enzymes are related either genetically or immunologically.

Lysophospholipase I from P3BBDT (152) exhibits little substrate specificity for chain

length of fatty acid and hydrolyzes 1-acyl lysophosphatidylglycerol as well as 1-acyl

glycerophosphocholine (1 56,1 57).

An examination of the lysophospholipases of butyric acid treated and

untreated HL-60 cells reveals that both types of cells have three lysophospholipases

Al (151). lnterestingly, butyric acid treatment results in the increased expression of

only one of these three enzymes. The lysophospholipase activity of HL-60

homogenates as assayed with 1-[t4C]-palmitoyl lysophosphatidylcholine was divisible

into three distinct peaks of activity after hydrophobic interaction chromatography. The

three peaks of activity had molecular masses of 69 kDa, 20 kDa, and 2. RDa

respectively. The 20 kDa enzyme was increased in cells treated with butyric acid,

while the activity of the other two enzymes was not changed. lt should be stated that

the small molecular weight enzymes were purified to homogeneity while the 60 kDa

enzyme was not homogenous. Amino acid sequence analysis of the 20_and 22 kDa

enzymes revealed that although these enzymes had similar molecular masses, they

are not identical with respect to amino acid sequence, but they do share a good deal

of homology. This suggests that these two enzymes may have evolved from the

same ancestral gene, but that they developed to provide the cell with different

functions during differentiation. The functions and subcellular localization of the
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various lysophospholipases are not yet known. The amino acid composition of the

HL-60 lysophospholipases peak 2 and 3 enzymes were found to be different from the

amino acid compositions of the rat pancreatic lysophospholipase (1SO) or the WEHI

265.1 enzymes (153). No information concerning the substrate specificity of the

fysophospholipases or whether the enzymes catalyze any other reactions was

provided,

1.3.6. Lysophospholipase A,

In contrast to the large amount of information on lysophospholipases Ar, there

is a paucity of ínformation on lysophospholipases A2. The hydrolysis of a

diradylglycerophospholipid by either a plasmalogenase or a phospholipase A, will

generate a free fatty acid from the sn-1 positíon and a 2-acyl lysophospholipid.

Lysophospholípases A, hydrolyze Z-acyl lysophospholipids. Lysophospholipases have

traditionally been studied with 1-acyl glycerophospholipids as the substrate and most

studies have focused on lysophospholipases 4,. 2-Acyl lysophospholipids unlike their

1-acyl lysophospholipid analogues arc unavailable commerciaily and are

thermodynamically unstable due to the phenomenon of acyl migration which results

in the formation of a 1-acyl lysophospholipid from the Z-acyl lysophospholipid. The

synthesis of Z-acyl GPL are therefore a prerequisite for the study of

lysophospholipases Ar.

Evidence has been reported of an activity in both bacteria and mammalian

tissues that can degrade z-acyl lysophospholipids (146,1s8,1s9,160).

Lysophospholipase A, activity was first shown by Van den Bosch and his group in

their studies on the rat liver cytosolic lysophospholipase (146). The rat liver activity

hydrolyzed 2-stearoyl and 2-oleoyl glycerophosphocholine. This enzyme activity was
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never characterized any further.

A lysophospholipase A, activity was described in subcellular fractions of the

guinea-pig heart by Arthur and his laboratory (158,159). This group investigated the

hydrolysis o't 2-acyl glycerophosphocholine in the guinea-pig heart. ln particular, the

studies ínvolved the characterization of the activities in mitochondrial and microsomal

fractions of the hearl (158,159). There was no information as to whether the cytosolic

fraction of the heart also had any detectable lysophospholipase Az activity.

Lysophospholipase A, activíty in the microsomal fraction of the guÍnea-pig heart was

active in the absence of the cations Caz* and Mg2- (1sB). The enzyme had an optimal

pH of 8.0 using 2-arachidonoyl GPC as the substrate. The microsomal enzyme was

inhibited by metal ions Cuz* andZnz*. The lysophospholipase A, had a preference for

2-linoleoyl GPC as its substrate. This specificity for 2-linoleoyl GpC was not

maintained in assays containing an equimolar mixture of 2-arachidonoyl GpC and 2-

linoleoyl GPC. ln order, to differentiate whether the lysophospholipase A, activity was

simílar to the lysophospholipase A, activity, the effect of pH, fatty acids, and various

alkylating agents on the two lysophospholipase activities was examined. lt was found

that the effect of fatty acids and alkylating agents differed for the two

lysophospholipases. This study documents that in guinea-pig heart microsomes, there

are possibly two distinct lysophospholipases A, however, a definitive conclusion on this

will have to await purification of the two activities.

Studies were carried out by Badiani et al. (159) which compared the

lysophospholipase Ar and A2 activities in guinea-pig heart mitochondria. The

mitochondrial lysophospholipase Aa activity was shown to be caz* and Mgr*-

independent. However, 5 mM Mgz* activated the hydrolysis of 2-arachidonoyl GpC
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relative to that of a control. The reagents NEM and DTNB inhibited the activity of the

lysophospholipase A, completely. The lysophosphotipase A, also demonstrated a

specificity for 2-acyl GPC containing linoleic acid. Agaín, this specificity for 2-linoleoyl

GPC was not maintained in mixtures of 2-linoleoyl GPC and 2-arachidonoyl GpC.

The lysophospholipase A, activity was inhibited by unsaturated fatty acids. Cardiolipin,

a mitochondrial phospholipid inhibited the mitochondrial lysophospholipase A, activity

ín a concentration dependent manner. The mitochondrial lysophospholipase A, does

not share many of the above characteristics of the lysophospholipase Ar, especially

with respect to its acyl specificity, its susceptibility to inhibition by unsaturated fatty

acids and the effect of cardiolípin. Taken, together these results suggest that in

guinea-pig heart mitochondria, there may be distinct lysophospholipases A, and

lysophospholipase A, in different subcellular fractions (1s9).

Finally, only one lysophospholipase A, activity has been purified thus far. This

lysophospholipase A2 was purified and characterized in 1985 (160). This

lysophospholipase A, is bound to the inner membrane of E. cqli. The gene for this

enzyme was isolated and cloned from mutants of E. coli K-12 that had an elevated

level of this enzyme or were defective in this activity. The pldB gene coding for the

lysophospholipase A, was cloned into a plasmid and then transformed into E. coli

KL16-99 bacterial cells to aid in the purification of the enzyme. The enzyme was

purified from the membrane fraction of these bacteria to homogeneiÇ, a purification

of 708-fold. The purified enzyme had a molecular mass of OB.5 kDa as determined

by SDS-PAGE. The enzyme had an isoelectric point o't 7.2. The substrate specificity

oftheenzymeindicatedthatithydrolyzed2-acylGPC>

glycerophosphoglycerol (GpG). Furthermore, it hydrolyzed2-acyl Gpc > 1-acyt Gpc
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> 1-acyl GPE > > 1-acyl GPG. The enzyme did not hydrolyze diacylphospholipids,

The enzyme was heat-labile and was inactivated upon heating for S min at SS"C,

Lastly, the characteristics of the E. coli K-12 lysophospholipase A, are different from

the E. coli K-l2lysophospholipase Ar (161). ln all, there is good evidence to indicate

that lysophospholipases A, are distinct from lysophospholipases 4,, however, more

evidence is still required.

1.4. G proteins

Neurotransmitters, hormones, and growth factors transmit messages by binding

to receptor molecules on the surface of the cell. Some of the receptors activate

effector molecules via signal transducing molecules known as G proteins. G proteins

are guanine nucleotide binding proteins. There have been a number of reviews

published on the topic of G proteins (162,169,164,16s,166). The G protein cycles

between an inactive GDP-bound form and an active GTP-bound form. The

unstimulated form of the G protein is the inactive GDP-bound form. The activation of

the G protein from inactive to active form is initiated by the binding of the hormone

(or other ligand) to its receptor. The actions of the G protein in going from an active

to inactive form (or vice versa) is called the GTPase cycle or G protein cycle.

G proteins are heterotrimeric proteins consisting of three subunits designated

o, ß, and ð in order of decreasing molecular mass. a Subunits are 39-46 kDa, ß

subunits are 37 kDa, while I subunits are B kDa, ln mammals, G protein o, ß, and

0 polypeptides are encoded by at least 16,4 and 7 genes respectively (1oz). It isvery

probable that the number of these subunits that are known will increase in the near

future. The activation of G protein coupled receptors results in the dissociation of

heterotrimeric G proteins into Gs subunits and ßY dimers. It is the Gs subunits that
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bind GTP and GDP, have an intrínsic GTPase activity and interact with the effector

molecule and receptor molecules. However, there is increasing evidence that indicates

the ßð subunits may also interact with effector molecules (167). Furthermore,

experiments have shown that different ß subunits of G proteíns can determine the

specific recognition of a G protein by its receptor (168). lt is the binding of GTp to

the G protein that decreases the affinity of the G protein for the agonist receptor

complex and the subsequent dissociation of the .heterotrimeric protein into its

constituent subunits.

ln the basal state, a receptor is unliganded and presumably does not associate

with other components of the signalling pathway. The G protein(s) with which it can

interact is inactive because of the high affinity of the G protein for GDp which is

bound to the G protein. The affinity of the ligand-receptor complex for G protein-

GDP is sufficient for their interaction. This complex formation facilitates the

dissociation of GDP from the G protein. The complex of agonist, receptor, and

nucleotide-free G protein is energetically stable but its lifetime is brief in the normal

environment of the cell. ln the cell, there is usually a high concentration of GTp. ln

such an environment, GTP replaces the position previously occupied by the GDp. The

binding of GTP results in the disassociation of the G protein from the agonist-receptor

complex. The G protein.GTP complex is the active form of the molecule. This

complex is stable and can last for many seconds (163,164). During this time, the

activated G protein interacts with the appropriate effector molecule. There is a great

deal of specificity between a particular etfector molecule and a particular G protein.

The activated G protein alters the rate of function of the effector molecule. ln the

case of adenylyl cyclase, the first effector-G protein pair to be discovered, one G
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prote¡n can stimulate the production of many hundreds of molecules of cAMp in a

single cycle of activation. The intrinsic GTPase activity of the G protein catalyzes the

hydrolysis of the bound GTP to GDP; forming again the inactive form of the G protein

and ending the cycle. This returns the system to its basat state. There is an aspect

of amplification of signai in this system. The G protein is active for many seconds

and so it can affect many effectors and a receptor can interact with and activate a

number of G proteins in the period of one cycle.

Several criteria have been established to determine whether a particular effector

is modulated by G protein(s) (170). This includes the following: (a) Atuminium

tetrafluoride together with Mgz* can interact with the Ga-GDP G protein to mimic the

effect of GTP and activate the G protein. (b) Non-hydrolysable analogues of GTp keep

the G protein in its active form and persistently activate the G protein. (c) ln some

casesr o subunits have specific amino acid residues that can be covalenily modified

by bacterial toxins. Cholera toxin will catalyze the ADP-ribosylation of a specific Arg

residue in the Ga subunit. Pertussis toxin, another toxín can ADP-ribosylate a Cys

residue in the carboxyl-terminus of the Gq subunit. Cholera toxin sensitive G proteins

will be constitutively activated whereas, pertussis toxin G proteins will be inhibited as

they will have an impaired ability to interact with receptors after ADp-ribosylation.

G proteins control a sophisticated signal processing network. Activation of

effector molecules is now thought to depend on signals Gs subunits or ßl subunits.

It is also not inconceivable that there is interaction of the messages from one receptor-

G protein couple with that of another G protein receptor couple, thus resulting in

"cross-talk" between the receptors in response to different extracellular signals

(165,169)' Also, effector molecules can control the rate of their deactivation and thus



also have a hand in the determination of the duration of the signals (171).

1.5. Regulation of the phospholipases

The products of phospholipid breakdown such as arachidonic acid, inositol

trisphosphate, phosphatídic acid, and diacylglycerol have very imporiant functions

within the cell. Such products participate in intracellular events such as activation of

protein kinases, cell growth, cell differentiation, repair of tissue or cell injury and

inflammation. Given the importance of these products, it is not surprising that the

mechanisms that result in the formation of these products should be regulated. The

most direct mechanism which results in the formation of these compounds is the

hydrolysis of phospholipids by phospholipases. ln general, the methods for regulating

the activity of the phospholipases includes: regulation by cations, protein

phosphorylation, protein-protein ínteraction, regulation by guanine nucleotide binding

proteins and regulation by coupling the activation of the phospholipase to stimulation

of a cell surface receptor. Not all these mechanisms apply to all the phospholipases.

ln fact, very little is known about the specific mechanisms that regulate phospholipase

At and lysophospholipase activities. ln contrast, a great deal is known about the

regulation of intracellular phospholipase A, activity and Pl-specífic phospholipase C

activity. Therefore their regulation will be described in this section.

1.5.1. Regulation of phospholipase A,

lnterest in the regulation of phospholipase A, activity has exploded within the

last 5 years. The reason for the increased interest in this area of research has been

two-fold: (1) There is evidence that phospholipase A, can be regulated by G proteins,

and (2) the identification, purification and cloning of the intracellular cpLA, has lead to
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the availability of many reagents (i.e. purifíed enzyme, recombinant cell lines, and anti-

cPLA, antibodies, etc.) that can be used to dissect the pathways of its regulation.

The evidence that phospholipase A, may be regulated by G proteins has been

accumulating for a number of years. There are two early studies which present good

evidence for the stimulation of phospholipase A, activity via G proteins. When rat

thyroid FRTLS cells were pre-labelled with [3H]-arachidonic acid, the addition of o,-

adrenergic receptor agonist norepinephrine resulted in arachidonic acíd release

(172,173,174). This could occur via activation of a receptor-coupled phospholipase Ar.

ln permeabilized cells, the addition of GTP[S], an activator of G proteins, and

norepinephrine resulted in arachidonic acid release. This release of fatty acid could

be inhibited completely by the addition of pertussis toxin indicating that the a,-

adrenergic receptor was coupled to a specific G protein and this was coupled to a

phospholipase A2. This experiment was also repeated successfully with cell

membranes from the FRTLS cell line with exogenous 1-acyl-2-arachidonoyl

phosphatidylcholine as the substrate. Similar activation of the c,-adrenergic coupled

phospholipase A, and its G-protein was shown in MDCK cells (17S).

The most direct evidence showing that phospholipase A, can be activated by

G proteins was reported in studies on the activation of phospholipase A, by light in

the rod outer segments of bovine retina. lt was known previously that the light

photoreceptor, rhodopsin is coupled to a oGMP phosphodiesterase via the G protein

transducin or Go, (62). When the photoreceptor is stimulated by light, Ga, is activated

and inhibits the phosphodiesterase. ln dark adapted rod outer segments,

phospholipase A, was also activated in response to light (176). The addition of

GTPIS] to crude rod outer segments stimulated this activity in the absence of any
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light. Depletion of the transducin by hypotonic washing of the rod outer segments

resulted in the reduction of both the light- and GTP[S] stimulated phosphotipase A,

activity. The addition of purífied transducin in the dark to transducin depleted rod

outer segments restored the GTP[S] stimulated activation of phospholipase Ar. This is

clear evidence that transducin is coupled to phospholipase A, activation in rod outer

segments. lnterestingly, the addition of ßT subunits of transducin stimulated

phospholipase A, activity, while the addition of purified a-subunits of transducin

inhibited the phospholipase Ar. This was the first example of evidence for the ßð

subunits playing a role in signal transduction (177). There is now considerable

evidence in support of GTP-binding protein regulation of phospholipase A, activity in

platelets, neutrophils, HL60 cells, Swiss 3T3 cells and many other cell types

(178,179,180). ln spite of this, the exact mechanisms of G protein activation of

phospholipase A, are not known. Aside from transducin, it is also not known which

G protein(s) activate phospholipase Ar.

By comparison, there is a great deal known about the regulation of the high

molecular weight phospholipase Ar. One mechanism of regulation of this enzyme that

has already been discussed is the translocation of the cPlA, to membrane vesicles

in response to submicromolar concentrations of Ca2* (sec. 1.0.2.g). The translocation

of the enzyme brings it into contact with its substrate. Hence, this is the mechanism

of activation of the cPl-{, by caz* ionophores such as /ea1ï7 (87). TpA and ATp

treatment of CHO cells expressing the cPl-A, was demonstrated to cause a 2{old

increase in the incorporation of 32P into cPl-A, (181). TPA had previously been shown

to induce the phosphorylation of cPLA, in vitro (86). Phosphoamino acid analysis

revealed that TPA and ATP treatment results in the phosphorylation of serine residues
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in the cPLA, with no detectable tyrosine or threonine phosphorylation (181). pDGF

and EGF treatment of Rat-2 cells transfected with cPLA, results in phosphorylation of

serine residues (87). No other phosphorylation ís detected. This indicates that the

cPLAr may be phosphorylated in vivo by a Ser kinase. The phosphorylation of cpLA,

increases the activity of the enzyme when assayed in an in vitro enzyme assay with

exogenous substrate. The phosphorylation does not directly activate the enzyme but

seems to "prime" the enzyme. Full activation is a ca2*-dependent process (87).

The identiÇ of a Ser kinase that is responsible for activating cpLA, was recenly

reported to be MAP kinase (87). The cPLA, contains the consensus sequence for

MAP kinase and it has been demonstrated in vitro that the MAp kinase

phosphorylation of cPl-A, at Ser-505 increases the activity of the enzyme towards pC

micelle substrate (87). Mutants of cPlár, which have the Ser-5os changed to Ala by

site-dírected mutagenesis, cannot be phosphorylated in vitro by the MAp kinase nor

can such mutants mediate agonist induced release of radiolabelled arachidonic acid

from CHO cells that overexpress the mutant enzyme. It was further determined that

TPA treatment results in the phosphorylation of a cPlá, identical to that produced by

the in vitro phosphorylation of the enzyme by MAp kinase (s7). The actual

mechanistic step in the reaction mechanism that is affected by the phosphorylation of

Ser-505 remains to be identified. ln summary, it has been proposed that agents such

as PDGF, which are G protein coupled to the Pl-specific pLC, activate the cpLA, by

stimulating protein kinase C and increasing the intracellular Caz* concentration. protein

kinase C phosphorylates MAP kinase. Activated (phosphorylated) MAp kinase will

phosphorylate cPl-A, and full activation of cPlá, will be due to activation by Ca2*.

Activation of the oPLA, can also occur in the presence of caz* alone.
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A recent study on the stimulation of arachidonic acid mobilization in Swiss 3T3

cells by PDGF has described that arachidonate mobilization occurs ín a biphasic

manner (182)' The authors believe that cPl-A, is responsible for the early phase of

arachidonate release, but it is not responsible for a second phase of arachidonate

mobilization. This second phase of arachidonate mobilization was dependent on de

novo mRNA or protein synthesis as it was completely abolished by cyclohexamide or

actinomycin D. The first phase of arachidonate release is not affected by these

inhibitors. lt has also been reported that macrophage colony stimulating factor

induces the gene expression of the cPtA, (1S3). The actual mechanism in both cases

is still unknown. These two reports indicate that there may be other proteins which

are involved in the regulation of fatty acid (including arachidonic acid) release by

phospholipases Ar. Additional regulatory mechanisms may be discovered that allow

greater insight into the regulation of fatty acid release by phospholipase Ar.

Regulation of the activity of the cPl-A, is dependent upon Caz*. Complete

activation of the enzyme involves a Qaz* dependent translocation of the enzyme. The

cPLA, is a Caz* dependent enzyme, it is inactíve in the absence of Ca2* (zs). The

plasmalogen selective phospholipase A, is a Ca2*-independent enzyme. Hence, there

is a necessity for regulatory factors other than Caz* in the regulation of the

plasmalogen selective phospholipase Ar. One mechanism that has been demonstrated

to be involved in the regulation of thís activity is ATp modulated protein-protein

interactions. lt was shown by Hazen and Gross in 1991 that there is ATp dependent

regulation of this enzyme (1S4). ATP has the effect of augmenting the rate of

phospholípid hydrolysis by this enzyme in a manner that does not require the

participation of a kinase. When myocardial cytosol was incubated with ATp, there
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was a discernable difference ín the characteristics of the enzyme with respect to its

rate of thermal denaturation, interactíon with the substrate, or inactivation by a

sulfhydryl reagent. However, when highly purified enzyme was incubated with ATp,

these effects were not observed. This indicated that myocardial cytosol contained a

component that was necessary for ATP to confer its effects. This regulatory factor

was recently purified and identified to be an isoform of the glycolytic enzyme,

phosphofructokinase (185). The phosphofructokinase forms a large molecular mass

complex with the phospholipase Ar. lt was determined that this regulatory factor of the

phospholipase A, is a tetramer of phosphofructokinase of which a monomer is BS kDa.

The mechanism by which the ATP-phosphofructokinase complex can act to stimulate

the plasmalogen selective phospholipase A, is not known. The binding of ATp to

phosphofructokinase results in an allosteric alteration in the conformation of the

phosphofructokinase which somehow influences the rate of phospholipid hydrolysis of

the plasmalogen selective phospholipase Ar. The authors are quíck to point out that

this novel mechanism of regulation of this enzyme is just one possible mechanism for

its regulation.

1.5-2. Regulation of phospatidylinositol specific phospholipase c

The hydrolysis of phosphatidylinositol by phospholipase C can be activated by

the stimulation of numerous cell surface receptors. There are also a number of

isoforms of PLC that are responsible for the hydrolysis of pl (sec. 1.g.g.1). Given

these two facts, it is not surprising that there are multiple systems regulating the

activity of PI-PLC. The regulation of PI-PLC is distinct for two of the known pLC

families, PLC-ß and PLC-Y. PLC-ß is regulated by G-proteins white pLC-[1 and pLC-d

2 are regulated by receptor-tyrosine kinases.



The evidence in favour of G-protein regulation of PI-PLC is reviewed quite well

by Fain et al. (186). The evidence for G-protein regulation of PLC can be summarized

as follows: (a) Non-hydrolysable analogues of guanine nucleotides cause increased

hydrolysis of endogenous PIPr. (b) ln some cell types, the addiiion of pertussis toxin

blocked receptor stimulated inositol lipid hydrolysis. This occurred primarily in those

cells and tissues of bone marrow origin. (c) PlC-linked receptors were shown to

stimulate GTPase activity in membranes derived from a number of tissues.

lnvestigations into the nature and identity of the G-protein regulating pl-plc activity

have shown there may be two distinct types of G-proteins that can be differentiated

by their sensitivity to pertussis toxin. It is believed'that there is a pertussis-toxin

sensitive G protein and a pertussis toxin insensitive G-protein. The identity of the

pertussis toxin insensitive G-protein (previously termed Gp) had eluded scientists until

very recently when it was purified (187,188,189). Unfo¡lunately, there has not been

similar identification of the pertussis toxin sensitive G-protein.

Three laboratories have recently purified and identified G proteins that can

stimulate PI-PLC (187,188,189). 42 and 43 kDa proteins were purified.from liver

membranes that activated PI-PLC. These proteins were not recognized by antiserum

to any of the known G protein a-subunits. This indicated that these were novel G

proteins. Tt¡e 42 kDa protein was identified to be Goo and the 49 kDa protein was

identified as Gd,, ('189,190). Both of these are members of the Gq family of G

proteins (190). The purified Go subunits had a very low GTpase activity and

exchanged GTP for GDP very slowly. The affinity of these o-subunits for GTp or GTp

analogues is very low. Reconstitution experiments demonstrated that these G proteins

specifically activate PLC-ß but not PLC-ð or PLC-I isoforms (191,192). The receptors
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that activate PLC via these G proteins include thromboxane AZ, bradykinin,

angiotensín, histamine, vasopressin, and the muscarinic acetylcholine receptor (1g2).

The mechanism of activation of PLC-ß by Goo appears to be an increase in the

apparent V'u* of the enzyme wíth no change in the Ç for the substrate (192).

Although the regulation of effectors by G-proteins is generally mediated by the

activated o-subunits, there are reports that the ß$-complex may also serve some

regufatory functions (193). There is evidence that purified ßÚ-subunits activate cardiac

muscarinic gated K+ channels, type ll and type lV adenylyl cyclases and inhibit the

type ladenylyl cyclase (193). Recently, it has been shown that ß[-subunits can

specifically activate PLC-ß2 but not the {- or õ-forms of PLC from a number of sources

(194,195,196).

PLC-T appears to be activated by growth factor tyrosine kinases. polypeptide

growth factors such as PDGF, EGF, FGF, and insulin all mediate their actions by

binding to and activating cell surface receptors that possess an intrinsic protein-

Çrosine kinase activity. The binding of PDGF or EGF to their respective receptors

stimulates the breakdown of PlPr. Treatment of cells with pDGF or EGF not only

promotes the hydrolysis of PlPz (197,198) and phosphorylation of pLC-}1 (197,200)

but also promotes the association of PLC-Ú1 with the pDGF and EGF receptor

(199,200). lt is believed that the phosphorylation of Tyr-783 of pLCdl is essential in

the process of PLC-ú1 activation (110). To date none of the receptors or signal

transducers that are coupled to pLC-ó are known

It is also known that the PLC-[ can be activated by non-receptor protein

tyrosine kinase activities especially in leukocytes (201). phosphopeptide mapping

revealed that the amino acids that are tyrosine phosphorylated by the growth factor
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receptor Çrosíne kinases and the non-receptor tyrosine kinases are identical. Finally,

evidence also suggests that both protein kinase C and the cAMp-dependent protein

kinase A (PKA) may attenuate the activity of PLC-$via phosphorytation of Ser and Thr

residues of the pLC (1 10, j 1 1).

Although, there have been some investigations into the regulation of

phospholipase D and PO-specific PLC activities, the specific details are still very

unclear. What is quite clear is that both of these enzymes can be regulated by

receptor-stimulation, G proteins, activation by Caz*, and modulated by protein kinase

C. The evidence in favour of such regulation is reviewed by Anthes and Billah (128).

There is some evidence in favour of receptor regulation of phospholipase A,.

ln 1979, Franson et al. identified a Ca2*-independent phospholipase A, activity in

canine cardiac sarcolemma that could hydrolyze 1-acyl-2-linoleoyl GpE at pH 7.0 (202).

This phospholipase A, activity could be stimulated 3-4 fold by the catecholamine

analogue sll-isoproterenol. The mechanism by which this agonist mediated its effect

was not investigated.

1.6. Adrenoreceptors

The catecholamines noradrenaline and adrenaline modulate a variety of diverse

responses in mammals. The catecholamínes are produced from nerve terminals and

chromaffin tissue' Catecholamines produce their responses by binding to specific

adrenergic receptors on the plasma membrane of cells. The binding of

catecholamines or related drugs induce changes in these receptors that lead to a

series of events that result in the characteristic observed physiologic effects of the

drug (203). Classically, adrenoreceptors have been divided into a and ß types (zo4).

Subtypes of these two classes of adrenergic receptors have now been discovered
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(205'206)' The differentiation of the receptors was made on the basis of the rank

potency of a series of structurally related catecholamines. With the advent of

molecular biology, a further defínition of subtypes has been made. o-Adrenergic

receptors can be either d,r or o.z type of which there are o1¡, û1s, and o¿q, s2g, d2ç, ..2¡

subtypes, as well as three subtypes of ß-receptor, ß1, ßr, and % (2OZ).

All of the adrenoreceptors for which the amíno acid sequence is known are

members of the G protein linked family of receptors. All such G protein linked

receptors are transmembrane spanning proteins which are in general between 402

and 560 amino acids in length. These proteins contain functional domains which

mediate ligand binding and G-protein coupling (208,209). Adrenergic receptors are

found in many cells and tissues. ln the heart, catecholamines act to modulate the

rate and force of the cardiac contraction (210).

1.7. Researct Aims

Many cells and tissues respond to various extracellular stimuli by mobilizing

arachidonic and other fatty acids. These bioactive fatty acids are metabolized to

eicosanoids via the cyclooxygenase, lipoxygenase, and epoxygenase pathways (1s,17).

ln most tissues, the synthesis of eicosanoids is limited by the availability of precursor

fatty acids. The bulk of the eicosanoid precursor fatty acids in mammalian cells is

esterified to the fatty acyl chains of glycerophospholipids (ls,16,zct). such a
localization of these bioactive fatty acids has led to the suggestion that the availability

of free fatty acid is linked to the activation of the hydrolysis of phospholipids by

phospholipases. It is generally believed that changes in the level of free fatty acid are

the result of receptor stimulation of phospholipases. lt is generally accepted that the

main mechanism for the selective release of sn-2 fatty acids is via direct deacylation
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of phospholipids by a phospholipase Az 06,22,211).

Most of the evidence cited to support the involvement of phospholipase A, in

fatty acid release does not distinguish it from other possible routes for fatty acid

release (212)' Most experiments cited to support the involvement of phospholipase

Ar usually involve the pre-labelling of cell membrane phospholipids with radiolabelled

fatty acid and then monitoring the release of radioactivity into the medium upon cell

stimulation. Although it is true, that direct deacylation of phospholipids by

phospholipase A, is a mechanism which explains the experimental findings, it is not

the only mechanism. Other pathways may also explain such experimental findings.

Figure 3 shows other pathways which can lead to an increase in the level of free fatty

acid. The involvement of enzymes other than phospholipase A2 such as

phospholipase C, phospholípase D, and monoglyceride and diglyceride lipases have

been shown to operate for fatty acid release (212,21g,214,215).

Studies have shown that there can be Caz*-dependent and Ca2*-independent

pathways for the release of arachidonic acid (216,212,218,219,220). lt is known that

both the extracellular phospholipase A, and the cPLA, are both Caz*-dependent

enzymes' their involvement in Caz*-independent pathways for fatty acid release can

therefore be discounted. The Caz*-índependent plasmalogen selective phospholipase

Az is also most likely not involved in such selective fatty acid release as its
involvement is restricted to releasing fatty acids from ether lipids. Therefore, it is likely

that Caz*-independent pathways for the selective release of fatty acids from diacyl

phospholipids do not involve of any of the currenfly known phospholipases Ar.
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Figure 3
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One idea that has been suggested by many individuals is that selective release

of fatty acids from diacyl phospholipids could occur via a phospholipase

At/lysophospholipase A, pathway (16,22,212,?20). ln this pathway, the initiat actíon

of a phospholipase A, on the diacylphospholipid would result in the production of a

2-acyl lysophospholipid and a free fatty acid. The subsequent hydrolysis of the 2-

acyl lysophospholipid by a lysophospholipase A, would result in the release of the

eicosanoid precursor fatty acid.

Although this possibility of releasing sn-2 fatty acids by a phospholipase

At/lysophospholipase A, pathway has been postulated by many investigators very lit¡e

experimental evidence has been obtained to support it, The characteristics of the

lysophospholipase A, or phospholipase A, that may be involved is not known. There

is some evidence that this Caz*-independent pathway may operate for the release of

fatty acids from phosphatidylinositol in endothelial cells (220). The major aim of this

study has been to determine the characteristics and regulation of phospholipase A,

and lysophospholipase A, activities in guinea-pig heart microsomes in an effort to

ascertain whether these two enzymes may act together to selectively release fatty

acids in the guinea-pig heart. The guinea-pig heart was chosen as our model system

as previous studies had shown that a lysophospholipase A, activity was present in the

microsomal fraction for the hydrolysis oÍ Z-acyl GPC (1SB). Also, an analysis of the

distribution of fatty acids in the guinea-pig heart revealed that there was a large

amount of arachidonic acid esterified to the diacyl phosphatidylethanolamine fraction.

The specific goals of this work were as follows:

1. To determine the existence and characteristics of a Z-acyl

glycerophosphoethanolamine lysophospholipase activity in guinea-pig heart microsomes
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especially with respect to its acyl specificity and Ca2*-iequirements. As there is very

little information regarding the tissue distribution of this enzyme, this was also

investigated.

2. To determine whether Caz*-independent phospholipase A, activities are

present in the heart microsomal subcellular fraction and the acyl specificity of the

enzymes with respect to different molecular species of pE and pc.

3. To determine if the heart microsomal phospholipase A, activity could be

modulated by either guanine nucleotides andlor agonists that can coupte to specific

receptors,
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2. tulaterials

2.1. Experimental Animals

Male guinea-pigs (250-300 g) and male Sprague-Dawley rats (250-300 g) were

used during these studies. The animals were obtained from Chartes River Canada

(St. Constant, Quebec, Canada). The guinea-pigs were maintained on the Agway

guinea-pig diet (Agway, lnc., Syracuse, New York) and tap water ad líbítum in a light

and temperature controlled room.

2.2. Chemicals and Reagents

1-Acyl-2-[1JaC]-arachidonoyl GpE (S0 mCi/mmol), 1,2-di[1-r4C]-patmitoyt GpE (s2

mci/mmol), 1-palmitoyl-2-llJacl{inoleoyl GpE (s4 mciimmol), 1,2-di[1Jac]-oleoyl Gpc

(52 mci/mmol), [1-tac]-oleoyl-coA (s2 mci/mmot), 1-patmitoyt-2-¡tJacl-patmitoyt Gpc

(55 mCi/mmol), 1-palmitoyl-2-¡t-l4C1-linoleoyl GPC (54 mCi/mmol), 1-stearoyl-2-¡t-t4Cl-

arachidonoyl GPC (56 mCi/mmol), and 1-palmitoyl-2-[1-14C1-oleoyl GPC (s4 moi/mmot)

were purchased from Amersham lnternational (Oakville, Ontario, Canada). 1-Palmitoyl-

e-[1-14CJ-arachidonoyl GPC (50 mCiimmol) and [1-14C]-arachidonoyl-CoA (4T mCi/mmot)

were obtained from NEN DuPont (Mississauga, ontario, Canada). pig liver

lysophosphatidylethanolamine, 1,2-dioleoyl GPE, pig liver lysophosphatidylcholíne, and

1-palmitoyl-2-lyso GPE were the products of Serdary Research Laboratories (London,

Ontario, Canada). 1-Stearoyl-2-arachidonoyl GPC, oleoyl-CoA, arachidonoyl-CoA, 1-

palmitoyl-2-linoleoyl GPc, 1,2-dipalmitoyl Gpc, 1-palmitoyl-2-oleoyl Gpc, 1,2-dioleoyl

GPE, 1,2-dipalmítoyl GPE, 1-palmitoyl-2-linoleoyl GpE, Triton x-100, Triton es-1s,

sodium taurocholate, sodium deoxycholate, sodium taurodeoxycholate, Tween-2o,

hexadecyltrimethylammonium bromide, d/-isoproterenol, propranolol, clonidine,

phenylephrine, dibutryl cAMP, butoxamine, atenolol, coenzyme A and trifluoperazíne



were all purchased from the Sigma Chemical Company (St. Louis, Missouri, USA). lon

exchange resins CM-52 and DEAE-Sepharose were products of Whatman (Maidstone,

Kent, England) and Pharmacia (Baie d'Urfe, Quebec, Canada) respectively. Linoleic

acid, arachidonic acid, and oleic acid were obtained from NuChek Prep (Elysian,

Minnesota, USA). 1-Palmitoyl-2-arachidonoyl GPC, 1,2-diarachidonoyl GPE, and 1,2-

dilinoleoyl GPE were purchased from Avanti Polar Lipids (Pelham, Alabama, USA).

Silicic acid was purchased from BÍo-Rad (Montreal, Canada). All nucleotides were

obtained from Boehringer Mannheim (St. Laval, Quebec, Canada). Folin-Cicolteau

phenol reagent was obtained from BDH Chemicals Ltd. fforonto, Ontario, Canada).

Aquacide lll flake polyethylene glycol was purchased from Calbiochem (San Diego,

California, U.S.A). Ecolite scintillation fluid was a product of ICN Biomedicals (1-oronto,

Ontario, Ganada). Anhydrous diethyl ether was purchased from Aldrich Chemical Co.

(Milwaukee, Wisconsin, USA). Frozen guinea-pig pancreas was purchased from pel-

Freez Biologicals (Rogers, Arkansas, U.S.A). All other solvents and chemicats were of

reagent grade and obtained from Baxter-Canlab fforonto, ontario, Canada).

2.3. Enzymes

Triacylglycerol lipase from Rhizopus arrhizus and Savoy cabbage phospholipase

D were purchased from Boehringer Mannheim; Phospholipase A, from Crotalus

adamenteus was a product of the Sigma Chemical Co.

3. Methods

3.1. Preparation of subcellular fractions

Male rats or guinea-pigs (250-300 g) were killed by decapÍtation, the necessary

organs were removed and placed on ice. The procedure used for subcellular

fractionation of the tissues was a modification of that described by Arthur et al. (6a)
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to rapidly prepare microsomal material. Tissues were rinsed, minced and

homogenized in an ice-cold buffer of 0.25 M sucrose, 10 mM Tris HCl, pHZ.4 and2

mM EDTA. The homogenization of the tissue solution was carried out with two bursts

of a Polytron homogenizer (Brinkmann) for approximately B0 sec each at a setting of

7. The resulting homogenate was then centrifuged at 20,000 x g for 10 minutes to

sediment unbroken cells and mitochondrial material. The post-mitochondrial

supernatant was re-centrifuged at 20,000 x g for 10 minutes to pellei mitochondrial

material. The supernatants from the above centrifugations were combined and

centrifuged at 100,000 x g for t hour. All centrífugations were carried out at 4 .C.

The pellet from the ultracentrifugation is the microsomal material. This pellet was

resuspended using a Dounce homogenizer ('A' pestle) in 0.25 M sucrose, 1O mM Tris

HCI pH 7.4 butter. The microsomes were stored at -80 'C until necessary. The

protein content of the material was determined by the method of Lowry et al. (Sec.

3.5.2., 221).

3.2. Preparation of substrates

3 -2.1 . Preparation of 2-aql gtycerophosph oethanolam ine

2-Acyl glycerophosphoethanolamine substrates with various radiolabelled fatty

acids at the sn-2 position were prepared by the hydrolysis of the parent

phosphatidylethanolamine with lipase from Rhizopus arrhizus. The reaction contained

4 ¡r,mol of phosphatidylethanolamine ín a solution of 1.2 mM sodium deoxycholate, 30

mM Tris HCI pH 7.4 and 5 mM of CaCl, in a total volume of 6 ml. The hydrolytic

reaction was initiated by the addition of 5 units of the lipase. The reaction was

allowed to progress for 30 min at 37 "C in a shaking waterbath. The reaction was

stopped by the addition of 12 ml of chloroform/methan ol (211 The phases were
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allowed to separate after mixing the tubes. The organic layer of the phase separation

was kept and the upper layer was discarded. The solvent in the lower layer was

evaporated and the lipid residue was redissolved in chloroform. The products of the

hydrolysis were separated by CM-cellulose chromatography. The procedure for the

separation of the lipids on CM-cellulose was essentially that described by Comfurius

and Zwaal (222). The lysophospholipid produced by this method was certified to be

2-acyl GPE according to the methods outlined by Arthur (1s8,229). Briefly, by

preparing 2-acyl lysophospholipids, then reacylating these lysophospholipids to diacyl

phospholipids with a rat liver microsomal acyltransferase system and analysing the

radiolabelled products produced upon phospholipase A, hydrolysis, it was determined

that the radioactivity was associated predominantly with the fatty acid at the sn-2

position. The 2-acyl GPE was stored aT -ZQ'C and used within 24 h of preparation.

3.2.2. Preparation of 1-acyl glycerophosphoethanolamine

1-Oleoyl GPE and 1-arachidonoyl GPE were prepared by a procedure similar

to that described by Robertson and Lands (224). This method invotves the acytation

of a Z-acyl GPE by rat líver microsomal acyltransferases, followed by hydrolysis of the

radiolabelled product via a snake venom phospholipase A, producing the necessary

1-acyl glycerophosphoethanolamine. ln more detail, 2-acyl GPE was prepared by the

procedures detailed in section 3.2.1. The 2-acyl LPE was acylated with radiolabelled

fatty acyl-CoA using the rat liver mícrosomes as a source of LpE:acyl CoA

acyltransferases to catalyze the acylation. The reaction conditions consisted of 0.02

M KH2PO4 butfer pH 7.1, 6 mM ATP, 0.01 M NaF, s mM Mgclr, 0.92 mM radiolabelled

acyl CoA (either oleoyl or arachidonoyl CoA) and 0.06 mM 2-acyl LPE. The incubation

was carried out for t hour at 37 "C. The reaction was stopped using the appropriate
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amount of chloroform/methanol (211, v/v) to yield a phase separation, The products

of the acylation reaction in the lower layer were separated by CM-cellulose

chromatography as described by Comfurius and Zwaal (222). The fractions containing

phosphatidylethanolamine were pooled and subjected to Crotalus adamenteus

phospholipase A, hydrolysis. The method for hydrolysis of phospholipids by this

enzyme is described in section 3.2.7. The 1-acyl LPE product was recovered after

another round of CM-cellulose chromatography.

3.2.3. Preparation of phosphatidylcholine substrates

The specific PC substrates used in studies on the guinea-pig heart

phospholipase A, were prepared by the addition of radiolabelled and unlabelled

phosphatidylcholine to a test tube to give the appropriate specific radioactivity (0.2-

0.4 Ci/mol). Solvents were evaporated under a streám of nitrogen followed by the

addition o't 57" (w/v) solution of sodium taurodeoxycholate resulting in a solution with

a detergent:lipid ratio of 1 mg detergent:0.S ¡r,mol PC. The votume of the solution

was adjusted to 1 ml by the addition of double-distilled water. The phospholipid was

dispersed into solution by vortexed for g0-60 seconds.

3.2.4. Preparation of phosphatidylethanolam ine su bstrates

The specific phosphatidylethanolamine substrates used in studies on the

guinea-pig heart microsomal PE hydrolysing phospholipase A, were prepared in a

manner similar to that described in section 9.2.5. Synthesized

phosphatidylethanolamine (0.5 pmol was usually the starting amount. Synthesis is

described in section 3.2.5.) was added to a test tube and the solvent was evaporated

by nitrogen. Sodium taurodeoxycholate was added to the PE substrate such that a

solution of 1 mg detergent : 0.5 ¡r,mol PE was produced. Double-distilled water was
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added to bring the final volume of the solution to 1 ml and the mixture was dispersed

by vortexed for 30-60 sec.

3.2.5. Transphosphatidylation of phosphatidylcholine to

ph osp hatidylethanolamine

For the phospholipase A, studies with phosphatidylethanolamine substrates, all

the substrates were synthesized. The phosphatidylethanolamine substrates were

synthesized by phospholipase D catalyzed transphosphatidylation of the corresponding

phosphatidylcholine (spec. radioactivity 0.2-0.3 Ci/mol). The procedure used was

essentially that described by Comfurius and Zwaal (Z2Z).

3.2.6. Preparation of 1-[1-r1c]palmitoyl GpE from 1,2d¡[1-t4c] patmitoyt GpE

The preparation of the 1-acyl lysophospholipid from a diacyl phospholipid is

essentially done by performing a phospholípase A, catalyzed hydrolysis of the

diacylphospholipid. Laþelled 1 ,2-di[1-14O]-palmitoyl GPE and unlabeiled dipalmitoyl

GPE was added to a screw capped test tube such that the final specific radioactivity

of the solution was 0.2 Ci/mol. The total amount of phospholipid in the test tube was

10 pmol. The solvent was evaporated from the phospholipid by a stream of nitrogen.

The phospholipid was resuspended in 2 ml of diethyl ether. The tube was capped

and vortex mixed tor 1-2 minutes to thoroughly dissolve the phospholipid. To this

was added 50 pl of a 1 U/pl solution of Crotalus adamenteus venom phospholipase

A, dissolved in solution of 0.1 M Tris HCl, o.o1 M caclr, pH 2.4. The tube was

capped, vortexed and incubated for at least three hours at room temperature with

shaking. The hydrolytic reaction was stopped by removing the ether layer with

nitrogen. The lipid residue was dried down and subsequently resuspended in an

aliquot of chloroform. The lysophospholipid was separated from the
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diacylphospholipid by silicic acid chromatography.

3.3. Enzyme Assays

3.3.1. Phospholipase A, assay

Phospholipase A2 was measured by determination of the release of

radiolabelled fatty acids from 1-acyl-2-[1-raC¡-arachidonoyl glycerophosphoethanolamine.

The reaction mixture contained 2OO pM of the radiotabelled substrate (spec.

radioactivity 0.2-0.3 Cilmol),200 pg of guinea-pig heart microsomal protein, 100 mM

Tris HCI pH 8.5, and double-distilled water to make a total volume of bgO pl. The

reaction was started by the addition of the substrate and incubated for 10 min at BZ

"C in a shaking waterbath. The reaction was stopped by the addition of 3 ml of 211

chloroform/methanol (v/v) and 1 ml 0.9% KCI (w/v) to the test tubes. The reaction

products were isolated by t.l.c. and identified in a manner simifar to that described for

the assay of the lysophospholipase A,.

3.3.2. Lysophospholipase A,, assay

Lysophospholipase A, was measured by determining the release of fatty acid

from 1-acyl GPE. The assay mixture consisted of 100 mM Tris HCI pH 8.0, 100 pg

of guinea-pig heart microsomal protein and 125 ¡r,M of 1-[r4c or 3H1-acyl GpE (spec.

radioactívíty 0.1-0.2 Cilmol) in a total volume of 500 pl. The reaction was initiated by

the addition of the substrate and incubated at gT "C for 15 min in a shaking

waterbath. After 15 min, the progress of the reaction was stopped by the addition of

3 ml of 211 chloroform/methanol (v/v) and 1 ml of 0.9% KCI (w/v). The phases were

allowed to separate after vortex-mixing and centrifugation. Aliquots of the lower layer

were removed for the determination of free fatty acid formed in the reaction. The free
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fatty acid was isolated and quantitated after separation of the reaction products by

t.l.c. ín a solvent system of 60la1l4 heptane/isopropyl ether/acetic acid (by volume).

The radioactivity associated with the fatty acid band was determined by scintillation

counting.

3.3.3. Lysophospholipase A, assay

The assay of the lysophospholipase A, activity was essentially performed in a

manner similar to that described for the lysophospholipase A, (Sec. 8.8.2.). The assay

mixture contained 100 mM Tris HCI pH 8.0, 90 ¡rg of guinea-pig heart microsomal

protein and 200 pM of Z-¡1-14O1-acyl GPE (spec. radioactivíty O.1s-0.2 Ci/mol) in a total

volume of 500 pl. The assay was carried out at 37 "Ç for 1O min. The reaction was

stopped by the addition of 3 ml of chloroform/methanol (211, v/v) and 1 ml of 0.9%

KCI (w/v). The reaction products were identified as described in section 9.9.1. for the

lysophospholipase A, assay. The radiolabel associated with the free fatty acid fraction

was determined by scintillation counting.

3.3.4. Phospholipase & assays with phosphatidylcholine substrate

Phospholipase A, activity was assayed by measuring the rate of formation of

radiolabelled lysophosphatidylcholine from phosphatidylcholine labelled at the sn-2 fatty

acid. The assay mixture consisted of 300 pM phosphatidylcholine (spec. radioactivity

o.2-0'4 Ci/mol), 100 pg of guinea-pig heart microsomal protein and 100 mM Tris HCI

pH 8.0, in a total volume of 500 pl. The reaction was initiated by the addition of the

substrate. The reaction was allowed to progress for 10 min at 37 .C until it was

terminated by the addition of 3 ml chloroform/methanol (211, v/v) and 1 ml 0.9% KCI

(w/v). Aliquots of the lower layer were taken after phase separation and used to

determine the radioactivity in the lysophosphatidylcholine fraction. A fraction of the
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lower layer was dried under nitrogen and the remaining lipid residue was redissolved

in a small volume of chloroform and applied to a t.l.c. plate. The t.l.c. plate was

developed in a solvent sysiem of chloroform/methanol/water acetic acid (35/1 Sl2l1, by

volume). The bands were visualized after exposure of the t.l.c. plate to iodine vapour

and the band corresponding to lysophosphatidylcholine was scrapped into a

scintillation vial. The radioactivity associated with the LPC fraction was determined

by scintillation counting.

3.3.5. Phospholipase Ar assay with phosphatidylethanolamine substrate

This assay was performed in much the same way that for phospholipase A,

activity with the phosphatidylcholine as the substrate (section 3.3.4.). The reaction

conditions are 100 mM Tris HCI pH 9.0, 100 pg guinea-pig heart microsomal protein

and 200 pM of the phosphatidylethanolamine substrate (spec. radioactivity 0.2 Ci/mol)

in a total volume of 500 pl. lncubations were carried out for 10 min at 37 'C. The

reaction was started by the addition of the substrate. After the 10 min time period,

the reaction was quenched with chloroform/metha nol (21| v/v) and 0.9% KCI (w/v) as

described in section 3.3.4. The products of the hydrolysis were separated by t.l.c. on

heat activated t.l.c. plates (1 10 'C for t hour) and subsequent development of the

plate in a solvent of chloroform/methanollwaterlacetic acid (1ool7slhl7, by volume).

The phospholipid band corresponding to LPE was scraped into scintillation vials and

the radioactivity associated with the LPE fraction was determined by scintillation

counting.

3.3.6. Pancreatic phospholipase Ar assay

This assay is similar to that described by Fauvet et al. (3a). The assay was

carried out as follows: in a total vofume of s00 pl, 0.2 M Tris HCI pH 8.0, 2.4 mM



sodium deoxycholate and an aliquot of the enzyme source to be assayed were

combined. The reaction was initiated by the additíon of 300 pM 1-palmitoyl-2-[1-14C]-

linoleoyl glycerophosphocholine (specific radioactivity 0,2 Ci/mol). The reaction was

carried out at 37 "C for 15 min in a shaking waterbath. After 15 min, the reaction

was halted by the addition of 3 ml oÍ 211 chloroform/methanol (v/v). To further clarify

the phase separation, 1 ml of O.97" KCI (w/v) was added and the tubes were mixed

and subsequently centrifuged in a bench centrifuge. Atter centrifugation, the upper

layer was removed and the lower layer was kept. Carrier phospholipids were added

to all the samples and the reaction products were separated by thin-layer

chromatography. The t.l.c. plates were developed in

direction. First, the t.l.c. plate was developed

two

in

solvents but in only one

a solvent of 7Ol3Ol4l2

chloroform/methanol/water/acetic acid (by volume) for approximately B cm from the

bottom of the plate. The t.l.c. plate was then allowed to air dry and then devetoped

in the same direction in a second solvent of 61l40la heptane/isopropyl ether/acetic

acid (by volume). The products of the hydrolysis were visualized with iodine. The

bands corresponding to fatty acid and lysophosphatidylcholine were scraped into

scintillation vial and the radioactivity associated with these fractions was determined

by scintillation counting.

3.4. Preparation of phospholipase A, from guineapig pancreas

The purification of phospholipase A, from guinea-pig pancreas cytosol was a

modification of a procedure described by Fauvel et al. (34). The frozen guinea-pig

pancreas was thawed and the fat was trimmed off. The pancreas was then washed

in cold 0.1 M Tris HCI pH 9.0 buffer and cut into small pieces in this buffer. The

minced pancreas was homogenized ín approximately 5 volumes of the Tris buffer
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us¡ng a Polytron homogenizer, The resulting homogenate was centrifuged at 200 x

g for 10 min at 4 'C to remove unbroken cells. The supernatant was decanted and

kept on ice while the pellet was resuspended in buffer and rehomogenized and

centrifuged at20O x g for 10 min. The pellets were discarded and the supernatants

from both centrifugations were combined. This pooled supernatant was centrifuged

at 100,000 x g for t hour to obtain pancreatic cytosol. The supernatant from the

ultracentrifugation was combined with an equal volume of DEAE-Sepharose in 0.0S M

Tris HCI pH 9.0 with 20 V" glycerol (v/v) in a batch adsorption step. This mixture was

stirred gently overnight at 4'C. The DEAE-Sepharose was then centrifuged at 200 x

g for 20 min at 4 'C to separate the non-adsorbed protein. All the supernatants were

collected, pooled and this procedure was repeated for another 4 hours. The mixture

was again centrifuged and the supernatant collected and concentrated with flake

polyethylene glycol (Aquacide lll). The concentrate was applied to a column of DEAE-

Sepharose that had been previously equilibrated with 0.05 M Tris HCI pH g.0 buffer.

The column was eluted with the same 0.05 M Tris HCI pH 9.0 buffer. Column

fractions were collected and assayed for phospholipase A, activiÇ (see section 8.3.S.

for details on the assay). Fractions containing the highest phospholipase A, activity

were combined and concentrated with Aquacide lll before the volume was adjusted to

50% (v/v) with glycerol. The enzyme was stored at -20 "C.

3.5. Analytical proceduras

3.5.1. Determination of lipid phosphorous

The lipid phosphorous content of phospholipid samples was determined by the

method of Bartlett (225). This procedure is based upon the release of inorganic

phosphate by acid digestion of the sample, followed by the colorimetric determination
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of this phosphate as a phosphomolybdate complex. An aliquot of the sample was

dried down under nitrogen. Perchloric acid (1.1 ml) was added to all the tubes

including those for the determination of a calibration curve. The tubes were incubated

in a block heater at 160 oC for approximately 2 hours. The tubes were allowed to

cool to room temperature. To the tubes for calibration curve was added an

appropriate amount of inorganic phosphorous from a standard stock solution 1O pg/ml

potassium phosphate to produce a range of Pi concentrations. The total volume of

each tube was made up to 9 ml with double-distilled water. The tubes were vortexed

and each tube was then added 800 pl of 5% ammonium molybdate (w/v) followed by

míxíng. ANSA solution (200 ¡r,L) was added to each tube. The tubes were

subsequently mixed again and placed in a boiling water for 10 min. The tubes were

allowed to cool to room temperature and the absorbance was measured at BB0 nm.

The ANSA reagent was prepared by dissolving 11.7 g of anhydrous sodium sulfite, B0

mg sodium metabisulfite and 0.2 g of ANSA in 100 ml of water. This solution is stable

in the dark.

3.5-2. Determination of protein concentration

The protein concentratíons of subcellular fraótions were determined by the

method of Lowry et al. (221) usíng bovine serum albumin (BSA) as a standard.

Aliquots of the samples or BSA (0-1OO ¡.r,g) were added to test tubes. The volume in

each tube was made up to 1 ml with the addition of 100 pl of 5% sodium

deoxychofate (w/v) and double-distilled water. Subsequently 4 ml of a solution C (1/s0

solution A,/solution 3, v/v) was added to each tube followed by mixing. Solution A

was made by mixing 1 ml of 1% copper sulphate (w/v) and 1 ml of 2% sodium

potassium tartrate (w/v). Solution B was 2% sodium carbonate (w/v) in 0.1 M sodium
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hydroxide. The tubes were incubated at room temperature for 10 min and then 0.S

ml of 1 N Folin-Cicolteau phenol reagent was added to each tube. The tubes were

vortexed and ímmediately incubated in a 60 "C waterbath for 10 min, The tubes were

cooled to room temperature prior to determining the absorbance at 7S0 nm.

3.5.3. Determination of radioactivity

Radioactivity was determined by scintillation counting using a Beckman LS3BOI

counter with Ecolite (lcN Biochemícals Ltd.) as the sòint¡llant.

3.5.4. Statistical Anaþis

Statistical significance between groups was assessed by the unpaired 'T,' test

as described by Huntsberger and Billingsley (226).
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4. Resutts

4.1. Lysophospholipase Ar activity with 2-acyl GPE in guinea-pig heart

microsomes.

As an initial step in our study on a postulated phospholipase

A,/lysophospholipase A, pathway that functions for the selective release of fatty acids

for eicosanoid biosynthesis in the guinea-pig heart, the characteristics of the

lysophospholipase Ar, were investigated. The presence of a 2-acyl GpE hydrolyzing

lysophospholipase has not been reported in the heart or any other tissue. We were

interested in determining if this activity was present in guinea-pig heart microsomes.

The incubation of 2-[14C]-arachidonoyl GPE with heart microsomes resulted in the

release of radiolabelled arachidonic acid. The activity that hydrolyzed 2-arachidonoyl

GPE was further characterized with respect to conditions that optimized the release of

the fatty acid. The activity had an optimal pH of 9.0 (Fig. 4) and an optimal substrate

concentration of 150-300 pM (Fig. 5). The reaction rate was linear up to 15 minutes

with 90 pg of guinea-pig heart microsomal protein. ln contrast to these results,

experiments with 2-linoleoyl GPE revealed that the lysophospholipase A, had an

optimal substrate concentration of 50 pM. lncreasing concentrations of 2-linoleoyl GpE

greater than 50 pM greatly inhibited the enzyme activity. W¡th 1OO pM of 2-linoleoyl

GPE, there was 40% less lysophospholipase A, activity than was obtained with 50 pM

of 2-linoleoyl GPE. The enzyme activity did not display such kinetics with any of the

other 2-acyl glycerophosphoethanolamine lipids used, The lysophospholipase A,

activity was active in the presence of EDTA and EGTA. The heart microsomal

lysophospholipase A, activity is therefore Ca2*-independent. Moreover, the addition of
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Fig. 4. The effect of pH on guinea-pig heart microsomal lysophospholipase A, activity.

The activity of the heart lysophgspholipase A, was measured at different pH values
with 100 pg microsomal protein, 100 nmol of 2-arachidonoyl GPE and buffer in a total
volume of 500 pl. The buffers used were Tris-succinate ([H 5-6) and Tris-HCl (pH Z-
10). lncubation and isolation of the reaction products are as described in the
Materials and Methods section. The values reprebent the means of two experiments
each done in triplicate. The standard deviation of all the values are less than l OVo ot
the mean. The specific activity is expressed as nmol arachidonic acid released/hr/mg
protein.
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Figure 5

300

2-arachidonoyl GPE (rrM)

Fig' 5. The effect- of 2-arachidonoyl GPE concentration on the guinea-pig heart
lysophospholipase A, activity.

The activity of the guinea-pig heart microsomal lysophospholipase A, was determined
as a function of the 2-arachidonoyl GPE conceniratión. ïf," ä"r"y ri*tur" contained
90 pg of microsomal protein with 100 mM Tris-HCl buffer pH g;s in a totut volume of
500 pl. lncubation was for 10 min at 37 "C. The reaction products were isolated as
described in the Materials and Methods section. The valubs represent the mean oftwo experiments each done in triplicate. The standard deviation of all the values is
less than 10% of the mean. The specific activity is expressed as nmol arachidonic
acid forme dlhr lmg protein.
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Figure 6
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Fig.6. Effect of Caz* on the guinea-pig heart 1-acyl GPE and 2-acyl GpE hydrolyzing
activities in guinea-pig heart microsomes.

Lysophospholipase A, activity (dark bars) was assayed with 62.5 pM 1-palmitoyl GpE
9¡,0 tVgonnospholipase A, activity (light bars) was assayed with 2-arach¡donoyt eRf
(200 pM). The reaction conditions used for each activity âr:e described in the Materials
and Methods section. The results are expressed as a percentage of the activities
obtained in the presence of 2 mM EGTA (control). The values are the means of two
separate experiments each done in duplicate. ln alt cases, the standard deviation was
less than 1O% of the mean.
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Ca2* to the reaction mixture resulted in the inhibition of lysophospholipase A, activity

(Fig. 0).

To determine if the guinea-pig heart microsomal lysophospholipase A, activity

exhibited any selectivity for different molecular species of the Z-acyl GpE, the rate of

hydrolysis of 2-arachidonoyl GPE, 2-oleoyl GPE and 2-palmitoyl GpE was compared

at a substrate concentration of 200 ¡r,M. 2-Linoleoyl GPE was not compared in this

set of experiments since with 2OO pM of this substrate the activity of the

lysophospholipase A, was greatly inhibited. The order of hydrolysis of the substrates

relative to that of 2-palmitoyl GPE was as follows: 2-arachidonoyl GpE > 2-oleoyl

GPE > 2-palmitoyl GPE, the activíties with the substrates were respectively 1g-fold

greater and 2-fold greater than the hydrolysis of 2-palmitoyl GPE fiable 1). To be

sure that these differences in activity were not due to ditferences in solubilities of the

substrates, the effect of various detergents on the hydrolysis of 2-arachidonoyl GpE

was investigated [fable 2). All of the detergents except Tríton eS-1S (0.5%, øv)

inhibited the activity of the lysophospholipase Ar. Triton QS-1S at a concentration of

0'5% actually activated the activity of the lysophospholipase A, by B4%. Hence, the

acyl specificity was determined in the presence of 0.S% Triton eS-1s. The results of

thís experiment are shown in Table 3. Again, the enzyme displayed highest activity

with 2-arachidonoyl GPE as the substrate. The lysophospholipase A, activity with 2-

arachidonoyl GPE was 20{old greater than that with 2-palmítoyl GpE and

approximately 7-fold greater than that with 2-oleoyl GPE. The acyl specificity of the

lysophospholipase A, was similar in the absence and presence of detergent. ldentical

experiments were performed using the substrates 2-arachidonoyl GpE, 2-linoleoyl GpE,

and 2-palmitoyl GPE at concentrations of 50 pM in the presence and absence of the
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Table 1. Acyl specificity of guineapig heart microsomal lysophospholipase ft in the

absence of detergent.

Lysophospholipase A, activity in guinea-pig heart microsomes (90 pg) was assayed

with different 2-acyl GPEs (200 pM; spec. radioactivity 0.1s-0.2 Ci/mol) in 100 mM Tris-

HCl, pH B'5. ln these experiments the assays were performed essentially as described

in the Materials and Methods section. Values represent the means and standard

deviations of three experiments each done in triplicate.

Specific activity Activity relative to

Substrate (nmot fatty acid/hrlmg protein) 2_palmitoyl GpE hydrotysis

2-Palmitoyl GPE 56 -r 7

2-Oleoyl GPE 1SS -'- B

2-Arachidonoyl GPE 566 -{- 19

1

2

10

BO



Table 2- Effect of detergents on guinea-pig heart þophospholipase A,, and A,

activities.

Guinea-pig heart microsomal lysophospholipase A, and A, activities were assayed with

1-palmitoyl GPE and 2-arächidonoyl GPE respectively. Detergents were added to the

incubation mixture to give a final concentration of o.5%. other reaction conditions are

described in the Materials and Methods section. ldentical incubations without

detergent served as a control. The values represent the means and standard

deviation of two experiments each of which was conducted in triplicate. ïhe specific

activiÇ of the lysophospholipase A, in the absence of detergent was 82 nmol fatty

acid releasedlhr/mg protein and the specific activity of the lysophospholipase A, in the

absence of detergent was 452 nmol fatty releas edlhrlmg protein.

Detergent Al A2

None
Miranol DS
Triton X-100
Taurocholate
Triton QS-1S

100
84 -+- 21

33 -r- 12
29+- 6

430 1- 62

100
26-r4
7 -t- O.1

18+2
184 -+- 22
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Table 3' Acyl specificity of guinea pig heart microsomar lysophosphotipase A" in the

prqsence of 0.5% Triton eS_15.

Lysophospholipase A, activity in guínea-pig heart microsomes was assayed with

different 2-acyl GPEs (200 pM) in the presence of rriton es-15 (o.s%)in 100 mM Tris-

HCI pH B'5 in a total volume of 500 pl. The substrate was prepared by sonication in

the detergent solution' The assay was performed as detailed in the Materials and

Methods section' The values are the means and standard deviation of three

experiments done in triplicate,

Specific activity Activity relative to

substrate (nmor fatty acíd/hrlmg proteín) 2-parmitoyr GpE hydrorysis

2-Palmitoyl GpE 51 {- s

2-Oleoyl GPE 1s1 -F g

2-Arachidonoyl GpE l}gg 1- 47

1

3

20
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Table 4- Aeyl specÍficity of guinea{eart microsomal tysophospholipase A, with 5o ¡.rM

substrate in the absence of detergent.

Lysophospholipase A, activity was assayed with s0 ¡r,M of various 2-acyl GpE as

substrates. The reaction conditions and procedure for the assay are described in the

Materials and Methods section. The values are the means and standard deviation of

three experiments each done in triplicate. The specific activity is expressed as nmol

fatty acid released/hr/mg protein.

Activity relative to

substrate specific activity 2-palmitoyl GpE hydrolysis

2-Palmitoyl GPE 65 -F 26

2-Linoleoyl GPE g7O -'- 18

2-Arachidonoyl GPE gZZ +- 42

1

6

b
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Table 5' AGyl specificity of the guineapig heart mícrosomal lysophospholipase A, with

5O pM substrate in the presence of detergent.

The lysophospholipase A, activity in guinea-pig heart microsomes was assayed with

various 2-acyl GPE in ihe presence of 0.5% Triton es-1s. The substrates were

prepared by sonication in the detergent solution. The conditions for the assay and

the method of quantification of the fatty acíd released were that detailed in the

Methods and Materials sectíon' The values represent the means {- standard deviation

of three experiments each of which was done in triplicate. The specific activity is

expressed as nmol fatty acid released/hrlmg protein,

Activity relative to

substrate specific Activity 2-parmitoyr GpE hydrorysis

2-Palmitoyl GPE Z1 -+- 1g

2-Linoleoyl GpE 754 1- gB

2-Arachidonoyl GpE 694 -,- 15

1

10

10

84



detergent Triton QS-15. The results of these experiments are shown in Tables 4 and

5' The inhibition of lysophospholipase A, activity with concentrations of 2-linoleyl GpE

greater than 50 pM was also observed in the presence of detergent. When the acyl

specificity was determined with 50 pM of substrate in the absence of detergent, the

rates of hydrolysis of 2-arachidonoyl GPE and 2-linoleoyl GPE were very similar. The

rates of hydrolysis of either substrate was still 6{old greater than the rate hydrolysis

of 2-palmitoyl GPE. ln the presence of the detergent, this acyl specificity for 2-

arachidonoyl GPE and 2-linoleoyl GPE was maintained as the rates of hydrolysis of

both these substrates were 1O-fold faster than the rate of hydrolysis of 2-palmitoyl

GPE.

ln order to determíne if the specificity of the enzyme for 2-arachidonoyl GpE

was still manifested in a mixture of substrates, the effect of presenting equimolar

amounts of a pair o'n Z-acyl GPE was examined. Two pairs of substrates were used

in these experiments: 2-arachidonoyl GPE/2-palmitoyl GPE and the pair of 2-linoleoyl

GPE|Z-arachidonoyl GPE. The results of this experiment are shown in Table 6. As

can be seen from the results with the 2-palmitoyl/2-arachidonoyl GpE, the

lysophospholipase A, maintained its specificity tor 2-arachidonoyl GpE in the presence

of 2-palmitoyl GPE. However, it was surprising that the enzyme activity with 2-

arachidonoyl GPE was inhibited by 2-palmitoyl GPE. This result was unexpected

given the high activity that the enzyme had demonstrated with 2-arachidonoyl GpE

when it was presented singly. 2-Palmitoyl GPE hydrolysis was inhíbíted by the

presence of 2-arachidonoyl GPE relative to a control with 2-palmitoyl GpE alone. The

mutual inhibitíon observed with the pair of 2-palmitoyl Gpll2-arachidonoyl GpE was

also observed with the 2-linoleoyl GPE/2-arachidonoyl GPE pair. The hydrolysis of both
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Table 6- Effect of presenting mixtures of 2-acyl GPE on guinea-pig heart microsomal

tysophospholipase An activity.

Lysophospholipase A, activity was assayed with 90 ¡¿g of guinea-pig heart microsomal

protein and the followínþ pairs of 2-acyl GPE: 2-[I4o]-palmitoyl Gpll2-arachidonoyl

GPE, 2-palmitoyt cpãlz-lt4cl-arachidonoyl GpE and 2-[r4c]-linoleoyt GpEl2-

arachidonoyl GPE and 2-linoleoyl GpE/2-[14C]-arachidonoyl GpE. Equimolar amounts

of each substrate were sonicated together, and aliquots containing SO pM of each

substrate were used in the assays. Control tubes coniained S0 ¡r,M of each individual

substrate and their values are reported in Table 4. The assay was carried out as

described in the Methods and Materials section. The values represent the means and

standard deviation of two experiments each of which was done in triplicate. The

specific activity is expressed as nmol fatty acid/hrlmg protein.

Pairs of substrates Specific activity Activity (% ot control)

2-Palmitoyl GPE and

2-Arachidonoyl GPE

2-Linoleoyl GPE and

2-Arachidonoyl GPE

35-F6

165 {- 14

54

44

56

58

+9

+23

207

219
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lysolipids was inhibited by approximately 40% by the presence of the other tysolipid,

There was no enhancement of selective hydrolysis of either Z-acyl GpE when 2-

linoleoyl GPE and 2-arachidonoyr GpE are presented together.

Prelíminary results had indicated that the lysophospholipase A, activity was

ubiquitously distributed in guinea-pig tîssues. The acylspecificity of lysophospholipase

Ar activity in guinea-pig liver, lung, kidney, and brain microsomes was examined.

These experiments were conducted using the same assay conditions that had been

established for lysophospholipase A, activity in the heart microsomes. Triton eS-15

(o'5%) did not inhibit the activity of the lysophospholipase A, in any of these tissues

ffable 7). The lysophospholipase A, activity was determined with 2-oleoyl GpE and 2-

arachidonoyl GPE in the presence and absence of 0.s% Triton eS-15 fiable B). ln

all tissues, the rate of hydrolysis of 2-arachidonoyl GpE was greater than the rate of

hydrolysis of 2-oleoyl GPE whether in the presence or absence of detergent. The

highest lysophospholipase A, activity was observed in braín microsomes. As with the

heart microsomal lysophospholipase Ar, the Triton es-1s activated the

lysophospholipase A, activity in lung and brain microsomes but not the liver or kidney

enzymes with 2-arachidonoyl GPE as the substrate. The reason for this is unclear.

Lysophosphorípases, which hydroryze 1-acyr rysophosphoripids, are known to

be present in the heart (see section 1.3.5, 154,1sg,15g). lt was therefore necessary

to determine if the lysophospholípase A, that had been characterized was distinct from

any lysophospholipase A, that hydrolyzed 1-acyl GPE in guinea-pig heart microsomes.

Using 1-¡t4cl-palmitoyl GPE as the substrate, we discovered that guinea-pig heart

microsomes contaíned a lysophospholipase A, activity. This activity had an optimal

pH of B'0 (Fig' 7) and an optimal substrate concentration range ot 4s-1s0 ¡r,M (Fíg. B).
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Table 7' The effect of 0-5% Triton QS-15 on guinea-pig microsomal þophospholipase
A, in various tissuqs.

The effect of the detergent rriton es-1s (0.5%) on rung, river, brain, and kidney
microsomal lysophospholipase A, activiÇ was assessed. The method for the assay

is the same as that described in the Materials and Methods section. The substrate
used was 2-arachidonoyl GPE (2oo ¡r,M), The assay was initiated by the addition of
the substrate' The results represent the means -F standard deviation of two separate
experiments each assayed in duplícate. The results are expressed as a percentage

of the activity of a control did not contain any detergent.

ïssue Activity (% ot control)

Líver

Kidney

Brain

Lung

144 -+- 14

120 -r 25

216 -i- sB

198 -'- 17
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Table B- Acyl Specificity of lysophospholipase A, in dÍfferent guinea-pig tissues.

Lysophospholipase A, activity in the microsomal fractions of various guinea-pig tissues

was assayed with 2-oleoyl GPE and 2-arachidonoyl GPE (2oo ¡.r,M). The reaction

conditions used were identical to those described for the assay of the heart

microsomal lysophospholipase A, as outfined in the Methods and Materials section.

The values represent the means and standard deviation of three experiments each

done in duplicate. The substrate was prepared with and without Triton QS-15 (o.5%).

The specific activity is expressed as nmor fatty acid rereased/hrlmg protein.

Specific Activitu

substrate 2-oleovl GpE 2-Arachidonovl GpE

Tissue -eS-1S +eS-1S _eS_1S +eS_1S

Lung 6g + 14 61 {- gB 26Z _F 78 4BZ + gg

Liver 53 +- 28 SS + 16 1BO -F 28 21g i_ 29

Brain 165 -'- 12 ZZO + BZ 650 + 15 1192 _{_ 296

Kídney 54 r- 16 SO {- 14 141 + g2 15S r- 15
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Figure 7

120

Fig. 7. The effect of pH on the guinea-pig heart microsomal lysophospholipase A,
activity.

The activity of guinea-pig heart lysophospholipase A, was determined at different pH
values using the buffers described in Figure 4. The reaction mixture contained 100

Tqoi buffer 100 pg guinea-pig heart microsomal protein and 100 nmol of 1-palmitoyl
GPE in a total reaction volume of 500 pl. The isolation of the reaction products aie
as described in the Materials and Methods section. The activity is expressed as nmol
palmitic acid produced/hr/mg protein. The values are the means of two experiments
each of which was conducted in triplicate. The standard devîation of the values was
less than 15/o of the mean in all cases.
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Fig. B. The effect of 1-palmitoyl GPE concentration on the guinea-pig heart
microsomal lysophospholipase A, activity.

The activity of the guinea-pig heart microsomal lysophospholipase A, was measured
as afunction of the substrate concentration. The assay mixture consisted of 100 mM
Tris-HCl buffer, pH B, 100 pg of heart microsomal protein and varying amounts of 1-
palmitoyl GPE in a total volume of 500 pl. The assay was carried out as described
in the Materials and Methods section. The specífic activity is expressed as nmol
palmitic acid produced/hr/mg protein. The values in each figure repiesent the means
of two experiments each done in triplicate. ln all cases, the standard deviatíon for each
point was less than 15% of the mean.
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Concentrations of substrate greater than 150 pM were found to inhibit the enzyme

activity. The lysophospholipase 4,, like the lysophospholipase Ar, was active in the

presence of cation chelators EDTA or EGTA (2 mM). 
. 
The lysophospholipase A, was

also inhibited by increasing concentration of Ca2* less than 125 pM (Fig. 6). At a

concentration of Caz* greater than 125 ¡-r,M, the lysophospholipase A, is not affected

by Ca'*, whereas the lysophospholipase Az activity is inhibited. The effect of

detergents on the lysophospholipase A, activity was also determined fl-able 2). Like

the lysophospholipase A, activity, the lysophospholipase A, activity was also inhibited

by all the detergents to varying degrees except for Triton QS-1s (O.s%). Triton eS-

15 stimulated the hydrolysis of 1-palmitoyl GPE by guinea-pig heart microsomes by

approximately 4-fold. ln addition, the ínhibition of the lysophospholipase A, activity by

Miranol DS was only slight (15% relative to a control), unlike the Z5% inhibition

observed on the lysophospholipase A, activity.

Nert, the acyl specificity of the guinea-pig heart microsomal lysophospholipase

A, was determined. The results of this experiment are shown in Table g. The enzyme

displayed highest activity with 1-palmitoyl GPE. The rate of hydrolysis of 1-palmitoyl

GPE was 16 times faster than the rate of hydrolysis of 1-arachidonoyl GpE and

approximately 9 times faster than the rate of hydrolysis of 1-oleoyl GpE. The rate of

hydrolysis of 1-palmitoyl GPE by the lysophospholipase A, was 5-6{old greater than

the rate of hydrolysis of 2-palmitoyt GpE by the lysophospholipase Ar.

Finally, to be sure that the lysophospholipase A, activity that was characterized

in the heart microsomes was not due to an unspecific activity of a Ca2*'independent

phospholipase A2, the effects of Caz* and trifluoperazine on the lysophospholipase A,

and phospholipase A, activity under assay conditions that were optimal for the
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Table 9. Acyl specificity of guinea-pig heart microsomal lysophospholipase Ar.

Guinea-pig heart microsomal lysophospholipase A, activity was measured with different

species of 1-acyl GPE (125 pM; spec. radioactivity 0.1 Ci/mol) with Triton eS-1s

(o.5%). All other reaction conditions are as described in the Methods and Materials

section. The values are the means and standard deviation of three experiments, each

done in triplicate. The specific activity is expressed as nmol fatty acid released/hrlmg

protein.

Activity refative to

substrate specific activity 2-arachidonoyl GpE hydrolysis

1-Palmitoyl GPE 394 -t- 9

1-Oleoyl GPE 45 -f 6

1-Arachidonoyl GPE 24 + 14

16

2

1
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lysophospholipase A, were compared. The results of this experiment are shown in

Table 10. At concentrations of 0.5 and 1 mM Caz* there was no significant effect on

the phospholipase A, activity whereas, the activity of the lysophospholipase A, was

inhibited by 4O% under the same conditions. There was also a differential effect of

trifluoperazine on the two enzyme activities. At a concentration of 0.5 mM,

trifluoperazine inhibited the phospholípase A2 activity but stimulated the

lysophospholipase A, activity by ßO%. The results of this experiment suggest that in

guinea-pig heart microsomes, the phospholipase A, and lysophospholipase A, activities

are distinct.
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Table 10- Effect of Ca"* and trifluoperazine on guinea-pig heart microsomal

lysophospholipase A, and phospholipase A" activities.

Lysophospholipase A, and phospholipase A, activities'in guinea-pig heart microsomes

were determined as described in the Materials and methods section with Z-

arachidonoyl GPE (200 pM) and 1-acyl-2-arachidonoyl GPE (2oo ¡r,M) as the substrates.

There was a period of preincubation in experiments with trifluoperazine fl-Fp), the

microsomes were incubated with TFP at room temperature for 5 min before the

initiation of the assay. The results are the means and standard deviations of two

experiments performed in triplicate. The activities are expressed as percentage of a

controls with either no TFp or with EGTA and EDTA (2 mM).

Activitu (% of controt)

Additive Phospholipase A, Lysophospholipase A,

None (control) 1OO 100

Caz* (o.s mM) Bg -F o 6s -F 7

Caz* 11.0 mM) 94 t 4 60 -r- 10

TFP (100 pM) 101 -{- 1g lgs r- g7

TFP (500 ¡iM) 76 -þ 11 ?28 + 2Z
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4-2-I}le regulation and characteristics of a PCtrydrolyzing phospholipase A, in guinea-

pig heart microsomes.

It has been established previously that a lysophospholipase A, activity that

hydrolyzes 2-acyl GPC exists Ín guinea-pig heart microsomal subcellular fractions (sec.

1.3.6'' 158). This enzyme was Ca2.-independent and demonstrated a preference for

2-linoleoyl GPC as its substrate. The characteristics of this enzyme led to the

suggestion that this 2-acyl GPC lysophospholipase could work in concert with a

phospholipase A, to release linoleic and arachidonic acids for further metabolism.

However, the selective release of a single fatty acid would depend upon the

concentration of the 2-acyl GPCs that were present. A large and very specific release

of a particular fatty acid could occur if there was a large amount of one molecular

species of 2-acyl GPC. 2-Acyl GPCs are generated by phospholipase A, hydrolysis

of diacyl phosphatidylcholine. lt was not known if phospholipase A, activity in the

guinea-pig heart or any other tissue was selective for substrates with specific fatty

acids at the sn-2 position. lf the phospholípase A, functions in the selective release

of fatty acids then the activity of the enzyme would be expected to be modulated by

erternal stimuli acting on membrane receptors. While there is evidence for G protein

modulation of phospholipases in the literature, there is no evidence of regulation of

phospholipases A, by such proteins (227). ln this next section of the study, the

specificity of the phospholipase A, was investigated with respect to defined molecular

species of PC and the possible modulation of the enzyme activity by guanine

nucleotides.

lnitial attempts to assay for phospholipase A, activity in guinea-pig heart

microsomes revealed extremely low activity. When 1-palmitoyl-2-linoleoyl GpC was
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incubated with guinea-pig heart microsomes, very little phospholípase A, activity was

detected (0-3 nmol LpC produced/hrlmg protein). This low activity was observed

regardless of the molecular species of PC used in the assay. Since other

investigators had detected phospholipase Ar activity when the detergent

taurodeoxycholate was included in the assay (40), this approach was tried.

Phospholipase A, activity in the heart microsomes could be detected when this

detergent was used and the concentration of substrate was greater than 100 ¡rM. The

enzyme displayed an optimal pH of 8.0 (Fig. 9) and exhibited a substrate

concentration profile that was characteristic of an enzyme that acts on micelles (Fig,

10). The enzyme activity increased with increasing substrate concentration until a

concentration of 300 pM was reached. At concentrations of substrate greater than 300

pM, the enzyme activity was inhibited. The reaction rate was linear for 10 min at 37

"C with 100 pg of heart microsomal protein. The enzyme activity was enhanced

significantly by the addition of taurodeoxycholate (1 mM) in the assay. This

enhancement of activity was not observed with the detergents Triton X-100, Triton eS-

15, and Tween-20, but increased phospholipase A, activity was demonstrated when

deoxycholate was used in the assay ffable 11). The phospholipase A, activity when

deoxycholate was used was 66% less than that with taurodeoxycholate. The effect of

increasing substrate concentration on phospholípase A, activity was the same when

either taurodeoxycholate or deoxycholate was used. ln all subsequent experiments,

the substrate was prepared with taurodeoxycholate. The final concentration of

taurodeoxycholate in the enzyme assays was 1 mM. The phospholipase A, activity was

not dependent on Caz* (1OO-500 pM) and was active in the presence of EDTA and

EGTA (2 mM).
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Table 11. The effect of detergents on the hydrolysis of PC by phospholipase A, in

guinea-pig heart microsomes.

PC substrates were prepared with detergents in a ratio of 1 mg detergent per 0.5

¡r,mol of phospholipid as described in the Materials and Methods section. The

substrates were subsequently used in phospholipase A, assays with guinea-pig heart

microsomes as the enzyme source. The substrate used in this assay was 1-16:0-2-

1B:2 GPC. The results represent the means and standard deviation of duplicate

determinations from two separate preparations. The specific activity is expressed as

nmol LPC produced per hour per mg protein.

Detergent Specific activity

None

Sodium taurodeoxycholate

Sodium deoxycholate

Triton X-100

Triton QS-15

Hexadecyltrimethylammonium bromide

0

74+3

21 -r1

0

0

0
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Figure 9

I

pH

Fig' 9. The effect of pH on guinea-pig heart microsomal phospholipase A, activity.

The effect of pH on the guinea-pig heart microsomal phospholipase A, was examined
with different buffers (Fig. 4). The phospholipase A, activity was assayed using 1-
16:0-2-18:2 GPG as the substrate. The reaction míxtuie contained 100 mM of various
buffers, 100 pM of PC substrate and 1Oo pg of heart microsomat protein in a total
volume of 500 ¡-r,1. The assay was performed as described in the Materials and
Methods section. The values represent the means of two experiments each done in
triplicate. The specific activiÇ is expressed as nmol Lpc forme dlhrlmg protein. The
standard deviation of all values was less than 1s% of the mean.
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Figure 10
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Fig' 10' The effect of concentration of 1-16:0-2-18:2 GpC on the guinea_pig heartmicrosomal phosphotipase Á,. 
";tilü.

The effect of varying the concentration of pc substrate on phospholipase A, activitywas determined' The reaction t¡ttui. 
"ont"in"J;ä¡;g concentrations of 1-16:0-2-1B:2 Gpc which was prepared with tlyrgogovcnorátä'ir ,,nu¡, 100 mM Tris HCr pHB'0' and 100 pg h::1 microsomài piotein in á tot"i uttlme ot s00 pt. The reacrionproducts were isolated as describei ín the Metnoos anJlM"t"r¡"ls section. The valuesrepresent the means of two experiments each p"rrormåo ìn tripricate. The specifícactivity is expressed as nmol rpd óiåouceo/rrlnig ó;;ä The standard deviation forall the values was less than 1 sy" ãììh" ,."n.
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Having established the optimal conditions for the assay of phospholipase A,

activiÇ, its acyl specificity with respect to the molecular species of pC it hydrolyzed

was next examined. To determine the acyl specificity of the phospholipase A,, the

activity of the enzyme was assayed with different molecular species of pC. The results

of this experiment are shown in Table 12. The phospholipase A, displayed highest

activity with 1-16:0-2-18:2 GPC (Appendix 1) as the substrate, while lowest activity was

observed with 1 -18:O-2-2O:4 GPC. The order of increasing rates of hydrolysis of

substrates was as follows: 1-18:0-2-20:4 GpC = 1-1 6:0-2-16:0 GpC < 1-16:0-2-18:1

GPC: 1-16:0-2-20:4 GPC < 1-16:0-2-18:2 Gpc. comparison of the hydrolysis of 1-

1B:0-2-2O:4 GPC and 1-16:0-2-20:4 GPC, revealed that the 1-16:0-2-2O:4 GpC species

was hydrolyzed approximately 1.5 times faster than the 1-18:O-2-2O:4 species. This

suggests that the guinea-pig heart phospholipase A, prefers PG with palmitate rather

than stearate at the sn-1 position. Studies with more molecular specíes are necessary

to reach a firm conclusion. The palmitic acid at the sn-1 position was hydrolyzed at

different rates depending on the fatty acid esterified at the sn-2 position. The order

of decreasing hydrolysis of PC containing palmitic acid at the sn-1 position was the

following with respect to the sn-2 fatty acids: linoleic > arachidonic : oleic >

palmitic.

The possibility of receptor activation of the phospholipase Ar was next

investigated. Since other phospholipases were modulated by G proteins following

receptor activation (227), we examined the effects of non-hydrolysable analogues of

GTP on phospholipase A, activity. GTP analogues such as GTP[S] and GMppNp are

persistent activators of G proteins, hence a modulation of an activiÇ by these

nucleotides is considered evidence in favour of G protein modulation of the effector.
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Table 12. Aeyl specificity of the guinea-pig heart microsomal phospholipase A,, with

phosphatidylcholine as the substrate.

The acyl specificity of PI-A, was determined with different molecular species of

phosphatidylcholine. The substrates were presented as mixed mícelles with

taurodeoxycholate. The values represent the mean ! standard deviation of four

experiments each done in triplicate. The specific activity is expressed as nmol LpC

produced/hrlmg protein.

Activity relative to

PC substrate specific activity hydrolysis of 1-18:0-20:4 Gpc

1-18:0-2-20:4 GPC 24 + 4

1-16:0-2-16:0 GPC 26 -¡ S

1-16:0-2-18:1 GPC gZ + 2 u

1-16:O-2-20:4 GPC 33 -r S u

1-16:0-2-18:2 GPC 50 -F. 5 a

1.0

1.1

1.3

1.4

2.1

"Significantly different from a sampte assayed using 1-18:0-2-20:4 GpC as the substrate

at a level of p < 0.005 by t test.
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The hydrolysis of two molecular species of PC, 1-16:0-2-18:2 GPC and 1-16:0-2-20:4

GPC was assayed in the presence of GTP[S] (O-1 mM). The results are displayed in

Table 13. Surprisingly, the effect of GTP[S] was to inhibit the phospholipase A, rather

than to stimulate the activity. The hydrolysis of 1-16.0-2-20:4 GPC was more sensitive

to inhibition by GTP[S] as it was decreased by 5O% with as little as 1 ¡r,M cTp[S]

while the hydrolysis of 1-1 6:0-2-18:2 GPC was not inhibited at all until a concentration

of 1 mM GTPIS] was used.

The specificiÇ of the inhibition by GTPIS] was next determined. As can be

seen from the results in Table 14, a 1 mM concentration of ATP, GTp, GDpßS, or

ATPIS] did not inhibit of the phospholipase A, as seen with 1 mM GTP[S] when either

1-16:0-2-20:4 GPC or 1-16:0-2-18:2 GPC was used as the substrate. ln order to

ascertain if this inhibitory effect could be due to the presence of cations in the GTPIS]

preparation, we examined the etfect of GTP[S] and cation chetators EDTA or EGTA on

phospholipase A, hydrolysis with 1-16:0-2-18:2 GPC as the substrate. The outcome

of this experiment is tabulated in Table 15. ln the presence of 1 mM GTp[S] and

either EDTA or EGTA (2 mM), the inhibition of phospholipase A, activity was still

observed relative to control experiments which only had EDTA or EGTA as additives.

GDPßS is a persistent inactivator of G proteins as it promotes the maintenance

of a G protein in its ínactive heterotrimeric state. The ability of GDpßS to prevent the

inhibition of phospholipase A, activity by GTP[S] was therefore determined. The

results of this experiment are shown in Table 16. Preincubation of microsomes with

GDPßS, followed by the addition of GTP[S] did not result ín the inhibition observed

with GTP[S] alone. This strongly suggested that GTPIS] activated a G protein which
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Table 13. Effect of GTP[S] on guineapig heart microsomal phospholipase A, activity,

Phospholipase Ar activiÇ was assayed with GTPIS] (0-10-3 M) and the molecular

species of phosphatidylcholine indicated. The assays were performed as described

in the Materials and Methods section. The values represent the means and standard

deviation of three experiments each done in triplicate. The specific activity is

expressed as nmol LpE produced/hr/mg protein.

Conc.

Activitv (% of control)

1-1 6:0-2-18:2 GPC 1-16:0-2-20:4 GpC

0

1 p,M

0.1 mM

1mM

100

103 -F 2

95+2

68-F6

100

41 1- B

58+ I

51 + 15

104



Table 14. Effect of nucleotides on guinea-pig heart microsomal phospholipase A,

activity.

Phospholipase A, activity was assayed in the presence of the various nucleotides.

Controls assays were conducted Ín the absence of any nucleotides. The assay was

performed as described in the Materíals and Methods section. The values represent

the means of three experiments each performed in triplicate. The values are

expressed as a percentage of the activity of a control. The specific activities of

phospholipase A, with no additives were 55 + 7 and 34 -{- S nmol LpC formed/hrlmg

proteín with 1-16:0-2-18:2 Gpc and 1-16;0-2-20:4 Gpc respectively.

Activitv (% of control)

Addition 1-16:0-2-18:2 GpC 1-16:0-2-2O:4 GpC

None 100

1 mM GTP 99 -{- B

1 mM GDPßS 9T j- 14

1 mM ATPISI 100 + 1

ImMATP 95+ 9

1 mM GTPISI 68 -r 6

100

113 r- 18

134 + 16

115 + 5

103 -'- 6

51 {- 5
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Table 15- Effect of cation chelators on GTP[S]-mediated inhibÍtion of phospholipase

A, hydrolysis,

Phospholipase A, activity was assayed in the presence of GTp[s] (1 mM), EDTA (2

mM), and EGTA (2 mM) together or individually using 1-16:0-2-18:2 GpC. The assay

was performed essentially as described ín the Methods and Materials section. The

values represent the means {- standard deviation of three experiments each performed

in triplicate. The specific activity of phospholipase A, with no additives was 47 i- s
nmol of LPC formedlhrlmg protein. The values are expressed as a percentage of a

control experiment with no additives.

Addition Activity (% of control)

None 100

EGTA (2 mM) 9s + 4

EDTA (2 mM) 84 {- s

GTPISI (1 mM) 62 -F s

EDTA (2 mM) + GTPISI (1 mM) 73 + 7 u

EGTA (2 mM) + GTP[S] (1 mM) 68 -F 2

"Significantly different from a sample with EDTA only added at a level of p < 0.005 by

t test.
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modulated, either indirectly or directfy, the phospholipase A,.

The differential sensitivity to GTPTS] that was observed, when the effect of

GTPIS] on the hydrolysis of two molecular species of phosphatidylcholine was

examined was intriguing fiable 13). lt could be that this sensitivity reflects the

presence of distinct phospholipase A, enzymes which are affected to ditferent ertent

by the molecules that modulate the phospholipase A' activity in response to GTp[S].

Ïo investigate the possible existence of different phospholipases A, in guinea-pig heart

microsomes, the effect of heating the heart microsomes prior to assaying for

phospholipase A, activity was investigated. The results of this experiment are given

in Table 17. The phospholipase A, activíty that hydrolyzes 1-16:0-2-18:2 GpC is much

more heat sensitive than the same phospholipase A, activity that hydrolyzes 1-16:0-

2-20:4 GPC. After 1 minute of heating at 60 'C the phospholipase A, activity with 1-

16:0-2-18:2 GPC is almost inhibited completely, meanwhile, in the same period of time,

the activity that hydrolyzes 1-16:o-2-po:4 Gpc is only decreased by 1s%.
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Table 16. Effect of GDPßS on GTP[S]-mediated inhibition of phosphotipase A,

hydrolysis of 1-16:G2-18:2 GPC.

Guinea pig heart microsomes were incubated with GDPßS (1 mM) for 5 minutes at

room temperature. Subsequently GTP[S] (1 mM) was added and the reaction was

initiated by the addition of the radiolabelled substrate. The remainder of the assay

was carried out exactly as described in the Materials and Methods section. The

values represent the means + standard deviation of three experiments each done in

triplicate. The values are presented as a percentage of the activity observed with a

control of no addition.

Addition Activity (% Control)

None

GTPlsl

GDPßS

GDPßS + cTPlSl

100

72-r10u.

96+ 6

96 -'- 15

uSignificantly different from a control with no additives at a level of p < O.Ogs by t test.
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Table 17. Effect of heating on phospholipase A, activity in guinea-pig heart

microsomes.

Phospholipase A, activity was assayed after heating the heart microsomes at 60 .C for

the indicated times followed by cooling to 4'C in an ice bath for S min. The assays

were performed as described in the Materíals and Methods section. The results

represent the means and standard deviation of two experiments each performed in

triplicate. The activities are expressed as a percentage of the activity observed with

controls that were not heat treated.

Activifu (% of control)

Time 1-16:0-2-18:2 GpC 1-16:0-2-2A:4 GpC

none

'l min

2 min

3 min

4 min

B min

100

7-+-1

10 -F 1

15 r- 5

13+B

7+2

100

83 -r- 13

84-r 3

83 -r- 12

64r- 4

20+- 4
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4.3. Regulation and characteristics of a phosphatidylethanolamine-hydrolyzing

phospholipase A, activity in guinea-pig heart microsomes.

The identification of a 2-acyl GPE lysophospholipase activity in guinea-pig heart

microsomes led to the hypothesis that fatty acids may be selectively released from pE

by a phospholipase A,/lysophospholipase A, pathway. The existence of such a

pathway would require the presence of a PE-hydrolyzing pnospholipase A, activity in

the microsomes that exhibited selectivity for specific molecular species of pE.

Although there are reports of PE-hydrolyzing PLA, activity in hamster, rat and canine

heart microsomes (29,202), the studies were limited to optimising the assay conditions

and subcellular localization of the enzymes. ln this section of this study, the presence

of a PE-hydrolyzing phospholipase A, activity in guinea-pig heart microsomes was

investigated and characterized with respect to acyl specificity and modulation of its

hydrolytic activity by guanine nucleotides and cations

The rate of hydrolysis of 1-16:0-2-18:2 GPE by phospholipase A, activity in

guinea-pig heart microsomes ranged from 13-21 nmol LpE produced/hrlmg protein with

different heart microsomal preparations. To eliminate possible differences in the

solubility of different molecular species of PE in aqueous solution, the assays were

conducted with mixed micelles of detergent and PE. The effects of a variety of

detergents on the hydrolysis of 1-16:0-2-18:2 GpE by the phospholipase A, were

examined fl-able 1B). Phospholipase A, activity was observed in the absence or

presence of the bile salt detergents taurodeoxycholate and deoxycholate, however,

only o-2oT" of this activity was obserued when this enzyme activity was assayed with

mixed micelles of substrate and rriton x-100, Triton es-15, or hexadecyl-
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Table 18. Effects of detergents on hydrolysis pE by phospholipase Al

in guinea-piE heart microsomes.

PE substrate (i-16:0-2-18:2 GPE) was prepared with detergents in a ratio of 0.001

g detergent/O.S pmol of phospholipid as described in the Methods and Materials

section. The substrates were subsequently used in PLA, assays with guinea-pig heart

microsomes as the enzyme source. The results represent the means +- standard

deviation of duplicate determínations from two separate preparations. The specific

activity is expressed as nmol LpE formedlhrlmg protein.

Detergent Specific Activity

None 1Z + 4

Sodium taurodeorycholate 1T + g

Sodium deoxycholate 16 +, 4

Triton X-100 B + z

Triton QS15 O

Hexadecyltrimethylammonium bromide O + 1
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trimethylammonium bromide (Table 1B). At a concentration of 1 mM in the assay,

taurodeoxycholate did not affect the hydrolysis of any of the molecular species of PE

used in our studies. ln all subsequent assays, a mixed micelle system of PE and

taurodeoxycholate (1 mM in the assay) was used. The optimal conditions required for

phospholipase A, hydrolysis of 1-16:0-2-18:2 GPE were established. The optimal pH

was 9.0 (Fig. 11) and the reaction rate was linear up to 15 minutes at 37 "C with 100

p,g of heart microsomal protein. All the phosphatidylethanolamine substrates used in

this study yielded maximum activities at concentrations between 200-300 pM (Fig. 12).

A substrate concentration of 200 pM was selected for all further experiments.

To determine if the guinea-pig heart microsomal phospholipase A, displayed

a selectivity for the hydrolysis of the sn-1 fatty acid, the relative rates of hydrolysis of

different molecular species of PE were cornpared. The results of this experiment are

shown in Table 19. From the data, in this table, it can be obserued that the

phospholipase A, displayed different rates of hydrolysis with different molecular species

of PE. The order of decreasing rates of hydrolysis was 1-18:O-2-20:4 GPE > 1-16:0-

2-20:4 GPE

Phospholipase A, activity in the microsomes displayed a clear preference for 1-18:0-

2-20:4 GPE compared to other molecular species. With respect to a preference for

a particular type of sn-1 fatty acid, even though both 1-16:O-2-20:4 GPE and 1-18:0-

2-20:4 GPE had arachidonate esterified at the sn-2 position, the former was hydrolyzed

at almost twice the rate of the latter, suggesting a possible preference of the enzyme

for stearate over palmitate. The unavailability of other radiolabelled molecular species

with stearate at the sn-1 position prevented further exploration of the sn-1 preference
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Figure 11

PH

Fig. 11. The effect of pH on guinea-pig heart microsomal PE-hydrolyzing
phospholipase A, activity.

The effect of pH on the guínea-pig heart microsomal phospholipase A, activity was
examined with various buffers (Fig. a). The phospholipase A, activity was assayed
using 1-16:0-2-18:2 GPE as the substrate. The reaction mirture contained 100 mM of
the various buffers, 100 pM of PE substrate and 100 tlg of heart microsomal protein
in a total volume of 500 ¡r,1. The assay was performed as described in the Materials
and Methods section. The values represént the means of two experiments each
performed wjth three separate preparations. The specific activity is expressed as nmol
LPE formed/hr/mg protein. The standard deviation of all the valúes was less than 1s%
of the mean.
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Fig. 12. The effect of different concentrations of 1-16:0-2-18:2 GpE the guinea-pig
heart microsomal phospholipase A, activity.

The effect of varying the concentration of PE substrate on phospholipase A, activity
was determined. The reactíon mixture contained varyíng concentrations of 1-16:0-2-
1B:2 GPE which was prepared with the detergent tauróde-oxycholate, 100 mM Tris HCI
pH 9.0, and 100 pg heart microsomal protein in a total volume of soô fl. The reaction
products were isofated as described in the Materials and Methods seciion. The values
represent the means of two experiments each done in triplicate. The specific activity
is expressed as nmol LpE produced/hr/mg protein. The standard deviation of each
value was less than 1 S% of the mean.
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Table 19. Acyl specificity of guinea-pig heart microsomal phospholipase A, with pE

as a substrate.

The acyl specificity of guinea-pig heart microsomal PLAr was determined with

dífferent molecular species of PE. The assay was conducted as described under

Materials and Methods. Substrates were presented as mixed micelles of pE and

taurodeoxycholate. The values represent the means -{- standard deviation of four

experíments each done in triplicate. The specific activity is expressed as nmol LpE

produced/hrlmg protein.

PE substrate specific ActiviÇ Rerative to the hydrolysis of

1-16:0-2-16:0 GPE

1-16:0-2-16:0 GPE S -{- 1 1.0

1-16:0-2-18:2 GPE 15 + 1 9.0

1-16:0-2-18:1 GPE 16 -r Z S.z

1-16:Q-2-20:4 GPE 4g {- 1g 8.6

1-18:O-2-20:4 GPE Z4 + 15 1S.O
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of the activity. A comparison of the rate of hydrolysis of the other substrates, all of

which had palmitate at the sn-1 position, revealed the following order of decreasing

hydrolysis with respect to the sn-2 fatty acid: arachidonate > oleate : linoleate >

palmitate. Thus, the rate of hydrolysis of the sn-1 position clearly depended on the

nature of the fatty acid at the sn-2 position. The phospholipase A, has a preference

for arachidonate containing substrates.

Modulation of phospholipase actívities by cations is well documented (Section

1.3.). Therefore, the effect of Ca?* and Mgz* on the hydrolysis of 1-18:0-2-20:4 GpE

and 1-16:0-2-18:2 GPE by the guinea-pig heart microsomal phospholipase A, was

investigated. The results of these experiments are shown in Tables 2O and p1. The

addition of EGTA (2 mM) slightly inhibited the activity of the phosphotipase A, by

about 10% relative to assays conducted with no additives, while an equîvalent

concentration of EDTA had no effect onthe phospholipase A, activity fiable 21). As

can be seen from the data in Table 20, the addition of Ca2* (1oo-go0 pM) stimulated

the hydrolysis of 1-16:0-2-18:2 GPE by 30-60% while the hydrolysis of 1-1 8:0-2-20:4

GPE was stimulated only 30-50%. Thus the hydrolysis of both substrates was affected

by Ça2*. Similar studies with Mg2* (100-3oo pM) revealed a dÍfferential effect of this

cation on the hydrolysis of the same two molecular species of

phosphatidylethanolamine. From the results in Table 21, only the phospholipase A,

hydrolysis of 1-16:0-2-18:2 GPE was affected by Mgz*. There was no effect of Mg2*

on phospholipase At hydrolysis of 1-18:0-2-20:4 GPE. This differential effect of Mgz*

prompted us to investigate other differences between the hydrolysis of 1-18:o-2-2o:4

GPE and 1-16:0-2-18:2 GpE by phosphotipase A,.

The effect of heating on the hydrolysis of 1-1 8:O-2-ZO:4 GpE and 1-16:0-2-18:2
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Table 2o. The effect of caz* on guinea-pig heart microsomal phospholipase Ar.

The assay of phospholipase A, activity was performed as described in the Materials

and Methods section. The results are expressed as a percentage of the activity

observed in the presence of 2 mM EGTA. The specific activity of the phospholipase

A, with 1-16:0-2-18:2 GPE was 30 ¡- 6 nmol LpE produced/hrlmg protein and25 -r Z

nmol LPE produced/hrlmg protein in the absence and presence of 2 mM EGTA

respectively. The activiÇ with 1-18:0-2-20:4 GpE was 68 + 2 nmol LpE with no

additive while the specific activity was 59 -r 1 nmol LPE produced/hrlmg protein with

2 mM EGTA. The results represent the means and standard deviation of two

experiments each performed in triplicate.

Additive

Activitv (% of control)

1-1 6:0-2-18:2 GPE 1-18:0-2-20:4 GpE

2 mM EGTA

100 pM Caz*

200 pM Caz*

300 pM Ca2*

100

130 -F 15b

149 '+ 17'

160 -F 15c

100

130 -F

156 -r

150 {-

1Bu

10'

uSignificantly different from control at pbsignificantly different from control at p
'Significantly different from control at p

< 0.05 level by t test.
< 0.01 level by t test.
< 0.005 level.by t test.
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Table 21. The effect of MgÉ* on guinea-piE heart microsomal phospholipase Ar.

Phospholipase A, activity was assayed as described in the Materials and Methods

section with the indicated additives. The results are expressed as a percentage of the

activity observed in control experiments which contained 2 mM EDTA. The values

represent the means and standard deviation of two experiments each performed ín

triplicate. The specific activity of the phospholipase A, with 1-16:0-2-18:2 GpE was 24

{- 4 nmol LPE produced/hrlmg protein while the specific activity with 1 _18:O_2_20:4 GpE

was 68 -r 6 nmol LPE formed/hr/mg protein.

Activifu (% of control)

Addition 1-16:0-2-18:2 GpE 1-18,0-2-20:4 GpE

2 mM EGTA

100 pM Mgz*

200 pM Mgz-

300 ¡rM Mgz*

100

123 -t- 104

123 + 7u

127 -r 12b

100

99 -r- 3

89 -t- 10

971- 5

iSignificantly different from co
osignificantly different from control at p < o.0os level by t test.
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GPE was determined. The results of these experiments are shown in Table 22.

Microsomal membranes in buffer were incubated at 60'C for varying times, cooled on

ice for an additional 5 min and then assayed for phospholipase A, activiÇ with either

1-18:0-2-20:4 GPE or 1-16:0-2-18:2 GPE. As can be observed from the data in Table

22, phospholipase At activity with 1 -18:0-2-20:4 GPE was reduced to 66% o,f that of

a control after 1 min of heating at 60'C and was undetectable after 2 min of heating

the heart microsomes. The hydrolysis of 1-16:0-2-18:2 GPE was undetectable after

only 1 minute of heating at 60 "C. Hence, the hydrolysis of 1-16:0-2-18:2 GpE was

more sensitive to heating than the hydrolysis of 1-18:0-2-20:4 GpE.

The effect of 1-18:0-2-20:4 GPE on the hydrolysis of 1-16:0-2-18:2 GpE was

investigated to determine whether the two substrates compete for the same active

site. The results of these experiments are shown in Table 28. These results show

quite definitely that the hydrolysis of 1-16:0-2-18:2 GPE was not affected by an

equimolar concentration of 1-18:O-2-20:4 GPE, The effect of varying concentrations of

1-16:0-2-18:2 GPC on the hydrolysis of 1-1 6:O-2-18:2 GPE was investigated. The

results of this experiment are shown in Figure 13. From this data, it is obvious that

there is no inhibition of the hydrolysis of 1-16:0-2-18:2 GPE by the presence of the

same molecular species of PC. Moreover, the addition of 1-16:0-2-18:2 GpC actually

activates the hydrolysis of 1-16:0-2-18:2 GpE by approximately 2-fold.

The etfect of guanine nucleotides on the hydrolysis of PE by the phospholipase

At was investigated to determine if G proteins may also modulate the hydrolysis of pE

by phospholipase 4,. GTPIS] (0 - 1 mM) did not have any effect on the hydrotysis

of i-18:o-2-2o:4 GPE fiable 24), but the rate of hydrolysis of 1-16:0-2-18:2 GpE was
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Table 2.- Effect of heating on phospholipase A, activity in guinea-pig heart

microsomes.

Phospholipase A, activity was assayed after heating guinea-pig heart microsomes at

60 "C for varying times, followed by cooling to 4 'C in an ice-bath for 5 min. The

assays were performed as described in the Materials and Methods section. The

values are expressed as a percentage of the activity of an untreated controls. The

results are the means and standard deviation of two experiments each done in

triplicate. The specific activity for the hydrolysis of 1-1 B:O-2-2O:4 GpE was 52 -È 6

nmol LPE produced/hrlmg protein while the specific activity for the hydrolysis of 1_

16:0-2-18:2 GPE was 24 -F 1 nmol LpE produced/hrlmg protein.

ry
Heating period (min) 1-16:0-2-18:2 GpE 1-18:O-2-20:4 GpE

0

1

2

5

100

0

0

0

100

66 {- 12

0

0
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Table 23. Effect of 1-1 B:G2-N:4 GPE on the hydrolysis of 1-16:G2{ B:2 GpE by the

guinea-pig heart microsomal phosphotipase Ar.

Substrates were prepared with aliquots of 1-16:O-2-[14C]-18:2 GpE with either 1-16:0-

1-18:2 GPE alone or with 1-18:0-2-20:4 GPE in tubes followed by drying with nitrogen

and the addition of taurodeoxycholate to give a detergentilipid ratio of 1 mg

detergent/O.5 pmol PE. The assays were performed as described in the Materials and

Methods section. The values represent the mean and standard deviation of three

experiments each done in duplicate. The specific activity is expressed as nmol of 2-

[t*C]-1 B:2 GPE produced/hrlmg protein.

Substrates Specific activity

1-16:0-2-[1aC]-18:2 cpE (150 pM) ?2 4- 2

1-16:0-2-[1aC]-18:2 GpE (150 pM) + 22 +- 7

1-18:O-2-2O:4 GPE (1s0 pM)
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Table 24. EtÍec.. of GTP[s] on the hydrotysis of 1-iB:G2-2o:4-GpE by

phospholipase Ar.

PLAt activity was assayed with 1-18:0-2-2O:4-GPE in the presence of GTp[S] (O-1

mM). The assays were conducted as described under Materials and Methods section

with the modification that the GTP[S] solution was added prior to the addition of the

substrate. The values are presented as a percentage of the activity of the samples

with no GTPIS] added. The values represent the means {- standard deviation of two

experiments each performed in triplicate. The specific activity for the hydrolysis of 1-

1B:j-2-20:4-GPE was 60 + 7 nmol LpE lormedlhrlmg protein.

Conc. GTPIS] (M) Activity (o/o oÍ controt)

0

10-6

1o-s

1o-4

1o-3

100

97+7

92 -r- 6

95{-4

90-t-9
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Fig. 13. Effect of 1-16:0-2-18:2 GPC on the hydrotysis of 1-16:0-2-18:2 GPE by guinea-

pig heart microsomes.

The rate of phospholipase A, hydrotysis of 1-16:0-2-[1ac]18:2 GpE (so-2so pM) was
measured in the presence of 0 pM (u), 1s0 pM (o) or 180 frM (^) 1-16:0-2-18:2 Gpc.
1-16:0-2-18:2 GPE and 1-16:0-2-18:2 GPC were added separately to the reaction
mixture. The assay was performed as described in the Methods and Materials section
with the exceptíon that the reaction was initiated by the addition of microsomal protein.
The values represent the means of two independent experiments each performed in
duplicate. The standard deviation for each point was less than 15% o'f the mean.* p . 0.05 relative to corresponding value with 0 pM 1-16:0-2-18:2 GPE as determined
by Student's t test.
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increased by approximately 2s-40% with 1 pM to 0.1 mM GTp[S] fable 2s). The

hydrolysis of this molecular species of PE was inhibited by 15% by the addition of 1

mM GTP[S]. The nucleotide specificity of this activation of phospholipase A, was

investigated with other nucleotides ffable 25). Of all the nucleotides tested, only the

nonhydrolyzable analogue of GTP, GMPPNP and GTP itself were abte to increase the

rate of phospholipase A, hydrolysis of 1-16:0-2-18:2 GpE. GMppNp (1 pM - 1o pM)

activated the hydrolysis of the substrate by 4o%. unlike 0.1 mM GTp[s], 0.1 mM

GMPPNP did not result in an activation of phospholipase 4,. A slight activation of

phospholipase A, hydrolysis of this substrate was seen with 1 pM GTp. No

stimulation of the phospholipase A, activity was observed with GDPßS or ATp (1 pM).

The inhibition seen with 1 mM GTP[S] was also seen with a similar concentration of

GMPPNP, and ATP ffable 2b).

To gain some insight into the modulation of the phospholipase A, activity by

guanine nucleotides, the effect of cations and theír chelators on the GTPIS] induced

activation of 1-16:0-2-18:2 GPE was investigated. The results of these experiments are

displayed in Table 26 and Table 27. The incubation of 1 ¡-r,M GTPIS] with either2 mM

EDTA or 2 mM EGTA abolished the previously observed activation of the

phospholipase A,. The combined presence of 100 pM Mgz* or caz* and 1 pM GTp[s]

resulted in a level of activation of phospholipase A, activity that was equal to that

observed with either GTPIS] or cations alone. There was no additíve effect of the

divalent cations and GTP[S] on phospholipase A, hydrolysis of 1-16:0-2-18:2 GpE.
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Table 25. Effect of nucleotides on the hydrolysis of 1-16'.02-182-GPE by guinea-pig

heart microsomal phospholipase Ar.

Enzyme activity was assayed in the presence of different nucleotldes. The assay was

performed as indicated in Materials and Methods section with the addition of the

nucleotides listed. ln all cases the assay was initiated by the addition of the

substrate. The values are expressed as a percentage of the activity of a control

without any nucleotides. The values represent the means and standard deviation of

three experiments each performed in triplicate.

Activity (% o't Control)

Conc. (M) cTPlSl cMPPNp cDpßS cTp ATp

0 100 100 100 1oo 100

10-6 131 + 10. 143 -F gc 100 -'- 12 1 14 -þ 6c 95 + B

1o-s 123 + 11' 14Q + T ND ND ND

10-4 142 + 15c 102 -'- 18 ND ND ND

1o-3 87! 6. 87-r 5. 91 +. 10 94+g 85-r5b

ND : not determined.
usignificantly different from control at p < 0.025 by student's t-test.bsignificantly different from control at p < 0.01 by student's t-test.
'signíficantly different from control at p < O.oos by student's t-test.
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Table 26. Effec"t of cation chelators on the GTP[S]-mediated activation of

phospholipase A, activity.

Phospholipase A, hydrolysis of 1-16:0-2-18:2-GPE was assayed in the presence of

cation chelators. The enzyme activity was determined as described under Materials

and Methods section. The specific activity of the Pl-A, activity in the absence of any

additives was 26 + 4 nmol LPE produced/hrlmg protein. The values represent the

means '+ standard deviations of three experiments each done in triplicate. The activity

is represented as a percentage of the activity of a control sample with no addition.

Addition Activity (% of control)

None

2 mM EGTA

2 mM EDTA

1 pM GTPIS]

EGTA + cTPlSl

EDTA + GTP[S]

100

93+7

94+5

129 -r 13u

102 -t- I

93-F3

usignificantly different from control at p < o.oos by student's t test,
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Table 27. Ettec't of cations on the GTP[S]-mediated activation of phospholipase A,

activity.

PLAt activity was assayed in the presence of 100 p,M Mgr* or 100 pM caz* or 1 pM

GTPIS] or a combination of these additives. The enzyme activity was assayed with

1-16:0-2-18:2-GPE as substrate with the procedures described in the Materials and

Methods. The values are expressed as a percentage of controls. Control samples

did not contaín any additives. The values are the means + standard deviations of

three experiments each performed in triplicate.

Addition Activity (% ot controt)

None

GrPlsl

Mg'*

Ca2'

Mg'* + GTPISI

Caz* + GTPIS]

100

143 -F 154

140 + 6u

146 +- 17u

144 -t- 174

144 ! 214

"significantly different from control at p < o.oos by student's t test.
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4.4- Regulation of the phosphatidylethanolamine hydrolyzinE phospholipase A,,

by ç!!-isoproterenol.

ln view of the report of Franson et al. of modulation of phospholipase A,

activity in canine heart microsomes by g[-isoproterenol (202), the possible modulation

of the PE-hydrolyzing phospholipase A, in guinea-pig heart microsomes by dl-

isoproterenol was investigated. ln these studies, a mixed micelle system of

taurodeoxycholate (1 mM) and 1-16:0-2-18:2 GPE was used as substrate for the

phospholipase A, activity. Q!-lsoproterenòl (10-3 to 1o-I3 M) could activate the guínea-

pig heaû microsomal phospholipase A, activity by approximately gO-50% ftable 2B).

At concentrations lower than 10-tt M, the phospholipase A, activity was inhibited by

the çll-isoproterenol. Hereafter all references to isoproterenol will refer to the racemic

dl-form.

To be sure that the 2-[14C]-linoleoyl GPE that was detected was produced by

phospholipase A, activity, triglyceride and diglyceride lipase activities in guinea-pig

heart microsomes were assayed under the exact conditions used for the

phospholipase A, assay except with the use of ¡3Hl-triolein and 1-acyl-2-[3H]-acyl

glycerol as the substrates. No diglyceride lipase activity was found under these assay

conditions. However, there was appreciable triglyceride lipase activity under these

assay conditions fiable 29). But the triglyceride lipase activiÇ was not responsive to

activation by GTP[S] or isoproterenol at similar concentrations that stimulated the

phospholipase A, activity fiable 29). Therefore, the lysophosphatidylethanolamine that

was produced upon stimulation of guinea-pig heart microsomes with isoproterenol was
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Table 28. Effect of g!!-isoproterenol on guinea-pig heart microsomal phospholipase A.,

activity.

Phospholipase A, activity in guinea-pig heart microsomes was assayed using 1-j6:0-

2-18:2 GPE as the substrate. The enzyme assay was performed as described in the

Materials and Methods section with the exception that heart microsomes were pre-

incubated with varying concentrations of g!!-isoproterenol for 1o min at room

temperature prior to the start of the assay. The values are presented as a percent of

the activity of samples with no isoproterenol. The values represent the means and

standard deviation of two experiments each performed in triplicate. The substrate was

presented as a mixed micelle of taurodeoxycholate and PE. The specific activity for

the hydrolysis of 1-16:0-2-18:2 GpE with no additives was 1s -F 1 nmol LpE

tormedlhrlmg protein

Addition Activity (% ot control)

None

10-3 M lsoproterenol

10-5 M lsoproterenol

1O-7 M lsoproterenol

1O-s M lsoproterenol

1o-1r M lsoproterenol

1O-t3 M lsoproterenol

10-rs M lsoproterenol

100

139 -F 7

146 1- 24

140 + 13

139 -r- 15

139 -t- 14

127 -r 12

53 {- 11
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Table 29. Triglyceride lipase activity in guinea-pig heari microsomes.

Triglyceride lipase activity was assayed using ¡3Hl+riolein under the identical conditions

used to assay for phospholipase A, activity with PE substrate. The assay was

performed exactly as described for the PE-hydrolyzing phospholipase A, activity in the

Materials and Methods section. There was a 10 min period of preincubation when

isoproterenof was added. The reaction products were identified after t.l.c. was

performed using a solvent system o'Í 981211 chloroform/methanol/acetic acid (by

volume)' The values represent the mean and standard deviation of two experiments

each performed in triplicate. The specific activity is expressed as nmol fatty acid

released/hrlmg protein.

Addition Specific Activity

None

1 nM ç!!-isoproterenol

1 pM GTP[S]

35+4

35-þ6

37 + 10
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due to activation of a PE-hydrolyzíng phospholipase A, activity.

To ensure that this activation of phospholipase A, activity was specifically due

io the addition of isoproterenol to the heart membranes, studies were conducted with

propranolol, a non-specific ß-adrenergic receptor antagonist (210,227). The results of

this experiment are shown in Table 30. The addition of 1 pM propranolol has no

effect on the guinea-pig heart microsomal phospholipase A, activity. ln the presence

of 1 pM dl-propranolol and various concentrations of isoproterenol, there was no

observed activation of the phospholipase A, activity.

lsoproterenol is a non-selective ß-adrenergic receptor agonist. lt can bind to

and activate either the ß, or ß, receptor subtypes as well as o-adrenergic receptors

although with a much lower affinity (227). To determine exactly which receptor type

was being activated by isoproterenol and subsequently activating the phospholipase

At, studies were carried out using specific receptor agonists and antagonists. lnitial

studies were aimed at determining whether activation of an q-adrenergic receptor was

involved' Assays were conducted using the a,-receptor agonist phenyleprine and the

cr-adrenergic receptor agonist clonidine at a concentration at which there is activation

of phospholipase A, by isoproterenol. As can be seen from the results in ïable 31,

neither o-adrenergic receptor agonist had any effect on the rate of hydrolysis of 1-

16:0-2-18:2 GPE by the phospholipase 4,. Next, using specific antagonists for ß,-

and ßr-adrenergic receptors, experiments were performed to see if the isoproterenol

mediated activation could be inhibited by one of these antagonists. Experiments were

conducted using the ß,-receptor specific antagonist atenolol and the ßr-receptor

specific antagonist butoxamine (227). The addition of 1 ¡r,M butoxamine by itself had

no effect on the hydrolysis of 1-16:0-2-18:2 GpE by the phospholipase A,, whereas,
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Table 3o. Effect of g!!-propranolol on the s!!-isoproterenol mediated activation of

phospholipase A, activity.

Phospholipase Ar activity was assayed in the presence of isoproterenol and

propranolol' The assays are performed as indicated in the Materials and Methods

section with the exception that the guinea-pig heart microsomes were preincubated for

10 min at room temperature with propranolol and isoproterenol. The values are

presented as a percentage of the activity with no additive present. The values

represent the means and standard deviations of two experiments each done in

triplicate. The specific activity of the phospholipase A, for the hydrolysis of 1-16:0-

2-18:2 GPE with no additive was 17 + 3 nmol LPE produced/hrlmg protein.

Addition Act¡vity (% ot controt)

None 1OO

10-6 M Propranolol 104 + 10

10-6 M Propranolol + 10-7 M lsoproterenol 92'+ 18

10-6 M Propranolol + 1o-s M lsoproterenol gO {- 1s

10-6 M Propranolol + 10-15 M lsoproterenol 91 I 19
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Table 31. Effect of ø-adrenergic agonists on phospholipase A, hydrolysis of 1-16:G

2-18:2 GPE.

Phospholipase A, activity.was assayed with 1-16:0-2-18:2 GPE in ihe presence of the

ar-adrenergic agonist phenyleprine and the ar-adrenergic agonist clonidine. The

assays were carried out as described in the Materials and Methods section. Guinea-

pig heart microsomes were preincubated with the agonist for 10 min at room

temperature prior to the start of the assay. The values are presented as a percentage

of the activity of a control with no agonist added. The values are the means and

standard deviation of two experiments each performed in triplicate. The specific

activity of the phospholipase A, without any additives was 1g +. 2 nmol LpE

produced/hr/mg protein.

Addition Activity (% of control)

None

10-4 M lsoproterenol

10-4 M Phenyleprine

1o-4 M Clonidine

100

135 +

98 -r

108 r-

6

10

14
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Table 32. Effeci of ß-adrenergic receptor antagonists on the g!!ìsoproterenol mediated

activation of phospholipase A, activity in guineapig heart microsomes.

Phospholipase A, activity. was assayed in the presence of the ß-adrenergic receptor

agonist isoproterenol and the ß,-adrenergic receptor antagonist atenolol and the ßr-

adrenoreceptor antagonist butoxamine. The microsomes were preincubated with the

indicated amounts of agonist and antagonist for 10 min at room temperature. The

assay was conducted as described in the Materials and Methods section with 1-16:0-

2-18:2 GPE as the substrate. The values are presented as a percentage of controls

with either atenolol or butoxamine. The values are the means and standard deviation

of two experiments each done in triplicate. The specific activiÇ of the phospholipase

A, activity without any additions was 14 L 4 nmol LpE/hrlmg protein. The specific

activity was 7 + 2 and 14 -r 2 with 1 pM atenolol and 1 pM butoxamine added

respectively.

Addition

Activitu

(% ot Atenolol) (% o'f Butoxamine)

10-6 M Atenolol 100
160 -'- 6
140 -F 10
202 f 12

Atenolol + 10-7 M lsoproterenol
Atenolol + 1o-s M lsoproterenol
Atenolol + 1O-rI M lsoproterenol

10-6 M Butoxamine
Butoxamine + 1O-7 M lsoproterenol
Butoxamine + 1o-e M lsoproterenol
Butoxamine + 10-rr M lsoproterenol

100
66 + 11

84 1- g
90-F 4
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addition of 1 pM atenolol inhibited this PE-hydrolyzing phospholipase A, activity by

50% relative to a control with no atenolol added fiable 32). Furthermore, the results

shown in Table 32 indicated that the addition of atenolol did not inhibit the

ísoproterenol mediated stimulation of phospholipase A, activity. The addition of

butoxamine (1 pM) to heart microsomes with various concentrations of isoproterenol

did result in an inhibition of the isoproterenol activation of phospholipase A, activity.

These results suggest that isoproterenol activates the ßr-class of adrenergic receptor

and this leads to activation of the guinea-pig heart microsomal phospholipase A,.

ln order to determine more specifically how activation of the ßr-adrenergic

receptor results in subsequent activatíon of phospholipase A, activity, experiments

were performed to determine if the mechanism of activation involved Ca2*. The results

of such experiments are shown in Table 33. The isoproterenol mediated íncrease in

activiÇ was not observed in the presence of 2 mM EGTA. However, there was no

additive or synergistic effect of Ca2* and isoproterenol as the combined presence of

these two activators did not result in an íncrease in phospholipase A, activity greater

than that observed with either 100 ¡rM Ça2* or 1 nM ísoproterenol alone. Since it was

known that ß-adrenergic receptors are G protein coupled and that the pE-hydrolyzing

phospholipase A, was also possibly G protein regulated (Sec. 4.3.), it was possible

that isoproterenol could be activating the hydrolysis of 1-i6:0-2-18:2 GpE via a G

protein that is coupled to the ß-adrenergic receptor. Experiments were therefore carried

out to test this possibility. The results of this experiment are shown in Table 34. The

addition of 1 pM GTPIS] in the presence of 1 nM isoproterenol did not result
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Table 33- Ëffect of Caz* and EGTA on the isoproterenol mediated activation of the

guinea-pig heart microsomal phospholipase Ar.

Phospholipase Ar activi.ty was assayed in the presence of car*, EGTA, and

isoproterenol either alone or combined. The phospholipase A, assay was performed

as described in the Materials and Methods section with 1-16:0-2-18:2 GpE as the

substrate. The guinea-pig heart microsomes were preincubated with the additives

indicated for 10 min at room temperature prior to initiation of the assay. The values

are presented as a percentage of the phospholipase A, activity observed wíthout any

additives. The values represent the means and standard deviation of three

experiments each done in triplicate. The specific activity of the phospholipase A, in

the absence of any additives was 19 -F g nmol LpE 'tormedlhr/mg protein.

Addition Activity (o/o o't control)

None

1 nM lsoproterenol

100 pM Ca2*

2 mM EGTA

100 pM Caz* + '1 nM lsoproterenol

2 mM EGTA + 1 nM lsoproterenol

100

157 -'- 13

165 + 18

Bg -r- 10

140 -t- I

93 -'- 10
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in an enhancement of the rate of hydrolysis of 1-16:0-2-18:2 GpE by the

phospholipase Ar, Similar results were obtained when GTp was added with

isoproterenol. However, evidence that a G protein may be involved was shown when

experiments were performed involving the simultaneous addition of 1 ¡.r,M GDpßS and

1 nM isoproterenol. The inclusion of GDPßS inhibits the isoproterenol mediated

activation of phospholipase 4,. To test ¡f GTPIS] and isoproterenol could activate

phospholipase A, activiÇ in a additive fashion, phospholipase A, activity was assayed

in the presence of suboptimal concentrations of these compounds. The results of this

experiment are shown in Table 35. At a concentration of 1 fM isoproterenol or 10 nM

GTP[S]' there is no activation of the phospholipase 4,. But the addition of 1 fM

isoproterenol and 10 nM GTPIS] to the reaction mixture resulted in az3lo activation

of the PE-hydrolyzing phospholipase A, activity. These results provide evidence of a

link between the ß-adrenergic receptor activation and the phospholipase A, through

a G protein. There was no effect of cAMP (1 nM) at a concentration that is greater

than the basal fevel of cAMP in the heart (228) on the phospholipase A, fl-able 36).
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Table 34- Effect of nucleotides on the isoproterenol mediated activation of

phospholipase Ar.

Phospholipase A, activity was assayed in the presence of 1 nM dl-isoproterenol and

1 p,M of various nucleotides using 1-16:0-2-18:2 GPE as the substrate. prior to

initiation of the assay the guinea-pig heart microsomes were pre-incubated in buffer

and water with the additives indicated for 10 minutes at room temperature. The assay

was performed as described in the Materials and Methods section. The values

represent the means and standard deviation of three experiments each performed in

triplicate. The values are presented as a percentage of the activity of a control with

no additives. The specific activity of the phospholipase A, without any additives was

12 -r 4 nmol LPE/hrlmg protein.

Addition Activity (% o't control)

None

1 pM GTP[S]

1 nM lsoproterenol

1 ¡tM GTPIS] + 1 nM lsoproterenol

1 pM GTP + 1 nM lsoproterenol

1 pM GDPßS + 1 nM lsoproterenol

100

169 {- 15

152 L 22

121 L 15

136 + 17

77+15
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Table 35. Effect of suboptimal concentrations of GTP[S] and gll-isoproterenol on the

phospholipase A., hydrolysis of i{6:G2{B:2 GpE.

Phospholipase A, was assayed in the presence of GTPIS] and isoproterenol at

concentrations of these activators that did not activate the enzyme. The guinea-pig

heart microsomes were pre-incubated for 10 min prior to the start of the assay with

the various additives. The phospholipase A, activity was assayed using 1-16:0-2-18:2

GPE as the substrate according to the procedure given in the Materials and Methods

section' The values represent the means and standard deviation of three experiments

each performed in triplicate. The values are presented as a percentage of the specific

activity observed with a control with no additives. The specific activity of this control

was 12 -r 2 nmol LpE formed/hrlmg protein.

Addition Activity (% ot control)

None

10-e M lsoproterenol

1O-I5 M lsoproterenol

1o-8 M GTPISI

1o-8 M GTPIS] + io-15 M lsoproterenol

100

151 -F B

66+14

111 -+- 17

173 + 21
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Table 36. Effect of dibutryl-cAMP on the hydrolysis of 1-16:G2-18:2 GpE by the

guinea-pig heart microsoma! phospholipase Ar.

Phospholipase A, activity was assayed in the presence of dibutyrl-cAMp. The dibutryl-

cAMP was preincubated for 10 min with the heart microsomes prior to the start of the

assay. The conditions and procedure for the assay of phospholipase A, activity with

1-16;0-2-18:2 GPE are as described in the Materials and Methods section. The values

below represent the means and standard deviation of two experiments each performed

in triplicate. The values are presented as a percentage of the activity found with a

control which contained no additives. The specific activity of the phospholipase A,

activity of this control was 1 Z + 2 nmol LpE forme dlhrlmg protein.

Addition Activity (% ot control)

None

1 nM dibutryl-cAMp

100

65 -r- 4
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5. Discussion

This study documents experiments which were performed in order to establish

if fatty acids could be selectively released from membrane phospholipids in the

mammalian heart by a phospholipase A,/lysophospholipase A, pathway. ln order to

determine if indeed such a pathway exists, the approach of characterizing the two

enzymes in the pathway was taken. The phospholipase A, and lysophospholipase A,

activities as they exist in guínea-pig heart microsomes were studied and characterized

with respect to acyl specificity and regulation of activity.

5-1. 2-Aeyl GPE lysophospholipase Ar activity in guineapig heart microsomes

The results of this study demonstrated the existence of a lysophospholipase A,

activity in guinea-pig heart microsomes that hydrolyzes 2-acyl GpE. This

lysophospholipase A, exhibited highest activity with 2-acyl GpE substrates containing

arachidonic and linoleic acid. Hence, the lysophospholipase A, had a preference for

specific molecular species of 2-acyl GPE. The lysophospholipase A, activity was

observed in guinea-pig heart, brain, kidney, lung and liver. ln all these tissues, the

lysophospholipase A, displayed a preference for arachidonic containing substrates

over other 2-acyl GPE substrates.

The lysophospholipase A, activity in the heart microsomal subcellular fraction

appeared to be distinct from a lysophospholipase A, activity in the same subcellular

fraction. The enzyme activities differed with respe., to tn.i, sensitivity to various

detergents, the effect of Caz*, and most importantly in their acyl specificity. The 2-

acyl GPE lysophospholipase A, displayed highest activity with 2-arachidonoyl and 2-

linoleoyl GPE while the 1-acyl GPE lysophospholipase exhibited lowest activity with 1-

arachidonoyl GPE. ln fact, the lysophospholipase A, exhibíted highest activity with 1-
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palm¡toyt GPE; a substrate with which the lysophospholipase A, had lowest activity.

Ïhe different acyl specificities cannot be attributed to the different solubilities

of the various substrates in solution as all the assays were conducted in the presence

of the detergent Triton QS-15. This detergent itself had no inhibitory effect on the

fysophospholipases. such an acyl preference of lysophospholipase Ar or

lysophospholipase A, has not previously been shown. Previous studies have used

only 1-palmitoyl GPC or 1-myristoyl GPC as substrates. Another study which assayed

for lysophospholipase A, activity in rat liver cytosol used only 2-stearoyl GpC and 2-

oleoyl GPC as the substrates (146). The rat liver cytosolic lysophospholipase A

activity was not assayed with any other polyunsaturated fatty acid containing 2-acyl

GPC or any Z-acyl GPE substrate (146). This study did demonstrate that the rat liver

lysophospholipase activity had a slight preference for 2-oleoyl GpC over 2-stearoyl

GPC (146). The acyl specificities of both the lysophospholipase A, and A, activities

in this study are consistent with the expected molecular composition of membrane

phospholipids.

The characteristics of the 2-acyl GPE lysophospholipase A, described in this

study were different from those previously described for a 2-acyl GpC

lysophospholipase Az in guinea-pig heart microsomes (1sB), These two

lysophospholipases differed with respect to the pH required for optimal activity. The

2-acyl GPC lysophospholipase had an optimal pH of I while the 2-acyl GpE

Iysophospholipase has an optimal pH of 9. The 2-acyl GpE lysophospholipase was

inhibited by Caz* whereas the lysophospholipase A, characterized in this study was not

affected by Caz*. Even though both lysophospholipases A, exhibited a preference for

unsatura.ted substrates, the acyl specificity of the two enzymes were different. The 2-
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acyl GPC lysophospholipase A, exhibited highest activity with 2-linoleoyl GpC. The 2-

acyl GPC displayed approximately 2-fold greater activity with 2-linoleoyl GpC than with

2-arachidonoyl GPC (161). The 2-acyl GPE lysophospholipase A, did not display a

preference between 2-arachídonoyl GPE and 2-linoleoyl GPE when these substrates

are presented at a concentration of 50 ¡lM. At a concentration of 200 pM, the

lysophospholipase A, displayed highest activity with 2-arachidonoyl GpE relative to the

other 2-acyl GPEs.

There were also differences in the response of the 2-acyl GpE and 2-acyl GpC

lysophospholipases to mixtures of dífferent molecular species of their respective

substrates. When 2-acyl GPC such as 2-palmitoyl GPC and 2-arachidonoyl GpC are

presented as an equimolar mixture to guinea-pig heart microsomes, the rate of

hydrolysis of 2-arachídonoyl GPC was decreased B7/o relative to an experiment where

2-arachidonoyl GPC was presented singly (161). The rate of hydrolysis of 2-palmitoyt

GPC by the 2-acyl GPC lysophospholipase A, was onty decreased by 20% (161). lf

these observations were compared with those from a similar experiment with mixtures

of 2-palmitoyl GPE and Z-arachidonoyl GPE, the rate of hydrolysis of 2-arachidonoyl

GPE was only ínhibited 44Vo while the rate of hydrolysis of 2-palmitoyl GpE was

ínhibited 54%. The end result of this experiment with mixtures of 2-acyl GpC was that

there was a loss of selectivity of the lysophospholipas e A, tor 2-arachidonoyl GpC

whereas in experiments with mixtures oÍ 2-acyl GPE,'there was still a b-fold greater

hydrolysis of 2-arachidonoyl GpE relative to that of 2-palmitoyl GpE.

With mixtures of 2-linoleoyl GPE and 2-arachidonoyl GpE, there was mutual

inhibition of the 2-acyl GPE lysophospholipase A, activity. The end result was that

there was no difference beiween the rate of hydrolysis of 2-arachidonoyl GpE and 2-
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linoleoyl GPE when these substrates were presented together. The rates of hydrolysis

of these substrates were however lower than those observed when the substrates

were presented singly. ln similar experiments performed with 2-linoleoyl GpC and 2-

arachidonoyl GPC, a loss of selectivity of 2-linoleoyl GPC over 2-arachidonoyl GpC

was observed to be the end result (158). This was due to greater inhibition of 2-

linoleoyl GPC hydrolysis by the presen ce of 2-arachidonoyl GpC than vice-versa. The

outcome of experiments with mixed substrates of 2-acyl GpC are certainly different

from those with 2-acyl GpE substrates.

ln all, this study has presented several lines of evidence that indicate that there

are distinct activities responsible for the hydrolysis of the lysophospholipids: 1-acyl

GPE, 2-acyl GPE, and 2-acyl GPC in guinea-pig heart microsomes. The 2-acyl GpE

lysophospholipase A, appears to be distinct from the 1-acyl GpC, 1-acyl GpE and 2-

acyl GPC lysophospholipases and as well from a Caz*-independent phospholipase A,

in the heart microsomal fraction. Unambiguous proof will require the purification and

characterization of the various enzyme activities.

The characteristics of the guinea-pig heart microsomal lysophospholipase A,

with particular reference to its acyl specificity and selectivity for 2-arachidonoyl GpE

and 2-linoleoyl GPE are consistent with a role for this enzyme in the selective release

of fatty acids from ethanolamine glycerophospholipids in the absence of any increase

in the intracellular Caz*. The characteristics of this enzyme suggest that it may act to

release polyunsaturated fatty acids and not just one specific fatty acid at all times. ln

view of the results of experiments with mixed Z-acylGPE substrates, the operation of

this enzyme in a pathway for the selective release of a particular fatty acid (eg.

arachidonate) would require the presence of a phospholipase A, that is specific for the
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hydrolysis of a specifíc molecular species of diacyl PE, leading to the generation of

a large amount of one molecular species of 2-acyl GpE.

Accumulation of lysophosphatidylcholine in membranes is cytolytic and has

been implicated in the pathogenesis of irreversible myocardial injury (68,229). ln light

of this, it is not surprising that the cell has a total of five different enzymes which can

act to metabolize furlher lysophospholipids and hence prevent their accumulation.

One of these five enzymes is the lysophospholipase Ar. lt is still unclear what the

exact role of this enzyme is in cell function. However, given the characteristics of the

lysophospholipase A, shown in this study, the lysophospholipase A, may contribute

to cellular phospholipid metabolism in a manner that is more specific than just general

catabolism of lysophospholipids.

5.2. Phosphatidylcholin+fiydrotyzing phospholipase An activity in guinea-pig

heart microsomes

The characteristics of the lysophospholipase A, with Z-acyl GpC indicated that

this lysophospholipase A, could work in concert with a phospholipase A, to release

fatty acids from phosphatidylcholine. The specificity of release of a given fatty acid

would be dependent on the selectivity of the phospholipase 4,, that catalyzes the

initial reaction, for a specific molecular species of phosphatidylcholine. The existence

of a phospholipase A, with such specificity is not known. A phospholipase A, activity

was purified from hamster heart cytosol with phospholipase A, activity against

molecular species of PC containing arachidonate at the sn-2 position (230). There is

no report of a membrane bound phospholipase A, displaying a preference for specific

molecular species of any phospholipid.
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This study has shown that a phospholipase A, activity is present in guinea-

pig heart microsomes and that this activity catatyzes the hydrolysis of various

molecular species of PC. The enzyme displayed a preference for substrates presented

as micelles, it was Caz* independent and active at neutral pH. The guinea-pig heart

microsomal phospholipase A, shares some characteristics of the partially purified

phospholipase A, from rat heari sarcoplasmic reticulum (40). Both the guinea-pig

heart and the rat heart phospholipase A, have optimal pHs for activity that are in the

neutral pH range. The rat heart phospholipase Ai was partially purified after

solubilization of membranes with sodium taurodeoxycholate. This detergent activated

the guinea-pig heart microsomal phospholipase Ar.

The PC-hydrolysing phospholipase A, showed highest activity with substrates

containing a palmitic acid at the sn-1 position. The relative rates of hydrolysis of pC

substrates containing palmitic acid at the sn-1 position but with various fatty acids at

the sn-2 position were compared and it was observed that the nature of the fatty acid

at the sn-2 position significantly affected the rate of hydrolysis of the sn-1 fatty acid.

The order of decreasing hydrolysis was linoleate > arachídonate : oleate > palmitate.

There are suggestions that the selectivity of phospholipases, especially phospholipase

Ar, for arachidonate contaíning substrates may reflect the ease with which the enzyme

penetrates different phospholipid miceltes (231). This was not the case with the

phospholipase A, in this study for several reasons. All the assays were conducted

with substrate presented as mixed micelles of taurodeoxycholate which should render

all the substrates equally soluble in aqueous solutions. The hydrolysis of arachidonate

containing species of PE which would be expected to be the most favoured on the

basis of the ease of penetration in the micelle (231) was not hydrolyzed ata rate that
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was different from that of 1-palmitoyl-2-oleoyl GPC. Rather the enzyme displayed

highest activiÇ with 1-palmitoyl-2-línoleoyl GPC. Finally, the rate of hydrolysis of the

other arachidonate containing species, 1-stearoyl-2-arachidonoyl GpC was símilar to

that of dipalmitoyl GPC. Therefore, the acyl specifícity presented in Table 12 is

believed to properly reflect the acyl specificity of the phospholipase A,.

This study documents for the first time modulation of phospholipase A, activity

by guanine nucleotides. Both the hydrolysis of 1-16:0-2-18:2 Gpc and 1-18:0-2-20:4

GPC were inhibited by the addition of the non-hydrolysable analogue of GTp: GTplSl.

Hydrolysis of 1-1 6:o-2-20:4 Gpc was inhibited by s0-60% by 1 pM GTp[s] white a

30% inhibition of 1-16:0-2-18:2 GPC hydrolysis was only observed with 1 mM GTp[S].

This effect of GTP[S] on the phospholipase A, activity was specific as it could not be

reproduced by the addition of GTP, GDPßS, ATPIS] or ATp. The inhibitory effect of

GTPIS] on phospholipase A, activity was obseryed in the presence and absence of

the cation chelators EDTA and EGTA. Therefore, this inhibition was independent of

the presence of cations. This inhibitory effect could be blocked by the presence of

GDPßS. Taken together, the above results provide evidence for the involvement of a

G protein in the inhibition of PC-hydrolysing phospholípase A, activity in guinea-pig

heart microsomes. Definite proof would require the purification and reconstitution of

the components. lt should be mentioned that G protein mediated inhibition of

phospholipase A, activity has been previously observed in experiments using retinal

rod outer segments (127).

The results of experiments on the effect of GTP[S] and the etfect of heating on

the guinea-pig heart microsomal phospholipases A, that hydrolyze 1-16:0-2-18:2 GpC

and 1-18:o-2-2o:4 GPC suggest that there may be at least two distinct phospholipase
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At activities in the guinea-pig heart. Although these results do not provide conclusive

evidence of distinct enzymes which would require purification of these activities, the

evidence is consistent with such a postulate. Gel filtration chromatography of a

taurodeoxycholate solubilised supernatant of rat heart sarcoplasmic reticulum identified

two phospholipase A, enzymes which exhibited different susceptibilities to heat (aO).

Unfortunately, all the phospholipase A, assays performed by Trotz et al. (40) were

done using 1-16:0-2-18:1 GPC as a substrate, hence it is not known whether the two

phospholipases A, in the rat heart exhibit any acyl specificity.

The acyl specificities of the PC-hydrolyzing phospholipase 4,, the 2-acyl GpC

lysophospholipase Ar, and the abundance of linoleic acid esterified at the sn-2 position

of diacyl phosphatidylcholine in the guinea-pig heart (64), it is obvious that the

phospholipase A, and the lysophospholipase A, may act in concert to selectively

release fatty acids (especially linoleic acid) from diacyl PC. The results of this study

would suggest that the activation of receptors coupled to G protein(s) activated in this

study would result in the inhibition of fatty aoid release by the

phospholipase/lysophospholipase pathway rather than the stimulation of fatty acid

release. Hence, the PC-hydrolyzing phospholipase A, may be coupled to an inhibitory

G protein. This observed inhibition of phospholipase A, activity by GTp[S] does not,

however, preclude the activation of PC-hydrolyzing phospholipase A, by a G protein

subsequent to receptor activation. ln our studies, the addition of GTp[S] to the

membranes would promote the formation of free Ga and tree ßö subunits from multiple

G proteins whose net effect might be the inhibition of the pc-hydrolyzing

phospholipase A, activity. ln íntact cells, stimulation by an agonist will be expected

to activate only one particular G protein. lt is not therefore inconceivable that G
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proteins are present in heart membranes which might activate the pC-hydrolyzing

phospholipase A, but whose effects were not detectable under conditions of activation

of multiple G proteins. Several enzymes are known whose activities are modulated by

ß8 subunits and not the Gq subunits of G proteins (190). ïhe experiments which

were performed in this study do not distinguish whether the observed effects are due

to the a or ßl subunits of G proteins. The physiological significance of GTpIS]

mediated inhibition is not known at this time.

5.3. Phosphatidylethanolamine-hydrofyzing phospholipase A,, activity in guinea-

pig heart microsomqs.

Ïhe results of this study has revealed that guinea-pig heart microsomes contain

a phospholipase A1 that hydrolyzes PE with an apparent preference for arachidonoyl-

containing substrates. Previous studies by other investigators have reported the

existence of PE-hydrolyzing phospholipase A, activities of myocardial origín (29,gZ,gB).

ln all previous cases, the microsomal phospholipase A, activity was assayed with

either 1-palmitoyl-2-linoleoyl GPE or 1-acyl-2Jinoleoyl GpE. The microsomal pE-

phospholipase A, activities in hamster, rat, and dog heart had optimal pHs between

7'5 and 8.0. ln this study, the guinea-pig heart microsomal phospholipase A, had a

more alkaline pH optimum of 9.0. The hamster and rat heart phospholipase A,

activities were activated by high concentrations of Cau (s mM) and inhibited to some

extent by EDTA while the canine heart phospholipase A, was activated by EDTA (s

mM) and inhibited by Ca2* (5 mM). ln this study, the phospholipase A, activity when

assayed with 1-16:0-2-18:2 GPE was activated by micromolar concentrations of Caz*.

EGTA (2 mM) but not EDTA (2 mM) slightly inhibited the enzyme activity. This is an

indication that the PE-hydrolyzing phospholipase A, in this study is most likely different
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from those characterized in dog, rat, and hamster heart.

The phospholipase A, activity in guinea-pig heart microsomes displayed a clear

preference for 1-1 8:0-2-2o:4 GPE as substrate compared with other molecular species

of PE. The nature of the fatty acid at the sn-2 position influenced the rate of

hydrolysis of the sn-1 fatty acid. A similar conclusion was reached ín studies with the

PO-hydrolyzing phospholipase A, described above. The differences in the rates of

hydrolysis of the ditferent molecutar species of PE by the phospholipase A, cannot be

attributed to differential solubilities of the various substrates used as all the assays

were carried out in the presence of the detergent taurodeoxycholate. This preference

for arachidonate-containing substrates is similar to that of the 2-acyl GpE

lysophospholipase A, (Sec. s.1.). lncidentatly, the majority of pE species in guinea-

pig heart microsomes contain arachidonate esterified at the sn-2 position (6a). The

sequential activity of this phospholipase A, and the Z-acyl GpE lysophospholipase A,

on PE in the guinea-pig heart would be expected to result in the selective release of

arachidonate. As other myocardial phospholipases A, have only been assayed with

one molecular species of PE, a comparison between the acyl specificity obtained in

this study cannot be made to other studies.

Evidence has also been obtained for the possible existence of distinct enzymes

catalyzing the hydrolysis of different PE molecular species. This would suggest that

the ditferences in the rates of hydrolysis of the different molecular species of pE may

reflect differences in the rates of discrete enzymes. Both the hydrolysis of 1-16:0-2-

18:2 GPE and 1-18:0-2-20:4 GpE were stimulated by caz*, while Mgz* only activated

the hydrolysis of 1-16:0-2-18:2 GPE. The heat inactivation studies revealed that the

activíty hydrolyzing 1-16:0-2-18:2 GPE was very heat sensiiive whereas the activity
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hydrolyzing 1-18:0-2-20:4 GPE was still active after 1. min of heating at 60 "C. The

results of assays with mixtures of substrates also indicate that these two molecular

species of PE may be hydrolyzed by distinct enzymes. The hydrolysis of 1-16:0-2-

1B:2 GPE was not inhibited by the presence of 1-1 B:O-2-20:4 GpE. This lack of

inhibition of hydrolysis of 1-16:0-2-18:2 GPE by equimolar amounts of 1-18:o-2-2o:4

GPE suggests that the two substrates do not bind to a single substrate binding site.

The non-identity of the activities hydrolyzing 1-16:0-2-18:2 GpE and 1-18:O-2-Zo:4 cpE

was also indicated by experiments on the effect of GTP[S] on the pE-hydrolyzing

activity. ln all, the above findings suggest the presence of at least two phospholipase

At activities in the guinea-pig heart microsomes that are responsible for the hydrotysis

of different molecular species of PE. Definitive proof for this conclusion would require

the chromatographic separation or partial purification oi*o phospholipase A, activities

from the heart microsomes each active with different molecular species of pE as

substrate.

As mentioned above, a differential effec-t of non-hydrolysable analogues of GTp,

GTPIS] and GMPPNP, was observed on the hydrolysis of 1-1 B:o-2-2o:4 GpE and 1-

16:0-2-18:2 GPE. The rate of hydrolysis of 1-18:o-2-2o:4 GpE was unaffected by the

addition of GTP[S] or GMPPNP. ln contrast, the hydrolysis of 1-16:0-2-18:2 GpEwas

activated by the above nucleotides. This activation was not duplicated by the addition

of GDPßS or ATP. Direct activation of G proteins by non-hydrolysable analogues of

GTP is a well established procedure that implicates the involvement of G proteins in

cellular processes. Therefore, the specific effect of GTp[s] and GMppNp on the

phospholipase A, actívity with 1-16:-2-18:2 GPE suggests that the hydrolysis of this

particular substrate may be modulated by a G protein. An activation of the
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phospholipase A, activity was obtained with GTP but the level of activation was much

less than that observed with GTPIS] and GMPPNP. This is not surprising as the

active state of a G proteín will be maintained for a much shorter period of time by

GTP compared to GTPIS] or GMPPNP. lnhibition of phospholipase A, hydrolysis of

1-16:0-2-18:2 GPE by 1 mM GTp[s], GMppNp, and ATp was observed. The reason

for this inhibition is not apparent, but an analogous observation was reported in

studies on the effect of GTP[S] on phospholipase D activity in neutrophíl membranes

(232). The hydrolysis of phosphatidylethanolamine by phospholipase A, does not

depend on the addition of Mg2* ot Ca?*, but guanine nucleotide mediated activation

of this phospholipase A, activity appears to be cation-dependent. ln the presence of

EGTA or EDTA (2 mM), the stimulatory effect of GTP[S] was abolished. A Caz*

requirement for the stimulation of phospholipase A, activity by GTp analogues has

been observed in neutrophils (180). ln our studies, the addition of cations Caz* or

Mg2* did not increase the rate of phospholipase A, hydrolysis of 1-16:0-2-18:2 GpE

beyond that of hydrolysis of GTP[S] alone suggesting that the enzyme activity was

maximally stimulated by either cations or G proteins.

A possible hypothesis to explain the above in vitro findings on the pE-

hydrolyzing phospholipase A, activity is that the activity of the enzyme may be

activated under resting and stimulated conditíons. Under conditions of low Ca2*

concentration, stimulation by an agonist that does not mobilize intracellular Caz* could

increase the activity of the enzyme by activating the postulated G protein. The

activation of the G protein would lead to enhanced hydrolysis of 1-16:0-2-18:2 GpE by

the phospholipase A,. This would produce 1-lyso-2-18:2 GPE a substrate favoured

by the Z-acyl GPE lysophospholipase Ar. The end result would be the specific release
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of linoleic acid from PE. On the other hand, stimulation by a Caz*-releasing agoníst

may also activate the phospholipase A, independent of the G protein. An increase in

the level of intracellular Caz* would, on the basis of the results of this study, lead to

the activation of more than one PE-hydrolyzing phospholipase A, resulting in the

hydrolysis of more than one molecular species of PE. However, the selective release

of arachidonate from diacyl PE could still occur by this mechanism despite the

apparent hydrolysis of more than one molecular species of PE considering: (a) the

greater rate of hydrolysis of arachidonate containing PE substrates by the guinea-pig

heart microsomal phospholipase A,; (b) the large proportion (65%) diacyt pE in guinea-

pig heart microsomes with arachidonate esterified at the sn-2 position (64); and (c)

the high rate of hydrolysis of 2-arachidonoyl GPE by the guinea-pig heart microsomal

lysophospholipase A, (Sec. 5.1.). The differential modulation of hydrolysis of molecular

species of PE observed in this study by guanine nucleotides and cations may provide

a means for the selective release of fatty acids from PE via the postulated

phospholipase A,/lysophospholipase A, pathway.

The characteristics of the PE-hydrolyzing phospholipase A, activities differ

significantly from the PC-hydrolyzing phospholipase A, (Sec. s.2.) in the same tissue

subcellular fraction. The stimulation of phospholipase A, hydrolysis of i-1 6:0-2-18:2

GPE by guanine nucleotides contrasts with the effect of GTplSl on the pC-

phospholipase 4,. The acyl specificities of the PE- and PC-hydrolyzing phospholipases

A, were different. ln fact, while 1-18:0-2-20:4 GPC was the substrate with which the

PC-hydrolyzing phospholipase A, displayed lowest activity, the corresponding molecular

species of PE was the substrate with which the PE-hydrolyzing phospholipase A,

displayed highest activity. The hydrolysis of PE by phospholipase A, was stimulated
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by Ca2* while the hydrolysis of PC by phospholipase A, was unaffected by Caz*. The

phospholipase A, hydrolysis of PC and PE had completely different pH profiles. The

hydrolysis of PE by the phospholipase Ar was not affected by the detergent

taurodeoxycholate or deoxycholate, meanwhile, these detergents had an activatory

effect on the phospholipase A, hydrolysis of PC. The hydrolysis of 1-16:0-2-18:2 GpE

was stimulated by the addition of 1-16:0-2-18:2 GPC. This indicates that the added

PC may interact with the PE-hydrolyzing phospholipase 4,. The inability of pC to

inhibit PE hydrolysis is an indication that the two substrates are hydrolyzed by distinct

active sites. Taken together the data suggest that the PC and pE hydrolyzing

phospholipases A, are discrete enzymes. lt ís intriguing that the hydrolysis of the pE

molecular species containing linoleate is stimulated by GTP[S] while the hydrolysis of

the corresponding molecular species of PC is inhibited by GTp[S]. Linoleic acid is a

fatty acid that is found in large quantities in both the PE and PC fractions of guinea-

pig heart phospholipids (64). We have yet to establish whether the postulated G

protein responsible for modulating the activity of the PE-hydrolyzing phospholípase A,

is the same as that postulated for modulating the activity of the pC-hydrolyzing

phospholipase A, activity. As well, although we have suggested a role for G proteins

in the activation and inhibition of PE and PC hydrolyzing phospholipases Al

respectivelY, we cannot say whether the effect is directty on the enzyme or via an

intermedlary protein.

5.4- Isoproterenol mediated activation of phosphatidylethanolamine{rydrolyzing

phospholipase A,

The availability of a specífic agonist for this phospholipase A, would allow
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us to test the possibility that PE-hydrolyzing phospholipase A, is a receptor coupled

G protein regulated phospholipase. This is a dístínct possibility as microsomal

subcellular fractions contain plasma membranes as well as other membraneous

organellar compartments. Many such phospholipases have been discovered and have

been classified as signal activated phospholipases (229). Such a role has not been

extended to the phospholipase 4,. The possible modulation of the pE-hydrolyzing

phospholipase A, by ç[l-isoproterenol was examined and it was found that isoproterenol

(10-3 to 1o-13 M) could activate the phospholipase A, hydrolysis of 1-16:0-2-18:2 GpE

by 30-50%. There was a 50% inhibition of the phospholipase A, activity with a

concentration of 1 fM isoproterenol. The reason for this inhibition is not known. The

activation of phospholipase A, activity by isoproterenol was blocked by the addition

of the ß-adrenergic receptor antagonist propranolol. ln fact, even the inhibition

observed with 1 fM isoproterenol was not seen in the presence of 1 pM of

propranolol. This implies that the inhibition and more importanfly, the activation of

phospholipase A, was directly due to ligand induced activation of the ß-adrenergic

receptors by isoproterenol. a-Adrenergic agonists did not affect the phospholipase A,

activity' lsoproterenol is a non-selective ß-adrenergic receptor agonist (21o,242)which

activates both the ß,- and ßr-adrenergic receptor subtypes. propranolol is a non-

specific ß-adrenergic receptor antagonist (210,242). Hence, it was thought that the

activation of the phospholipase A, is through a ß-adrenergic receptor. lt was further

demonstrated that activation of the ßr-adrenergic receptor but not the ß,-adrenergic

receptor was necessary for stimulation of phospholipase A, activity. The addition of

the ßr-receptor specific antagonist butoxamine but not the ß,-receptor antagonist

atenolol inhibited the isoproterenol mediated enhancement of phospholipase A, activity.
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The activation of the phospholipase A, by isoproterenol was dependent upon

the presence of Caz*. The combination of EGTA (2 mM) and isoproterenol (1 nM)

did not result in an activation of the phospholipase A, activity. Moreover, there was

no synergistic effect of Ca2* (100 pM) and isoproterenol (1 nM) on the phospholipase

Ar activity. An additive or synergistic effect might be expected if the mechanism of

activation by these two compounds was independent of each other. The activation

of enzyme activity by Caz* alone was not significantly different from the level of

activation observed in the presence of isoproterenol. Similar obseruations had been

made in studies on the activation of PE-hydrolyzing phospholipase A, activity by

GTPIS] (Sec. 5.3.). lt was hypothesized that the activation of the pE-hydrotyzing

phospholipase A1 by isoproterenol may be via a G protein. Experiments involving

the addition of 1 pM GTP[S] and 1 nM isoproterenol to guinea-pig heart microsomes

did not result in the activation of phospholipase A, activity greater than that with 1 pM

GTP[S] or 1 nM isoproterenol alone. ln fact the phospholipase A, activity observed

when these two compounds were added together was actually less than that observed

when either activator was added separately. lsoproterenol will act to activate a subset

of G proteins that can activate the phospholipâsê 41, GTPIS] alone will activate

multiple G proteins present in the heart microsomes, which would presumably include

G proteins that are activated by isoproterenol. However, the lack of a synergistic or

additive effect may be due to a number of reasons. One explanation ís that the

enzyme activity was maximally activated by the presence of one activator and the

addition of the other activator would therefore not be expected to further increase the

enzyme activity. Another explanation is that since'the addition of GTp[S] activates

multiple G proteins non selectively, G proteins could be actívated that act to inhibit the

156



stimulation of phospholipase A, activity and hence a synergistic effect ís not seen.

This could also be responsible in part for the slightly decreased level of activation

observed when both GTP[S] and isoproterenol are added together.

Evidence for the involvement of a G protein . in mediating the isoproterenol

activation of phospholipase A, activity is implied by the experiments involving the

addition of GDPßS (1 nM) and isoproterenol (1 nM). GDPßS (1 rrM) by itsetf does not

inhibit the phospholipase A, activity with 1-16:0-2-18:2 GPE flable 26). GDpßS wi¡

act to inhibit all receptor G protein coupled responses. To determine if the reason for

not observing a synergistic effect with GTP[S] and isoproterenol could be due to the

fact that the enzyme was maximally activated, experiments were performed at

concentrations of GTPIS] and isoproterenol that did not result in activation of the

phospholipase A, activity. Under these conditions, if a synergistic etfect of GTp[S]

and isoproterenol is possible, it should be observed as an activation of the

phospholipase A, activity. The results of this experiment demonstrate quite well that

GTP[S] (0.01 pM) and isoproterenol (1 fM) together can act to stimulate the activity of

the phospholipase A, in a synergistic fashion. From these results, it is believed that

the hydrolysis of 1-16:0-2-18:2 GPE by the phospholipase A, is modulated by a G

protein that is coupled to the heart ßr-adrenergic receptor. The characteristics of the

G protein in this section of the study are very similar to those described in section

5.3' Although final proof would require purification of the particular G proteins and

reconstitution of the receptor, G protein, and phospholipâSê 41, we believe that there

is a G protein that is coupled to this receptor and this enzyme. The results of the

experiments with isoproterenol and GTP[S] indicate that the phospholipase A, may

be a sígnal activated phospholipases. More importantly, the results suggest a
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mechanism by which linoleic acid can be selectively released in the heart. The

activation of the ßr-adrenergic receptor by binding of a ligand will result in the

activation of a G protein that can stimulate a PE-hydrolyzing phospholipase A, that can

hydrolyze 1-16:-2-18:2 GPE. The subsequent action of the lysophospholipase A, that

hydrolyzes the phospholipase A, product 2-18:2 GPE will result in the release of

linoleic acid. The ßr-adrenergic receptor is known to be coupled via a G protein to

adenylyl cyclase (2O7), Hence, receptor occupation will induce the activation of

adenylyl cyclase which will produce cAMP from ATP. To be sure that actívation of the

phospholipase A, was not due to cAMP or oAMP dependent protein kinase, we

investigated the effect of dibutyrl-cAMP on the hydrolysis of 1-1 6:o-2-18:2 GpE. There

was no activation of phospholipase A, hydrolysis of this phosphotipid by cAMF.

Although cAMP does not seem to be ínvolved in the mechanism of activation of the

phospholipase 41, it is not ímpossible that the activation of the ßr-adrenergic receptor

activates a G protein whose Go subunits stimulate the adenylyl cyclase while the ßl

subunits activate the PE-hydrolyzing phospholipase 4,. This situation would be

analogous to that reported in retinal rod celts where Ga, of transducin stimulates the

cGMP phosphodiesterase and ßÚ subunits stimulate phospholipase A, (177).

6. Conclusions and Speculation

The question arises as to the function of this pathway in the heart. The

function of a pathway that results in the selective release of arachidonic acid is

immediately obvious. Such a pathway for the selective release of arachidonic acid will

act to provide the heart with a precursor for the formation of the eicosanoids. A

pathway which results in the release of linoleic acid is not so obvious. Recenily,
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several reports have been published that suggest that unsaturated fatty acids may

activate protein kinase C (233,234,235,236). A potential role for unsaturaied fatty

acids such as oleic and linoleic acid as second messengers was proposed as early

as 1984. McPhail et al. demonstrated that a 100 pM concentration of arachidonate

was able to stimulate a Caz*-dependent protein kinase C actívity from detergent

extracts of isolated neutrophils by approximately 2Jold relative to controls (238).

Similar experiments were performed in the same study with various concentrations of

other fatty acids. Linoleic acid, oleic acíd and 6 -lino.lenic acíd all demonstrated the

ability to activate protein kinase C 2-3{old. Further work by a number of investigators

has shown that unsaturated fatty acids such as oleic, linoleic, and arachidonic acid

can potentiate the activity of Caz*-independent protein kinase C in vitro (zg4,zgs,zg6).

The concentration of unsaturated fatty acid required to elevate protein kinase C activity

differed among published reports, however, concentrations as low as 12 pM have

been shown to activate protein kinase C activity 2-S fold (zB4). The protein kinase C

activity was stimulated the most by arachidonic acid > linoleic acid > oleic acid

(233,234,236). The potency of the unsaturated fatty acids to enhance protein kinase

C activity paralleled to some degree the number of gþ-unsaturated double bonds in

the fatty acid. ln contrast, experiments have shown that neither palmitic acid, stearic

acid, or Íans{atV acids were able to duplicate this activation (2gg,2gs). Thus, a role

for unsaturated fatty acids as activators of protein kinase C has been postulated

(237'238). Mechanisms that result ín the liberation of such unsaturated fatty acids are

mechanisms that could be involved in the regulation of protein kinase C (2gZ,2gg).

Cis-unsaturated fatty acids may activate protein kinase C that is not membrane-

associated (239) in eíther a Caz*-dependent or independent manner (238). The
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manner of activation would depend a great deal upon the mechanism by which the

fatty acid was generated. Generation of fatty acids by the phospholipase

At/lysophospholipase A, pathway could occur in a Caz*-independent manner. As

siated above, the fatty acids released from PE may differ depending on the presence

or absence of Caz*. For the moment this is speculation as in vivo activation of protein

kinase C by a particular fatty acíd or a particular pathway which generates a single

species of fatty acíd is not known.

Another function of the phospholipase A,/lysophospholipase A, pathway may

be to provide cells of the vasculature with linoleic acid from which 13-HODE, a

lípoxygenase deríved hydroxy fatty acid can be produced. This hydroxy fatty acid is

produced by vascular endothelial'cells and functions as a chemorepellant to maintain

the thromboresistance of blood vessel walls (240). This compound is synthesized by

endothelial cells from linoleic acid under resting conditions but not under stimulated

conditions. Thus under stimulated conditions, the synthesis of 13-HODE is inhibited.

one mechanism for inhibiting the production of this compound would be to prevent

the release of precursor linoleic acid. This could be the function of the inhibitory G

protein postulated in this study. lt could inhibit the release of linoleic acid from 1-

16:0-2-18:2 GPc by the phospholipase A,/rysophospholipase Az pathway. The

precursor for linoleic acid for 13-HODE synthesis has been suggested to be

triacylglycerols (241), however, the study did not rule out the release of linoleic acid

from phospholipíds by the postulated pathway followed by replenishment of the fatty

acid in the phospholipids by transfer of fatty acids from triacylglycerols.

Since it has not been estabfished whether the proposed phospholipase

A,/lysophospholipase A, pathway is functional in cells, the physiological significance
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has yet to be determined. catecholamine-induced stimulation of fatty acid release or

eicosanoid production in the heart has been repo rted (24s,244). The proposed link

between catecholamines and induction of phospholipase A, activity may therefore have
physiological and pathophysiological implicatíons. The activatíon of phospholipase A,

under normal circumstances may serve to produce compounds required to modulate

cellular processes (ie. through eicosanoids or proteîn kínase c). lf catecholamines

(eg' adrenalin and noradrenaline) do activate phospholipase A, in cardiac cells as the

results of thís study lead us to suggest, then the high concentrations of
catecholamines that accumulate in ischemia coupled with a loss of normal receptor

desensitization mechanisms (245,246) would result in the generation of high levels of
fatty acids and lysophospholipids from the activatíon of the phospholipase Ar.

Lysophospholipids and other amphiphiles have been implicated as causative agents

in the development of arrhythmias (68,247). lt is therefore possible that activation of
cardiac phospholipase A, by catecholamines may pray a role in the pathogenesis of
ischemia-induced arrhythmias.

ln conclusion, the resufts of this study provide a description of phospholipases

At and lysophospholipases A, in guinea-pig heart microsomes. The characteristics

and regulation of these enzymes allows us to postulate that they could work in

concert to selectively release either arachidonic br linoleic or possibly other
polyunsaturated fatty acids upon stimulation of cells. The particular fatty acid that is
produced upon cell stimulation would depend greafly upon the type of stimulus. lt is
not inconceivable that this pathway could operate in conjunction with a phospholipase

At pathway' but it is quíte probable that this pathway will operate under conditions in
which the phospholípase A, pathway would not operate. This study has presented a
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number of novel findings with respect to the regulation of the phospholipase A, (Figure

14)' The phospholipases A, in this study have been shown to be modulated by GTp

and its analogues' This ís indicative of G protein regulation of the enzyme activities.

Also, this study documents evidence for the classification of a pE-hydrolyzing

phospholipase A, to be a receptor-G protein coupled protein. This is a novel finding

as far as we are aware and extends the family of signal activated phospholipases to

include the phospholipase A, as a member. The studies therefore provide a firm basis

for investigating the release of fatty acids from pc or pE in intact cells via a

phospholipase A,/lysophospholipase A, pathway.
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Figure 14

Fig. 14. proposed model.

This model is derived from conclusions based upon ttre results of this study. lt

indicates how different fatty aóids may be ¡s¡s¿;.à ,nor,.l.oifferent forms of cell

stimulation and ceturar environments by a phosphoripase A,/rysophosphorÍpase A,
pathway in guinea-pig heart microsomes.
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