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ABSTRACT

Plasmenylcholine ( 1 -alkenyJ--2-acyl-sn-glycero-3-phosphochol-ine ) is

an ether lipid which comprises 34% of the totaf choline glycerophos-

phoJ-ipids in the guinea pig hearL. The formation of plasmenylchofine

from chol-ine in mammal-ian tissues r.{as not known and the biosynthesis

of phosphatidylcholine in the guinea pig heart had not been studied.

Tn this study, the biosynthesis of choline glycerophospholipids \,vas

investigated by perfusion of the guinea pig heart in the Langendorff

mode with [Metfiyf-3itJcholine. An initial lag phase was observed. for

the first 40 min for the incorporation of labeled chol-ine into the

total choline glycerophospholipid fract.ion which was composed mainly

of phosphatidylcholine and plasmenylcholine. After this lag period,

the incorporation of labeled choline into these fractions became

l-inear. This initial- lag period in the incorporation of l-abeled

chorine into these chol-ine glycerophospholipids suggests that the

majority of these phospholipids were formed via the cDp-choline path-

way. A minor contribution to their formation by the base-exchange

reaction was also suggested.

The formation of plasmenyJ-choline from CDP-choline and 1 -alkenyÌ-2-

acyl-glycerol was demonstrated in vitro by the determination of CDP-

chol-ine : 1 -al-kenyL-2-acyJ,-glycerot phosphochofinetransferase activity

in guinea piq heart microsomes- In addition, 1-alkenyl-2-acyl-gLycerol

was shown to be present in the guinea pig heart (17 nmol/q heart).

The formation of chol-ine glycerophospholipids by the methyl-ation

phosphatidylethanolamine or plasmenylethanol-amine was investigated

of

by



perfusion of the isolated guinea pig heart with tl-3nlethanol-amine for

60 and 120 min. Significant amounts of fabeted ethanol-amine \.^¡ere

incorporated into phosphatidytethanolamine and plasmenylethanolamine.

only a smal-l- amount of l-abeling of plasmenylcholine and phosphatidyl-

choline from l-abeled ethanolamine phosphogtycerides was observed sug-

gesting that progressive methylation plays a minor ro]e in the form-

ation of plasmenyì-choline.

Results for the incorporation of choline into chofine glycerophos-

pholipids indicate that the major pathway involved is the CDp-chol-ine

pathway. The rate-rimiting steps of the cDp-chorine pathway for the

biosynthesis of choline grycerophospholipids were determined by putse-

chase experiments. Isofated guinea pig hearts r^/ere pulse-1abel-ed for

15 min with lMetfryt-3uJchol-ine and then chased with unl-abeled chofine

for 0 to i20 min. The phosphoryl-ation of chofine (by chotine kinase)

and the conversion of phosphochoJ-ine to cDp-choline (by cytidylyl-

transferase) were found to be the rate-limitinq steps in the biosyn-

thesis of phosphatidyrchol-ine and plasmenyrcholine in the guinea pis

heart. The rates of phosphatidylcholine and plasmenylcholine biosyn-

thesis via the cDP-choline pathway were 2.69 nmol-/min/g heart and 0.18

nmol/mín/g heart, respectively.

The hydrolysis of plasmenylcholine by the enzyme plasmalogenase may

be a source for lysophosphatidylcholiner which is cytolytic at high

concentrations. Pfasmalogenase activity towards plasmenylchol-ine had

not been report.ed in the mammal-ian heart. A ne\.^/ spectrophotometric

assay was devel-oped in which the al-dehyde released from the hydrolysis
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by plasmalogenase was oxidized to carboxytic acid by the action of

aldehyde dehydrogenase, with the production of the mol-ar equivalent of

NADH. The sensitivity of this spectrophotometric assay for pJ-asmalo-

gienase was shown to be 25-fo1d higher than with the methods described

previously and enzyme activity could be detected with 1 ;rg of micro-

somaf protein. Plasmalogenase activity was located exclusively in the

cardiac microsomal fraction and the enzyme displayed a pH optimum at

8.5. The enzyme v/as active towards plasmenylethanolamine but not

plasmenylcholine. lt appears that in the heart, hydrorysis of the

vi-nyl ether bond is not the initial step for the degradation of plas-

menylcholine.

The rol-e of efevated lysophosphatidylchol-ine levels has been impli-

cated in the genesis of cardiac arrhythmias. Hencer the tissue l-eve1

of this lipid must be accurately assessed. A new procedure for the

determination of small amounts of lysophosphatidyl-choline in cardiac

tissue was devel-oped. Lysophosphatidylchol-ine from canine heart was

separated from the major phospholipids by col-umn chromatography and

then acetyrated with rabel-ed acetic anhydride. The acetyrated lyso-

phosphatidyrcholine was isolated by thin rayer chromatography and the

lysophosphatidylchofine content was cal-culated from the radioactivity

associated with the acetylated product. Although the sensitivity of

the assay depends on the specific radioactj-vity of the acetic anhy-

dride used¡ as low as 0.5 nmol of lysophospholipid in tissue samples

can be readily quantitated. The resul-ts obtained from the controf and

ischemic canine cardiac tissues by this assay compare favorably with



those obtained by lipid-phosphorus assay and

increase in lysophosphatidylchofine content

Lissue during cardiac arrhythmias.

xl- l_

reconfirm the observed

in the ischemic cardiac
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PREAMBLE

This treatise describes stud.ies on phosphoÌipid metabol-ism in the

mammafian heart. The main thrust of the study is devoted to the con-

trol of plasmenylcholine biosynthesis in the guinea piS heart. The

catabolism of the cardiac phospholipids is also studied.

Phosphatidylcholine (PC) is the major phospholipid in the mammafian

hearL. A large proportion of the PC (up to 40% in some mammal-ian

hearts) exists as plasmenylcholine, which is a chol-ine-containing

ether glycerophospholipid. PC forms an integral part of the cardiac

membrane and participates in the regulation of certain membrane bound

enzymes. It may also be involved in the transmission of biol-ogical

signals across the membrane.

The biosynthetic pathways for the diacylglycerophospholipid¡ phos-

phatidylcholine, in the heart have been reported. However, no informa-

tion ís available on the biosynthesis of plasmenylcholine in the heart

or in any other mammal-ian tissue. In qeneral, there is very little

information avail-able on the metabolism and physiological function of

plasmenylcholine. As plasmenylchoÌine constitutes a significant por-

tion of the PC in some mammal-ian hearts r studies on the biosynthesis

of this lipid may provide insights into its functional- role in the

cardiac membrane.

The second area of this report is focused. on the metabolism of

lysophospholipids. Lysophosphatidyl-choÌine (LPC) has been implicated

as a major biochemical factor in the production of cardiac arrhythmias



after the development of cardiac ischemia. Addition of exoqenous LPC

has been shown to cause depression of transmembrane potential in

cardiac fibres and decreased membrane excitability in Purkinje fibres.

Although the events leadinq to the generation of cardiac dysfunction

by the lysophospholipids remain obscure, it has been postulated that

the incorporation of lysophospholipids into the membrane is critical

for their action and the subsequent production of membrane aftera-

tions¡ electrophysiological abnormafities and cardiac arrhythmias.

Lysophosphatidylcholine is a product formed by the enzymic hydro-

lysis of PC and plasmenylcholine. In view of the relatively high

concentration of plasmenylcholine in cardíac tissuer the study of the

metabolism of LPC may aid our understanding of the biochemical- events

which lead to the production of cardiac arrhythmias.



]NTRODUCTÏON

I. Lipids and Membranes

The organization of all higher cefls depends mainly on the compart-

mental-ization afforded by biological- membranes. Biological membranes

participate in a wide variety of ce]lu1ar functions including the

structural organization of the cel-1, secretion, transport, endocyto-

sis, signal transmission and in many other regulatory processes (1).

The plasma membrane is the essential barrier at the cefl surface.

It defines the cel-l's extent and separates the interior of the cel-l

from the environment surrounding it. This membrane is al-so a highly

sefective fil-ter that maintains unequal concentrations of solutes and

ions on either side, and allows nutríents and \.^/aste products Lo enter

and leave the ceIl (2). Internal membranes of eukaryotic cel-ls form

the boundaries of organelles such as the endoplasmic reticulum, mito-

chondria, Ìysosome, nucleus, peroxisome, chloroplast, secretory

granule and other types of vesicles (1 ). ft seems that there is a

degree of functionaf continuity between internal membranes and the

plasma membrane (1).

Membrane structure is interpreted by the well known 'fl-uid mosaic'

model (3). Essential-Ìy this model- states that the plasma membrane and

other internal membranes of eukaryotic cetls are assemblies of protein

and lipid molecul-es, hefd together by cooperative, noncovafent inter-

actions. Membranes al-so contain carbohydrates that are l-inked to

lipids and proteins (Fig.1). Membrane research has modified and ex-
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tended the original model- to provide specific details on membrane

strucLure and function (4).

Membrane lipids constitute 50% of the mass of most animal- cell

pJ-asma membranes (2). They are organized into an asymmetric bilayer, a

continuous double layer, that is fluid, alJ-owing lateral- diffusion of

lipid and protein in the plane of the membrane. Lipids establ-ish the

permeability barrier and provide a matrix with which transmembrane and

peripheral proteins are associated.

When in an agueous environment, lipid molecufes have the ability to

sel-f-assembl-e into bilayers due to their amphipathic character (2).

The head group of the mofecufe is polar or hydrophilic and the taif is

nonpol-ar or hydrophobic. The lipid molecul-es in both leaflets of the

biJ-ayer align themselves so that the hydrophilic head groups face

water on both sides of the bilayer. The oity, hydrophobic tails se-

quester themsel-ves in the middl-e of the bilayer, thereby excluding

water from it. Due to the hydrophobic interior, the bilayers are

essentially impermeabl-e to most waLer-sol-uble molecules such as amino

acids, sugars, proteins, ions and nucleic acids.

The major membrane lipids belong to the group of glycerol-based

phospholipids (rig.2) and (5). They have a hydrophitic head group, on

the C-3 position of the glycerol backbone, consisting of a phosphate

esterified to a residue that can be either choline, serine, ethanol-

amine, inositol or a hydroxyl group. The most abundant and widely

studied glycerophospholípids are those containing choline or ethanof-

amine residues¡ phosphatidylchol-ine (PC) (1r2-diacyl-sn-glycero-3-
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phosphochol-ine) and phosphatidytethanofamine (pf) (1 ¡2-diacyl-sn-

glycero-3-phosphoethanolamine), respectively. Although the phospho-

lipid content of mammal-ian tissues varies depending on tissue type and

animal species, PC and PE are found to be the major phospholipids in

most tissues (Table 1 ) (7). Attached to the two other posítions of

the glycerol backbone are two hydrophobic, hydrocarbon tail-s, each a

fatty acid chain. Animal- phospholipids usually contain fatty acids of

chain lengths between 16 to 20 carbon (C) units. The major molecul-ar

species of PC and PE (Tabl-e 2 & 3) reveat that the 1-position of the

glyceroJ- backbone is usuafly esterified to a saturated fatty acid and

the 2-position to an unsaturated fatty acid. The major diacylglycero-

phospholipids have their fatty acid chains attached to the glycerol

moiety by ester linkages. There are also glycerophosphotipids contain-

ing ether linkages (fig.9). Al-kenylacylglycerophospholipids (ptasmalo-

gens) have at Ìeast one fatty acid chain attached via a dehydrated

hemiacetal (vinyl ether) tinkage. The major lipids of this class are

referred Lo as plasmenylcholine and plasmenylethanofamine. Alkylacyl-

glycerophospholipids have at least one fatty acid chain attached

through an ether linkage. Plasmanylchofine and plasmanylethanolamine

are the major lipids of this type. Lysophospholipids are compounds

that contain only one fatty acid chain, which can be attached via the

ester, vinyl ether or the ether linkage. The lysophospholipids are

formed by the action of phosphoJ-ipases or plasmalogenases on the

parent phospholipids (Fig.3) (6, 1).

Investigations into the chemistry of phospholipids in mammal-ian
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cells has illuminated some of the basic mechanisms responsibl-e for

their synthesis and catabolism. Some knowledge has al-so been obtained

on their possibJ-e function in the membrane (76r77) - A thorough under-

standing of the metabofism and function of phospholipids may provide

insights into membrane function and assembly.

IT. Biosynthesis of Phosphatidylchol-ine and Phosphatidylethanofamine

a) Biosynthesis of Phosphatidylcholine

In 1850, Gobley isol-ated "l-ecithin" from egg-yolk and brain (27).

From this lipid he could obtain glycerophosphoric acid and fatty

acids. Strecker (28) originally isolated fecithin from hog bile and in

1868, Diakanow (29) found that this lipid contained chofine. They

deduced a provisional structure for lecithin and in 1950, Baer and

Kates (30) demonstrated via chemical synthesis that lecithin was based

on L-*-glycerophosphate, like al-l other naturally occurring glycero-

phospholipids.

There are five different pathways for the biosynthesis of pC

(fig.4). The major 'de novo' pathway¡ in most tissuesr is the Cytidine

pathway (Fig.S), elucidated by Kennedy and !'teiss (8) in the mid

i950's. These workers demonstrated that cytidine 5'-triphosphate

(CTP) was a requirement for PC biosynthesis and described the reaction

catalyzed by CTP : phosphochofine cytidylyltransferase whereby phos-

phocholine and CTP react to form CDP-chofine. In many systems, the

rate of this cytidylyltransferase reaction is the rate l-imiting deter-

minant of PC biosynthesis (i3). As well-, Kennedy demonstrated that the
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final reaction, the condensation of CDP*chol-ine with 1 '2-diacylgly-
cerofl v/ãs catalyzed by CDP-choline : 1 t2-diacylglycerol phospho-

cho-linetransferase. The 1,2-diacylglycerol backbone for all glycero-

lipid biosynthesis stems from glycerol-3-phosphate (e-:-p) or dihy-

droxyacetone phosphate (DHAP) (40). Previously, !,/ittenberg and

Kornberg (9) had discovered choline kinase. This enzyrne catalyzes the

first step in the pathway, the phosphorylation of choline. Extensive

reviews of this pathway and detail-ed descriptions of the enz)¡mes

involved may be found in (7) and (10).

The conversion of PE to PC can occur via Lwo distinct routes. One

path is via the stepwise methylation of PE¡ where methyl groups are

successively introduced onto the terminal amino group of PE (Fiq.6a).

In 1960, Bremer and Greenberg (11) found that the N-methylation of PE

proceded via the enzyme phosphatidylethanolamine methyltransferase¡

using S-adenosyfmethionine (se¡¡) as the methyl donor. This pathway is

of quantitative significance only in the liver (10). Difs and Hubscher

(12) demonstrated the energy-independent, calcium dependent incorpora-

tion of choline into its corresponding phospholipid. This base-ex-

change activity (fig.6b) resufts in the exchange of the bases choJ-ine,

serine and ethanofamine with the bases of preexisting phospholipids.

The significance for the base exchange of chol-ine is unknown and it

was found that this path makes a minor contribution to the biosynthe-

sis of PC in the hamster heart (13)-

lwo types of PC resynthesis occur whereby the fatty acid chains of

PC are modified as to the desired chain length and degree of unsatura-
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Fig. 6 a) Stepwise methylation of phosphatidylethanolamine. (PE)

Fig. 6 b) Base-exchange reactions.
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tion. The reacylation of 1- or 2-lysophosphatidylcholine (f.pc) (1- or

2- acyJ--sn-glycero-3-phosphochofine), first described by Lands (4)

and LPC transacylation demonstrated in 1965 by Marinetti (15) lead to

the synthesis of specific mol-ecular species of PC (Fig.7). LPc is

formed upon the deacylatíon of PC by phospholipases Ai and 42, which

release the fatty acyl chains of PC at positions 1 and 2, respective-

ly. For reacylation, a fatty acid is transferred from it's acyl-

coenzyme A (acyl-CoA) to the free hydroxyJ- group at the 2-position of

1-acyl-sn-glycero-3-phosphochol-ine (1-acyl-GPC) by the enzyme acyl-CoA

: 1-acyl-cPc-O-acyltransferase. At the 1-position of 2-acyl-GPC re-

acylation with acyl-CoA occurs via acyl-CoA : 2-acyl-cPc -O-acyltrans-

ferase. The type of fatty acid transferred in the acylation of 1-acyl

or 2-acyl-GPC is mainly determined by the position of the free hydrox-

yl group. When the free hydroxyl group is at the'l-position¡ saturated

fatty acids are transferred and when the hydroxyl group in the 2-

position is available unsaturated fatty acids are preferentially

transfered in the acylation. The definite preference for arachidonic

acid (2024) in the acylation of the 2-position of 1-acyl-sn-glycero-3-

phosphocholine reveal-s that acylation may be the major method for the

incorporation of this fatty acid into PC in mammal-ian tissues (16).

The transacylation of LPC (Fig.7) r discovered by Marinetti and

Erbland (15), is catalyzed by LPC-LPC acyltransferase. This reaction

produces PC and glycero-3-phosphocholine (cPC) from two mol-ecufes of

1-acyl-GPC. This route for the biosynthesis of PC is not of major

import in the liver. Suggestions have been made that it may be signif-

icant in the lung (7) for the synthesis of the dipalmitoyJ- species of
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PC, a major component of pulmonary surfactant" However, recently it

r¡¡as found that in rabbit al-veol-ar macrophages (15) the dipalmitoyl

species of PC is synthesized predominantly by a 'de novo' pathway and

not the deacylation - reacylation pathway.

b) Biosynthesis of Phosphatidylethanolamine

A nitrogen and phosphorus containíng lipid fraction¡ that was

relatively insoluble in warm ethanol-¡ \dðs isolated from brain tissue

by Thudichum (17) in 1884. He found that he coul-d obtain ethanol-amine

from it as a hydrolysis product. In 1930, Rudy and Page (18) isol-ated

ethanolamine glycerophospholipid from this same fraction of brain

tissue. However, it is likely that this preparation contained plas-

menylethanol-anine and the first pure preparations of PE are attributed

to Lea et al. (19) from egg-yolk and Klenk and Dohmen (20), from

l-iver.

The biosynthesis of PE proceeds via four established pathways

(f:-9.8). PE biosynthesis has pathways analogous to those found for the

biosynthesis of PC. The cytidine (CDP-ethanolamine) pathway, the major

'de novor route, was first described by Kennedy and Weiss (8). This

pathway contains enzymes whose functions are anal-ogous to those par-

ticipating in the cytidine (cDP-chofine) pathway" Ethanofamine kinase,

CTP : phosphoethanol-amine cytidylyltransferase and CDP-ethanofamine :

1 ,2-diacylqlycerol phosphoethanolaminetransferase are the enzymes

invofved in the biosynthesis of PE via this pathway. There is some

controversy over whether choline and. ethanol-amine kinase activities
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reside on the same enz)¡me (21) or on two distinct enzymes (10). ft is

known that CTP : phosphoethanolamine cytidylyltransferase, which cata-

lyzes the rate-limiting step, is a separate and distinct enzyme from

the cytidylyltransferase for PC biosynthesis (7) (10). Choline and

ethanolamine phosphotransferase have been separated and characterized

by their different specificities for the diacylglycerol moiety

(0,34).

Borkenhagen et al. Q2) first demonstrated the base exchang'e reac-

tion for the incorporation of ethanolamine into pE. By displacing

choline and serine from PC and phosphatidylserine (PS), respectively,

free ethanol-amine is predominantly incorporated into hexaenoic (6:0)

PE in brain microsomes (23). ffris pathway contributes approximately 9%

of PE synthesis in hepatocytes ( 35 ) and is analogous to the base

exchange reaction for choline.

Merkf and Lands (24) described the acylation of 1- or 2-acyl-sn-

glycero-3-phosphoethanol-amine (cPE) in 1963. This route for the bio-

synthesis of pE is similar to the one for the deacylat.ion-reacylation

of PC. The acyltransferase for lysophosphatidylethanol-amine (Lpe)

utilizes highJ-y unsaturated fatty acids to account for 95% of the 1 8:2

incorporation and 100% of 20:4 incorporation into pE (7).

The decarboxylation of phosphatidylserine (PS) to produce PE in the

liver was first described by Bremer et al- . (25 ) in 1 960. OnIy lipid-

bound serine can be decarboxyl-ated by the enzyme phosphatidylserine

decarboxylase Q6). This mechanism is a unique pathway for the biosyn-

thesis of PE. However¡ this route for PE biosynthesis has not been
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found to be of major importance in tissues except perhaps in hepato-

cytes where under certain conditions most of the PE arises from PS

(3s).

IfI. Pl-asmenylcholine and Plasmenylethanolamine

a) Structure and Nomencl-ature

Glycerolipids containing ether-finked aliphatic chains are found in

neutral- 1ípids and phospholipids. Phospholipids containing alkyl

groups bound to glycerol are cal-l-ed glyceryl ethers and those with

alkenyl groups are referred to as plasmal-ogens or vinyl ethers (Fig.g)

(38). Alkenyl and alkyl refer to the presence or absence of unsatura-

tion of the first and second carbons of the fatty acyl chain. Doubl-e

bonds can occur at other sites along either acyl chain. The 1-position

of the majority of ether glycerophospholipids is \^rhere the alkyl and

alkenyl chains are located. As in diacylglycerophospholipidsr at the

2-position of the glycerof backbone there is usually a fatty acyl

chain attached through an ester linkage. Ether glycerophospholipids

contain a phospho-head group on the third position of the glycerol

moiety. The head group can be a phosphate, phosphochol-ine, phosphoeth-

anol-amine¡ phosphoserine or phosphoinositol. The chemical sLructure

for plasmalogens reveal-s that the hydrocarbon chaj-n is attached

through a dehydrated hemiacetaf or vinyl ether linkage, thus these

chains are unsaturated at position-1. The doubl-e bond has a cis con-

figuration in the alkenyl linkage of naturally occuring plasmalogens.

For alkyl glycerophospholipids, there is an ether linkage at position-
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1 and therefore, it is saturated at carbons 1 and 2. The position on

the glycerol backbone and the proportion of the al-kyl and alkenyl

chains, in a specific species of ether lipid, varies depending on the

source of the J-ipid. For example, in bovine heart, 8i% of the alkenyl_

moieties are found at position-1 and '1 3% at position-2. whereas for

piS heart ' 759< was found at the first position and 25% at position-2

(71 ).

The names recommended by IUPAC-IUB (39) are plasmenyl (atkenyl) and

plasmanyl (alkyr) for 1-alkenyl-2-acyr and 1-a1ky1-2-acy1, respecLive-

ly. Plasmenylcholine denotes 1 -arkenyl-2-acyt-sn-glycero-3-phosphocho-

line (a chorine plasmal-ogen) (Fig.9) (40). There are many mol-ecul-ar

species for each type of ether lipid. They may contain more than one

alkyl or alkenyl chain and there may be different numbers of carbon

atoms and doubre bonds for each alkenyl, alkyl or acyl chain. usually

chain J-engths of i 6:0, 1 8:0 and 1 8:1 are found for the ether-linked

acyl chains. There are also many unusuaf ether lipids in addition to

the ether-lipids of neutral and phosphoglycerides (38, 40). Recentl-y,

evidence for a diplasmalogen of phosphatidylethanolamine was found

(70). This ether lipid has two alkenyl moieties, one at the 1-position

and one at the second position of the glycerol moiety. Tt does not

contain an esterified acyl chain. This diptasmatogen occurs as 90% of

the total- phophatidylethanolamine of rabbit sperm (70).

b) History

More than 30 years were needed to resolve the unusual structure of

pJ-asmenylchol-ine and plasmenylethanol-amine. To the present day, they
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still pose the chalJ-enge of their function and there is still no

method avail-able for their separation from their diacyl counterparts,

unl-ess one or the other is derivatized. The following is a brief

description encompassing the initial discovery of plasmalogens to the

point wherein their final structure was resol-ved. The works that I

have omitted, are described in detaif in two excellent histories on

plasmalogens (41 r42).

The name plasmalogen was coined when glycerophospholipids contain-

ing a potential aldehyde were first discovered in the plasma of cel-fs

by Feulgen and Voit in 1924 (43) 
' using the fuchsin-sul-furous acid

stain that they had developed. soon these workers, using these histo-

chemical methods, found plasmalogen in the cel-rs of every type of

tissue from protozoa to human (44145). rn these early years, methods

for the extracLion, separation and analysis of phospholipids \^/ere

virtual-ly unknown. Thus, lipid biochemists of this time engaged in

many painstaking and sometimes futil-e lines of investigation. Much

progress in phosphoripid knowledge was made during the 1940's and 50,s

when reliable technigues became establ-ished. Feulgen and Bersin in

1939 (46) were the first to isolate, a phosphatide from bovine muscle

that contained an aldehyde and ethanol-amine. rn 1951, using Folch's

fractionation method (47) 
' Klenk and Bohm (48) demonstrated that a

serine plasmalogen l{as present in the human brain. Choline plasmalo-

gens v¡ere also shown to exist in bovine heart muscl-e in 1 953 when

Klenk and Gehrmann (49) used alumina to isolate a lecithin fraction.

Rapport (1954) (50) determined the nitrogen and phosphorus content of
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pl-asmalogen-enriched phospholipid fractions. He concfuded from these

studies that native plasmalogens contained. two fatty chains per phos-

phorus atom. That. same year, Klenk and Debuch (51 ) demonstrated that

in human brain , ethanolamine plasmalogens consisted of a fatty acid

and an aldehyde moiety.

Independently, both Rapport's group and Klenk and his coworkers had

al-so observed that the aldehyde presenL in choline and ethanol-amíne

plasmalogen was sensitive to hydrogenation. After hydrogenation with

platinum or mixed catalysts, it was found that the product could no

longer be staíned with the fuchsin-sulfurous stain nor easily hydro-

Lyzed under acid or alkaline conditions. From this, Rapport suggested

that the aldehydogenic l-inkage was in êñ *¡ þ -unsaturated ether (53)

and Klenk and Debuch (51 ) proposed structures that included an d ¡ þ -

unsaturated ether. fn the following year, Klenk and Debuch (52) showed

that chol-ine plasmalogens al-so contained a fatty acid chain and Debuch

(54) ill-ustrated concl-usivety that only unsaturated fatty acj-d was

present in ethanol-amine plasmalogen from brain. During 1955, Rapport

and Alonzo (55) developed a method to determine the number of fatty

acid esters in phospholipids. They found that bovine heart tecithin

consists of 60% chofine plasmalogen and that these plasmalogens were

cleaved by snake venom phospholipase A to yieJ-d one esLer chain per

atom of phosphorus (56). This led to the concl-usion that pÌasmalogens

were very simil-ar in structure to their diacyJ- counterparts. Errone-

ously, the ether linkage was placed at the 2-position of the glycerol,

due to the misconception that snake venom phospholipase acted on

position-1 of the glycerol backbone. Ethanolamine lysoplasmalogen was
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prepared by Rapport et at. (51) in 1957 and chemical studies on this

compound revealed that this molecul-e contained a single unsaturated

bond. Tndependently, Debuch (58159) also found that the al-dehyde was

in the enol form where there is a double bond between theoandþcarbon

atoms. Thus, the model where the ether linkage was of an*rþ-unsatu-

rated type was now greatly in favor. This ether structure \{as con-

firmed by BJ-ietz (60) in 'l 958 for ethanol-amine plasmalogens.

Marinetti and Erbland (61 ) had concl-uded from their work on piS

heart plasmalogens that the aldehydes were at the 1 -position on the

glycerol backbone. However, many other investiqators had evidence that

the ether bond was actually at the 2-position (62, 63' 64, 65). In

1959, Debuch (66) conclusively proved the excfusive focation of the

ether (aldehyde group) at the 1-position of the glycerol moiety in

ethanol-amine plasmalogens from the brain.

c) occurence

Ether glycerophospholipids are widely distributed in nature, being

found in afmost al-l- bacterial- ( except maybe in strict aerobes ) and

animal- cell-s. This section will focus mainly on the distribution of

plasmenylchol-ine and plasmenylethanolamine in mammal-ian tissues since

that is within the scope of this treatise. Alkenylacylglycerophospho-

lipids account for 20% of the total phospholipids in adult man (Table

4) and (Fig.10). The highest levels are found in nervous tissue and

striated muscl-e. There are very low fevel-s present in plasma and liver

(38), l-ess than 2% ín human (12). The tissue distribution of alkyl-
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Fig. 10. Tissue distribution of pJ-asmenylcholine. (12)
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acyl-glycerophospholipids is shown in Fig.11. In the central nervous

system, as in many other tissues and cel-l-s, plasmenylethanolamine is

the predominant ether lipid (Tabfe 5), in the brains of humans, rats

and guinea pigs¡ it represents approximately 55% of the total- ethanol-

amine glycerophospholipids. Tn the brain, the al-kylacyl subcl-ass is

found mainly in chol-ine glycerophospholipids. The myelin sheath is

enriched in plasmenylethanolamine, where plasmenylethanofamine makes

up 32-43% of the total phospholipid in the central nervous system

(Tabl-e 6). In peripheral nerve myelin, 27 Lo 30% of the total- phospho-

lipid is plasmenylethanofamine. Values for plasmenylethanofamine in

the nervous system of various species depend on the degree of myeJ-ina-

tion and proportion of white matter. Tncreases occur during develop-

ment in the content and proportion of plasmenylethanolamine in the

human brain (67 & 68). The total plasmenylethanolamine percentage

increases in myelin with age, in rats and humans (74).

Species differences are noted in the proportion of alkenylacylgly-

cerophospholipids found in the heart. Mammafian heart tissue is unique

as it contains a large proportion of plasmenylcholine. In humans, 39%

of the total- phosphatidylcholine in the heart exists as plasmenylcho-

line (Tabte 7). High J-evel-s of plasmenylchofine are al-so found in the

guinea pig heart - 34% (154), 46>" in bovine heart but onJ-y 4v" in the

rat heart (38). In young mammals, the ratio of plasmenylchotine to

plasmenyJ-ethanolamine in heart muscl-e is different from that found in

the adul-t but this was not thought to be a function of age (73).

Within a species, varying amounts of ether J-ipids are found in
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Mole ratio. alk-l'-enyl groups: lipid P.

Myelin Microsomes Synaptosomcs

0.32
0.43
0.42

0.34

0.42

0.10
0.21

0.18

0.39

:"

0. t9
0. t9
0.27

i''
0. t6

0.2'l
0.28

0.t7

0.27

0. r8

Table 6. Pfasmen]¡fethanolamine

subcellul-az' f:'acti-ons

system. (38)

content in
cf +-he nerr/ous
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different types of skefetal muscl-e (Table 8). other tissues and cell-s

where pJ-asmenyleLhanolamine and plasmenylcholine are abundant but

found in different proportions, depending on species, are spleen,

kidney (Table 9)¡ testes (rable 10 & 11), bone marrow, erythrocytes

(Table 12), macrophages, neutrophils, platelets, and in some tumor

cel-l lines (rable 13) (38) (69).

d) Biosynthesis of PlasmenyJ-ethanolamine

i) The pathway

fn 1962¡ Thompson and Hanahan (102) concl-uded from their studies on

bone marrow that "<-glycerophosphate or a similarly active compound was

the precursor for the ether glycerophospholipids. That triose phos-

phates, such as glyceraldehyde-3-phosphate or dihydroxyacetone phos-

phate¡ rather than glycero-3-phosphate acted as the preclrrsor of ether

lipids was suggested by Friedberg and Greene in 1968 (98). snyder et

al. (99) had found that the glycerol backbone for the ether glycero-

phospholipids v/as a phosphorylated aldehydogenic gycerol derivative

contained in the cytosolic fraction of mouse preputial tumor cefts.

This derivative coul-d be substituted for by Dl-gryceraldehyde-3-phos-

phate (GA-3-P) (100). rn 1970, Hajra (94) demonstrated that dihydro-

xyacetone phosphate (DHAP) was the preferred substrate for ether bond

formation in mouse brain microsomes and in guinea pig liver mitochon-

dria even though D-cA-3-P¡ glycerol-3-phosphate (c-3-p) and dihydro-

xyacetone (DHA) (i06) coufd arso be utilized as precursors. To date,

the biosynthetic pathways that have been elucidated for ether glycero-

phospholipids show that the precursor for the glycerot backbone is
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Alkenylacyl- AlkylacyI-
GPC GPC

% choline glycerophospholipid

Hì.man rectus
abdominis muscle 17

Human gastrocnemius
muscl-e 27

Rat diaphragm 2.4 0.9

Rat sol-eus muscl-e 2-4 1.0

Rat rect.us femoris
muscl-e 3.0 0.9

Tabl-e 8. Ether-linked choline glycerophospholipids in
skefetal muscfe- (38)
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Rcsults rcprescnt pcrcentagcs of total lipid phosphorus and are meansfS.D. of rhrec duplicare <lcrcrminations.

Phospholipids H uman Rat Cuinca pig

Cholinc glyccrophospholipids
diacyl
alkylacyl
alkcnylacyl
lysophosphatidylcholinc

Ethanolamine glyccrophospholipids
diacyl
alkylacyl
alkcnylacyl
lysophospha t idylct ha nola minc

Serine glyccrophospholipids
Inositol glyccrophospholipids
Diphospha tidylglyccrol
Phosphatidic acid
Sphingomyelin

Total

31.0 t 2.0

0.610.2
0.0 r 0.0

0.ó r 0.5

19.2 t2.5
0.ó i 0.3

9.2 Ì0.1
0.0 i 0.0

13.4 t L3
¡.2 r 0.2

0.0 t 0.0

1.7 tO.7
23.5 t2.4

t0r

47.0 f 5.1

l.l10.9
o.o t o'o
1.3 10.9

9.0 r 1.5

1.8 I 0.6

t2.2t2-2
o.o t o.o

9.a x2.2
4.5 r 1.3

0.0 r 0.0

0.0 r 0.0

l3.l r 1.5

996

4tl.ó t 1.6

2.0 t o.e

0.3 t 0.4

0.0 r 0.0

14.8 I 3.5

2.5 t0jÌ
4.5tt.2
0.0 i 0.0

I l.l i O.tl

2.0 10.-l
0.0 t 0.0
2.'t l:0.2

l l.ó 1 1..'l

100._l

Tab.l-e 12. Phospholipid composition of erythrocytes. (72)
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DHAP (Fiq.12) (97,103, 105).

DHAP can be directly acylated with acyl-CoA, at the 1-position, via

acyl-CoA : DHAP acyltransferase¡ to form acyl-DHAP (86). Acyl-DHAP is

then enzymatically reduced at the 2-position by NADPH : acyl-DHAP

oxidoreductase and NADPH to form 1-acyJ--sn-glycero-3-phosphate (lyso-

phosphatidate). Alternatively, J-ysophosphatidate can be formed from

glycerol-3-phosphate (c-3-P), whích is acylated by acyl-CoA : G-3-P

acyltransferase and acyl-CoA. c-3-P arises either from glycolysis,

phosphorylation of glycerol or by the reduction of DHAP by NADH : DHAP

oxidoreductase (¡¡ao+ l-inked c-3-P dehydrogenase) (88r89). There is

some controversy over the importance of the acylation of DHAP as

opposed to the acylation of G-3-P for the biosynthesis of ester-l-inked

glycerophospholipids (87). Acyl-DHAP is the direct precursor required

for the biosynthesis of the ether bond of glycerophospholipids in

hiqher organisms (94). The contribution of the acyl-DHAP pathway for

ester-linked glycerolipids has not been established directly (87, 90,

91). For ester-linked species¡ lysophosphatidate (either from G-3-P or

acyl-DHAP) is acylated by acyl-CoA : 1-acyl-sn-glycero-3-phosphate

acyltransferase to form 1'2-díacyl-sn-glycero-3-phosphate (phospha-

tidic acid). This lipid is the common precursor for PC¡ PE, phospha-

tidylinositol (PT), phosphatidylglycerol (pc) and di- and triglycer*

ides (88,89).

The ether bond in alkyl glycerophospholipíds originates from acyl-

DHAP and long-chain fatty alcohols. Evidence that long-chain fatty

alcohol-s were the direct precursors for the alkyl chain \^/as first
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provided ín 1967 by Friedberq and Greene (96). Later it was al-so found

that long- chain aldehydes could not substitute for the al-cohol-s

(i03). The faLty afcohols are formed from acyl-CoA, via an aldehyde

íntermediater by a membrane associated acyl-CoA reductase e2r95).

This enzyme requires NADPH j-n mammalian cel-ls (93). The biosynthetic

rate of formation of the ether lipids may be controll-ed by the l-evel-s

of long-chain al-cohols sj-nce they are the precursors for the alkyl

bond (101 ).

Catalyzed by alkyl-DHAP synthase¡ acyl-DHAP reacts with a long-

chain fatty afcohof to form alkyl-DHAP (1-alkyl dihydroxyacetone-3-

phosphate) (94). This is a novel reaction where an acyl group is

replaced by an alkyl group, reJ-easing the fatty acid. This substitu-

tion can be inhibited by CoA (107), fatty acids (108) and NADPH (100).

The enzyme reacts with acyl-DHAP and long-chain afcohols of length C.,, 
O

to C^^ (11 , 112). The presence of fatty al-cohols is required for the
22

cleavage of the fatty acid by purified preparations of aIkyl-DHAP

synthase (32).

Alkyl-DHAP is then red.uced at the 2-position by NADPH : alkyl-DHAP

oxidoreductase and NADPH to form'1-alkyJ--sn-glycero-3-phosphate (11 0).

This oxidoreductase is capable of reducing both alkyl and acyl-DHAP

and it has been concluded that this enzyme is the saÌne one that

catalyzes the reaction for acyl-DFiAP (109). An al-ternate route for the

synthesis of 1-alkyl-sn-glycero-3-phosphate is from alkylglycerols

which are taken up from the diet. Alkylglycerofs are phosphorylated by

ATP : alkylglycerol phosphotransferase to form 1 -alkyl-sn-glycero-3-



45

phosphate (1 18). With acyl-CoA, 1-alky1-sn-glycero-3-phosphate may

then be acylated by acyl-CoA : 1 -a1ky1-sn-glycero-3-phosphate acyl-

transferase to synthesize 1-alkyl-2-acyl-sn-glycero-3-phosphate, the

alkyt analogue of phosphatidic acid ( 1 03 r 1 04 ) . The acyltransferase

regulates the acyl group composition of ether glycerophospholipids in

brain (113) and in bovine heart (14) ¡ due to its specificity for

poJ-yunsaturated acyl-CoA's (113). The phosphate of 1-alky1-2-acy1-sn-

glycero-3-phosphate is removed from position-3 by 'l -alky1-2-acyl-sn-

glycero-3-phosphate phosphohydrolase, to form 1 -alkyl-2-acyl-glycerol,

a structure analoqous to 1,2-diacylglycerol (117). This ether gl_ycerol

is used as a substrate by the cytidine pathway, el-ucidated by Kennedy

et al. in 1956 (8).

The enzyme CDP-choline or CDP-ethanol-amine : 1 -alkyl-2-acyl-glycer-

oI phosphotransferase adds the chol-ine or ethanol-amine base to form 1 -

alkyl--2-acyl-sn-glycero-3-phosphocholine (1-alkyl-2-acyl-GpC) (p1as-

manylcholine) or 1 -alkyl-2-acyl-GPE (plasmanylethanolamine) (1 1 5,

116). A study of these two phosphotransferase activities in rat fiver

and brain microsomes revealed that fatty acids inhibit the synthesis

of plasmanylethanolamine in both tissues (152). Also, studies sho\¡,

that the same chofine and ethanofamine phosphotransferases utilized

for the synthesis of i -aJ-kyI-2-acy1-GPC or GPE are used to synthesize

1r2-díacyÌ-cPc or GPE (163). Pfasmanylethanolamine may also arise from

labeled 1 -a1kyt-2-acyl-glycerol by the reverse reaction of ethanol-

amine phosphotransferase on PE (161). The reverse phosphotransferase

activity removes the phosphoethanol-amine from endogenous PE and con-
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tríbutes it to the labefed 1-alkyl-2-acyl-g1ycero1. This reverse reac-

tion v/as enhanced by the addition of cytidine monophosphate (CMp)

(161). Plasmanylcholine is now known to be the precursor sLorage form

of platelet activating factor, 1-a1ky1-2-acetyJ--GPC (40). RecentJ_y, a

metabolic link, such as methylation or base exchange, between 1-alkyl-

2-acyl-GPE and 1 -a1ky1-2-acy1-GPC has been proposed on the basis of

their tissue content (72) . 1 -a1ky1-2-acyJ--glycerol may also be acyl-

ated by acyl-CoA : i -a1ky1-2-acyJ--glycero1 acyltransferase forming 1 -

alkyl-2r3-diacylglycerol, a triradylglycerol (1 16).

Early in vivo studies on Ehrl-ich ascites cells, indicated that '1 -

alkyl-glycerol-s are converted to 1 -alkenyl lipids by a substitution

reaction (130). AJ-kylacyl and alkenylacyt glycerophospholipids are

very similar structuralJ-y and it was postulated that there \¡¡as a

precursor-product relationship between 1-alkyl-2-acyl-cpE and 1-

alkenyl-2-acy1-cPE on the basis of their specific radioactivities

(20,128,129) . Some studies demonstrated thaL '1 -alkyl-GpE rather than

1 -a1ky1-2-acyl-GPE is utilized as the precursor (121). In 1gj3,

Paltauf U22) demonstrated that adenosine triphosphate (ATP) and CoA

were not required as cofactors for the reaction when 1 -alkyl-2-acyl-

GPE lvas the substrate but were required when the substrate was i-

alkyl-GPE. Tt has been confirmed in vitro that plasmanylethanofamine

is the direct precursor of pJ-asmenylethanolamine via a desaturation

reaction of the al-ky} bond (11911201123).

Arkylacyl-GPE desaturase (Ä-alkyJ- desaturase) is the enzyme that

catalyzes this terminal step during aerobic biosynthesis of plasmenyl-
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ethanol-amine in mammaf s (24). A microsomal- mixed-function oxidase,

the desaturase subtracts hydrogen atoms from positions 1 and 2 of the

alkyl chain of i-a1ky1-2-acy1-GpE Lo form the doubl-e bond of 1-

alkenyl-2-acyl-GPE (26). This enzyme is similar in function to fatty

acyl coA desaturase (22'125) and for optimum activity prefers that

the 1 -alky1-2-acyl-GPE contains an unsaturated acyl chain at position-

2 (24). rhe desaturase from hamster smal-I intestine mucosa is specif-

ic with regard to the gtyceror substrate and does not act on 3-alky1-

2-acyl-glycero-1 -PE (a stereoisomer of '1 -a1kyl-2-acyl-Gpc) r 'l -alkyl-

GPE or 1 -alkyl-2-acyl-glycero-3-phospho ( N-dimethyl ) ethanofamine ( 22) .

Desaturation requires cytochrome b5 (121), oxyçJen (12211231127), NADPH

(19 
'122 1123 1127 ) and a cytosolic cyanide-sensitive factor, which

stimul-ates the activity of the enzJ¡me (119,12211231124)- This factor

is identical- to a desaturase protein and d.etails of this protein are

to be found in (124). Recent studies have shown that a high-affinity

uptake system is needed to provide free ethanolamine for the biosyn-

thesis of pJ-asmenyrethanolamine, as it does not al-l- arise from the

decarboxylation of serine (13i ).

ii) The enz)¡mes

DHAP acyrtransferase is a membrane-bound enzyme (133) that is

located on the internal- side of membrane vesicles from rabbit harder-

ian gJ-ands and rat brain (40). rn mammals, two types of DHAp acyl-

transferase are thought to occur. One is localized in peroxisomes and

can not use G-3-P as a substraLe and the other in microsomes, which

can use DHAP or c-3-P as substrate (40). originally, DHAP acylLrans-
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ferase h/as local-ized in the microsomes of brain, lung, testes and

adipose tissue and in the mitochondriaf fraction of liver and kidney

(110). only recently in guinea pig liver and rat liver has this acyl-

transferase been found in peroxisomes (i33ri34). rn the rat brain,

acyltransferase activity was local-ized in microperoxisomes (9'7). How-

ever, Ehrlich asciLes celfs, which contain a high proportion of ether

lipids, fack peroxisomes and hiqh enzyme activity was found to be

microsomal (1 04).

The DFIAP acyltransferase from guinea pig l-iver peroxisomes has

properties distinct. from the microsomal- DHAP acyttransferase (40) and

c-3-P acyltransferase (133)- chronic treatment. of rats with hypolip-

edemic drugs (which cause peroxisome proliferation in liver) resu1ted

in increased activity of both DHAp acyttransferase and c-3-p acyl-

transferase (97'136). DHAP acyltransferase activity is also stimulated

by detergents and the enzyme is resisLant to heat and trypsin in the

absence of detergents (133). Recentry however, approximateJ_y 30% of

liver DHAP acyltransferase activity has been found to be sensitive to

trypsin (91). This may indicate that a portion of this enzyme is

focal-ized on the outer peroxisomal membrane. DHAP acyltransferase is

generally associated with alkyl-DHAP synthase but the activities of

Lhese two enzymes vary in different tissues (135).

NADPH : acyl-DHAP oxidoreductase is present in 1iver microsomes

(34) and with NADPH : alkyl-DHAp oxidoreductase is arso found in

]iver peroxisomes (97). Acyl-DHAP oxidoreductase has also been locaf-
j-zed in brain microsomes (97). NADPH : alkyl-DHAp oxid.oreductase
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specificafly transfers hydrogen from the B side of NADpH to form 1-

alkyl-sn-glycero-3-phosphate (110). This enzyme was partially purified

from the microsomes of Ehrlich ascites cells and guinea pis liver

mitochondria ( 141) .

Alkyl-DHAP synthase is a membrane bound enzyme (137) which is not

exposed on the cytopfasmic surface (that is, it is on the ]uminal

side) of intact microsomes (138). This microsomal alkyl-DFIAp synthase

is stimulated by detergents and in the absence of detergents is not

sensitive to trypsin (138). It has mainty been studied in microsomes

but considerable activity is afso found in peroxisomes (gl). fn guinea

piS liver, activity is mainly l-ocafized in the light mitochondrial

fraction (139) or peroxisomes (97) and in rat l-iver, a bimodal distri-

bution between peroxisomes and microsomes is found (97). This enzyme

is al-so found in brain microperoxisomes (97) and microsomes of Ehrfich

ascites cel-l-s ( 40 ) . Thus, it seems that in guinea pis ]iver ¡ the

enzymes of the acyl-DHAp pathway including: DHAP acyltransferase,

acyl/aJ-ky1-DHAP oxidored.uctase and alkyt-DHAP synthase are 1ocalized

in peroxisomes. rn general, in organs other than l_iver and kidney

these enzymes are l_ocafized in microperoxisomes ej) -

The proposed mechanism by which alkyl-DHAP synthase substitutes a

fatty afcohof for an acyl moiety is outl-ined in the following section.

The substrate¡ acyl-DHAp must contain a ketone function (40). Alkyr-

DHAP synthase is sensitive to sulfhydryf and amino functional- group

modifiers

the DI-IAP

an amino acid functional- group at the active site binds

acyl-DHAP (40). The acyl group of acyl-DHAp is then

,

of
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cl-eaved to form an enzyme-DHAP intermediate before the fatty alcohol

is added (40). Acyl-DHAP acylhydrolase activiLy is not associated with

the purified alkyl-DFlAP synthase (40). rt is thought that this hydro-

lysis occurs in the absence of long-chain afcohors (145). However,

recently iL was demonstrated that the cleavage was dependent on the

presence of the fatty afcohor and that the amount of fatty acid pro-

duced was egual to the alkyl-DHAp formed (132). After hydrolysis, the

activated enzyme-DHAP intermediate can bind. fatty acids or afcohols to

produce acyl--DHAP or alkyl-DHAP, respectively (40). During this pro-

cess, the pro-R hydrogen at C-1 of DHAP exchanges stereospecifically

with water and there is a net retention of configuration in the prod-

uct (140,141 
'1421143'144). A pinq-pong mechanism has been suggested by

the kinetic properties of a purified enzyme which supports the forma-

tion of an enzyme-DHAP intermediate (46). In the ether linkage of

aIkyl-DHÄ,P, the oxyqen is provided by the fatty afcohol and both

oxygens in the acyl linkage of acyl-DHAP are found in the fatty acid

released, this was recently confirmed by Brown et al - (32).

AIkylacyl-GPE desaturase¡ a membrane-bound enzyme, has over 70% of

iL's activity in the microsomes (124). This enz)¡me produces the

alkenyl bond by the Z-efimination of erythro-1(S)r2(S) hydrogens from

the alky1 moiety (26). In microsomes from hamster small intestine,

enzyme activity is 3.5 pmol/mg protein/h (49), 56.0 pmol/mg protein/h

for adult rat brain microsomes (150) and 2-0 nmoL/mg protein/h for pig

spleen microsomes (21). In rat brain microsomes, the specific acti-vi-

ty decreases with age until- in adults the activity is 1 5% that of the

12-14 day old rats (150).
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This desaturase appears to be a sysLem composed of three proteins :

NADH : femicytochrome bU reductase (48), cytochrome bU (27) and an

iron-containing protein that is sensitive to cyanide and identical- to

terminaf desaturase (221123r124). The reaction is inhibited by ethyl-

enediamine tetraacetic acid (Bota), sodium azide, N-ethylmaleimide, p-

chl-oromercuribenzoate, vitamin K , T\n¡een 80 and sodium deoxycholate

but not by carbon monoxide (22). The mechanism of action for alkyl-

acyl-GPE desaturase is similar to that for fatty acyl-CoA desaturase.

Both enzyme systems produce a Z-double bond in an oxygen and NAD(P)H

dependent reaction and in both processes the manner in which the

oxygen is reduced is unknown (25). Rats maintained on a fat-free diet

have increased fatty acyl-CoA desaturase activity but their a1ky1acyl-

cPE desaturase activity does not increase (151). Thus, it has been

suggested that the two desaturases are control1ed at different sites

of the electron transport sysLem (24).

e) Biosynthesis of PlasmenylchoJ-ine

The entire pathway responsible for the biosynthesis of plasmenyl-

choline (1-alkeny1-2-acy1-GPC) in mammalian tissues is not kno\^/n. The

desaturation of 1 -alkyL-2-acyL-GPC does not occur to form the alkenyl

moiety (221153,156). Also, alkylacyl-GPE desaturase can not utilize

1-alkyl-2-acy1-GPC as a substrate (40). Plasmenylcholine occurs in

significant quantities in the mammafian heart (38r154) and the mecha-

nism of its formation remains unsol-ved. Evidence indicates that long-

chain fatty alcohols are incorporated into the alkenyl group (153)
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however, it is not known how this occurs. Labeled phosphate can al_so

be incorporated into plasmenylcholine ( 1 55 ) , again the mechanisms

invol-ved have not been elucidated. Analysis of the fatty acyl chains

at the 2-position of the glyceroJ- moiety do not support a direct

metabofic relationshíp between ir2-diacyl-cpc and plasmenylcholine

(154). Several possible pathways for the formation of plasmenylcholine

incfude the methylation of plasmenylethanol-aminer base exchange and a

mechanism coupling the activities of phosphoJ-ipases with CDP-choline

or CDP-ethanol-amine phosphotransferase. Possible pathways êre outlined

in Fig.1 3.

The methylation of plasmenyJ-ethanolamine to form pJ-asmenylcholine

has been demonstrated in rabbit myocardiaf membranes (157) and rat

brain (i58). These reports suggest that onty smatt amounts of plas-

menylcholine are formed via this mechanism. The base exchange reaction

is known to participate in the formation of plasmenylethanolamine and

pJ-asmenylserine in the rat brain (170). As yet¡ there is no in vivo

evidence of the exchange reaction for the formation of plasmenyr-

choline (24). In vitro studies show that there is a decrease in the

rate of base exchanqe into plasmenylchol-ine in liver microsomes but

not brain microsomes of aged rats (164).

Only trace amounts of plasmenylcholine are formed from 1 -alkyl-2-

acyl-glycerol and incorporation of labeled cDp-chol-ine apparently

results from the reversal- of phosphotransferase activities (169).

Plasmenyrchofine may be formed in vitro from 1 -alkenyl-2-acy1-grycerol

and cDP-chofine by a phosphotransferase activity (152,'i 59, i 60 ) . rn
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vivo, the 1-alkenyl-2-acyl-glycerol required for this process may be

produced by the removal of the polar head-group by reverse acLions of

CDp-choline or CDP-ethanolamine phosphotransferase with CMP (161 ,162) -

In vitro, the polar headgroup can be removed by phospholipase C

(165r166116-l). Recently¡ phospholipase C has been found to stimul-ate

the incorporation of l-abel-ed choline into plasmenylcholine ( i 65 ) .

After removaf of the polar headgroup, pfasmenylcholine is then formed

by the transfer of phosphochofine to the 1-alkenyl-2-acyl-glycerol

(521159,160). The incorporation of CDP-choline into plasmenylcholine

is increased significantly by the additíon of alkylacylglycerols but

not diacylglycerols (168). Tn fiver microsomes, the rate of incorpor-

ation of phosphocholine into plasmenylcholine with alkylacylglycerols

and CDP-choline is 15.0 nmol/mg protein/h (63).

Atkenyl species of glycerophospholipids are found in a variety of

phospholipid classes such as choline, ethanolamine¡ serine and inosi-

tol-. The only defined pathway known to date is for the formation of1-

alkenyl-2-acyl-sn-glycerophospho-3-ethanolamine" Thus, it is reason-

abl-e to speculate that Lhese other alkenyl glycerophospholipids are

probably derived from interconversions of plasmenylethanofamine by a

remodelling process (Fig.14). This process possibly invoJ-ves phospho-

lipases and forward and reverse reactions of the phosphotransferases

(124).

TV. Catabolism of Phospholipids

a) ehospholipases
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Membrane phospholipids exist in a dynamic flux in which continuous

biosynthesis is balanced by degradation. Phospholipases (Fig.15) are

the enzyrnes responsible for the catabolism of the major diacylglycero-

phospholipids, PC and PE. Phospholipase A1 and A2 hydrolyze the acyJ--

ester groups from the 1 and 2 positions, respectively, of the glycerol

backbone to form the corresponding lysophospholipid (Fig.3). These

phospholipases play an j-mportant role in the deacyl-ation of phospho-

lipids to J-ysophospholipids, thus al-lowing the remodefl-ing process of

reacyJ-ation to proceed. Phospholipase A1 and A2 are widely distri-

buted in mammafian tissues and are the major phospholipases (36).

Plasmenylchofine and plasmenylethanol-amine are resistant to the

effects of phospholipase A1 on the alkenyl bond at the 'l -position of

the glycerol moíety (171). As welf, the fatty acyl- groups at the 2-

position of these ether glycerophospholipids are less susceptible to

phospholipase A2 action compared to the diacyl species (112r173) -

Phospholipase A2 activity from rat brain mitochondria and human cere-

brum hydrolyze ether-l-inked choline glycerophospholipids but with a

l-ower activity than with 1 ,2-diacyl-cPc and 1 -alkyl-2-acyl-cpC
('73,176) . 1 -alky1-2-acyl-GPC and i -a1ky1-2-acy1-GPE are deacylated at

the 2-position by solubfe and membrane bound phospholipases A2 from

liver lysosomes (14). Diacyl-GPC and 1-a1kyl-2-acyl-GpC are cfeaved

at almost the same rate by phospholipase A2 from isol_ated rat epididy-

maf fat cel-ls, but the 1 -alkenyl-2-acyl-GPC is cfeaved at a l-ower rate

(175). The specificity for long-chain acyl groups at the 2-position,

reveals that linol-eic acid is rel-eased faster than either finolenic or

arachidonic acid (173) in these systems (1751176). The soluble phos-
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pholipases A1 and A2 isofated from bacteria, plants or snake venom

show a higher affinity for díacyl than for alkylacyl or alkenylacyl

gtycerophospholipids (175). Phospholipase Ai and A2 have been used

during the purification of some ether gfycerophospholipids as they

remove the majority of the diacyl contaminants efficiently (40 ), while

leaving the majority of the ether glycerophospholipids intact.

Recently, a 'plasmalogen selective' phospholipase A2 activity was

demonstrated in the cytosol of canine heart (77) - This phospholipase

is calcium-independent and specifically cleaves the fatty acid at the

2-position of plasmenylcholine five times faster than with diacyl-GPC

(1i7). The activation of this enz)¡me could result in the sefective

re1ease of arachidonic acid from phospholipids in the heart (202) and

other tissues (203).

phospholipase c cleaves the glycerophosphate ester bond of the

diacyJ-phospholipids to form 1 ¡2-diacylglycerol and a phosphate mono-

ester. Phospholipase C is commonly found in bacteria and is distri-

buted in mammalj-an tissues (37). Most phospholipases C isolated from

mammalian tissues are specific for phosphatidylinositol (PI) and ap-

pear to be invofved in the PI cycle (37).

phospholipase C from bacteria (B.cereus, 166) and snake venom (Naja

naja) demonstrate high activity with all three subcfasses of GPC, 1 12-

diacyl, 1 -alkyL-2-acyl and 1 -alkenyl-2-acyl (1 75) . Interestingly¡ the

phospholipase C from B.cereus cleaves alkylacyl-GPC faster than diacyl

or alkenylacyl-GPC. A neutral- active phospholipase C activity was
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recently identified and partially purífied from canine heart cytosol

(111). This enzyme cleaves plasmenylchol-ine and diacyl-cPC with simi-

Iar maximum vetocitíes and does not hydrolyze PI or sphingomyelin

(177). It has been proposed that the myocardial phospholipase C may

function to shuttle 1-a1kenyl-2-acyl-sn-glycero1 from ethanolamine

glycerophospholipids to choline glycerophospholipids (177). Thís may

account for the high plasmenylcholine content of the heart (201 ) .

Phospholipase D action is one of the mechanisms for transphospha-

tidylation . The enzyme acts by phosphatidate exchange with a covalent

phosphatidyl-enzyme intermediate. When water is the phosphatidate

acceptor the reaction is analogous to the hydrolysis of the base from

the diacylglycerophosphate moiety. Al-cohols substitute for water as

the phosphatidate acceptor to form a variety of phospholipids by

phosphatidate exchange. Phospholipase D is found predominantly in

plants (31) , however it has been purified from mammalian tissues (36).

Cabbage phospholipase D can convert 1r2-diacyl, 1-alky1-2-acyl and

1-atkenyl-2-acy1-GPC from ox heart to phosphatidic acid, '1-alkyl-2-

acyl-sn-glycero-3-phosphate and 1 -alkenyl-2-acyl-sn-glycero-3-phos-

phate (79). However, this enzyme has a much slower rate of hydrolysis

with the ether-finked chotine glycerophospholipids than with diacyl-

cPc (180).

Excellent descriptions of the detailed mechanisms and regulation of

the four types of phospholipases are to be found in some recent re-

views (36r3'7 
'1'75).



b) Pl-asmalogenases

fn mammalian tissues, the enzyme plasmalogenase is thought to

catal-yze the hydrolysis of the alkenyl bond at the 'i -position of

plasmenylcholine and plasmenylethanolamine ( 38 r 40 , 1 86 ) . The enzyme

re1eases a long-chain aldehyde to produce 2-acyl-GPE (lysophosphati-

dylethanolamine) or 2-acyI-GPC (Iysophosphatidylcholine) (185). These

lysophospholipids can then be further catabofized by a lysophospho-

lipase which causes deacylation at Lhe 2-position (40). Plasmalogenase

activity has been detected in mammalian braín, liver and in erythro-

cytes (18'1811182). In the brain, plasmalogenase activity is inhib-

ited by diacylglycerophospholipids (38), increases during development

(187), refJ-ects the degree of myelination (188) and is higher in

oligodendroglia than in neuronaf perikarya or in astroglia (189). The

presence of this enzyme in rat brain is controversial (183).

Arachidonic acid is a precursor for prostaglandins and thromboxanes

(36) and is enriched at the 2-position of plasmenylethanolamine (38).

Thus¡ mobil-ization of prostaglandin precursors from plasmenylethanol-

amine¡ mêy invofve an initial cleavage of the alkenyl linkage by

plasmalogenase, followed by the action of a lysophospholipase A2 on

the resuftinq tysophospholipid, to release the arachidonic acid at the

2-position (40).

The catabolism of plasmenylcholine in the heart may occur by the

salne mechanism as that for the catabolism of plasmenylethanol-amine:

first, the cfeavage by plasmalogenase and then the deacyfation of the

Iysophospholipid by lysophospholipase A2. Alternatively, plasmenyl*
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choline could first be deacylated by a phospholipase A2 and then the

alkenyl bond of lysoplasmenytcholine (1-alkenyl-sn-glycero-3-phospho-

choline) could be cleaved by a lysoplasmalogenase. The second afterna-

tive seems likety in fiqht of the fact that plasmalogenase does not

act on plasmenylcholine in the liver and a lysoplasmalogenase activity

has been identified in this tissue (178). Recently, the absence of

plasmalogenase activity for plasmenylchotine has been demonstrated in

the canine heart (77).

c ) i-ysophospholipid Metabolism

Lysophospholipids are distributed throughout aff mammal-ian tissues

(31 ). Havi-ng no distinct biosynthetic pathway of their own¡ they are

produced mainly by the hydrolytic action of intracellular phospho-

lipases A on the parent phospholipids (fig.3). Lysophosphatidylcholine

(LPc) (1- or 2-acyl-GPC) is found to be the major lysophospholipid in

mammalian cells. Due to its cytolytic property, the l-evel- of LPC in

all- tissues is rigidly controlled (32) and under normaf circumstances

is at low concentration in most biological membranes. LPC is regarded

as an important intermediate ín the catabolism of PC (33) and in the

resynthesis of PC in most tissues by the deacylation-reacylation cycle

(14) and transacylation (i5) (Fig.7). These mechanisms are thought to

play an important rol-e in achieving the desired fatty acyl composition

at the 2-position of phospholipids (33 1204 ) . Acylation of 1 or 2-acyl-

lysophosphatidylcholine occurs via the enzyme acyl-CoA : 1 - or 2-acyL-

cPC acyltransferase (200). In serum, LPC is formed by the enzyme
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lecithin-chofesterol- acyl transferase (LCAT) whereby the faLty acyl

chain at the 2-position of Pc is transferred to cholesterol, producing

cholesterol ester and LPC (7). CompleLe deacylation of LPC occurs by

the action of lysophosphoJ-ipases A. These enz)¡rnes hyd.rolyze the acyl-

ester bonds in lysophosphol-ipids to form glycerophosphocholine, upon

the rel-ease of the fatty acyl chain (36).

Lysoplasmenylcholine (Fiq.3) and lysoplasmenylethanolaminer l-ike

other lysophospholipids, are cytolytic and have to be actively metabo-

]ized to prevent their intraceffular accumufation (321197,198). Lyso-

phospholipase D plays an important rol-e in the degradation of cyto-

toxic lysophospholipids with ether bondsr ês the acyl analogues are

rapidly degraded by lysophospholipases A (175). The microsomal- frac-

tion of liver contains a lysophospholipase D that exclusively recog-

nizes 1-alkyJ--sn-glycero-3-phosphobases or 1-alkenyl-sn-glycero-3-

phosphobases, as substrates (191 ). This phospholipase yields 1-alkyl

or 1-alkenyl-sn-glycero-3-phosphates¡ upon the release of the amines

and does not act on acyl lysophospholipids (92). Lysophospholipase D

may al-so serve in the interconversions of plasmenylcholine and plas-

menylethanofamine that involve acyltransferases as wefl as choline and

ethanolamine phosphotransferases (193). This enzyme has afso been

found in rat kídneys, lung, intestiner testes and brain (193). An

endogenous phosphohydrolase rapidly degrades 1 -alkyl-sn-glycero-3-

phosphate to 1-a1ky1-sn-g1ycero1 (38).

Oxidative cleavage of 1-a1ky1-sn*glycero1, 1-a1kyl-sn-GPC and 1-

alkyl-sn-GPE at the 1 -al-kyl linkage occrrrs by a microsomal- tetrahydro-
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pteridine (Pte-Hn)-dependent alkyl monooxygenase (194). There l-s a

transient formation of a hemíacetal intermediate (40) during this

cleavage. The long-chain aldehydes released by this process can either

be oxidized to the coresponding acid or reduced to the alcohol (40).

ThÍs alkyl monooxygenase requires an alkyl group at the i-position, a

free hydroxyl group at the 2-position and a phosphobase group or a

free hydroxyl at the 3-position (40). The enzyme also requires gluta-

thione, ammonium ion and catalase as cofactors, in mammalian systems

(194,195). This oxidative attack on the alkyl group is simifar to that

described for the hydroxylation of phenylalanine (40).

Lysoplasmalogenase (atkenyl hydrolase) from rat liver microsomes

cl-eaves the alkenyl bond of 1 -alkenyl-sn-GPC and 1 -alkeny1-sn-GPE

(78,196). The enzyme for lysoplasmenylcholine is solubil-ízed by

sodium deoxycholate (178) but the enzyme for lysoplasmenylethanofamine

is inhibited by sodium deoxycholate and p-hydroxymercuribenzoate

(196). Alternatively, 1-alkenyl-sn-GPC can be reacylated, back to the

parent phospholipid. This was demonstrated in rabbit skefetal- muscle

but was not observed in rabbit brain or heart (199).
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V. Reseach Aims and Synopsis

Plasmenylchol-ine ( 1 -alkenyL-2-acyL-sn-glycero-3-phosphocholine ) is

a class of ether lipid which comprises 39% of the totaf chol-ine phos-

phoglycerides in the human heart (38). No information was available on

the biosynthesis of plasmenylchol-ine in the heart or in any other

mammalian tissue.

Since the formation of plasmenylcholine inevitably reguires

choline, the initial- approach used to elucidate the biosynthesis of

this ether lipid was to fabel plasmenylchofine with radioactive

choline. Specificali-y¡ perfusion of the guinea pig heart with radioac-

tive chofine was performed according to establ-ished procedure (13).

The radioactiveJ-y labeled plasmenylcholine was isofated and its spe-

cific radioactivity was examined as a function of perfusion time. The

various radioactively labeled aqueous choline-containing metabofites

r^/ere also examined.

Since the lipoídal portion of phosphatidylcholine originates from

1 12-díacylg1ycerol, it is possibfe that the lipoidal portion of plas-

menylcholine may be derived from 1-a1kenyl-2-acyl-glycerol. This pos-

sibitity was examined and further studies \dere conducted to iffuminate

whether the CDP-chofine pathway would be the major pathway for the

incorporation of chol-ine into plasmenylcholine.

In order to further elucidate the possible role of lysophospha-

tidylcholine (f,pC) in cardiac arrhythmias, it would be helpful to be

abl-e to accurately determine the tissue l-evel- of LPC. In view of the
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high plasmenylcholine content in cardiac cell-srlysophosphatidylchofine

may be formed from the hydrolysis of plasmenylcholine by the enzyme

plasmalogenase. Plasmalogenase has been detected in a number of mam-

mafian Lissues, but this activity has not been reported in mammal-ian

heart. A study was undertaken t.o identify and characterize pJ-asmalo-

genase activity in the hamster and guinea pig hearts and to develop a

rapid spectrophotometric assay for the determination of the plasmalo-

genase activity. With the availabil-ity of this new assay, the subcet-

lular localization and other characteristics of the enzyme were stud-

ied. The possibl-e attribution of plasmalogenase activity to the spe-

cies differences noted in cardiac ether lipid content was afso ex-

plored.

The possibility that LPC is a physioJ-ogical factor in the genesis

of cardiac arrhythmias (78181 ,82183) has been the subject of much

debate. The major problem of studies invol_ving LpC were due to the

difficulties encountered in the extraction and quantitation of tissue

LPC. High tissue concentrations of lysophospholipids in the ischemic

heart had been initially reported (79). However¡ this miqht have been

caused by the use of acidified butanol- during extraction (84). v\Iith

the usage of neutral organic sol-vents, lower concentrations of LPC in

ischemic myocardium have since been reported (80r84r85). Nevertheless,

the obvious lack of agreement between values obtained from different

l-aboratories has not been explained. The discrepancies may result from

the different methodologies employed for the extraction, isolation and

quantitation of lysophospholipids- Hence, the devel-opment of a specif-

ic and reproducibl-e method is essentiaf for studies involving the
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physiological significance of this lipid.

rn this study, a procedure \../as developed for the determination of

smalf amounLs of LPC in cardiac tissue. Lpc from canine heart \^/as

separated from the major phospholipids and then acetyrated with la-

beled acetic anhydride. The LPC content was calculated from the radio-

activity associated with the acetylated product. The resul-ts from

control and ischemic canine cardiac tissues r¡rere compared.

This research may enable investigators to accurately assess the

changes in lysophosphatidyl-choline l-evefs durinq cardiac ischemia and

other cardiac disorders. The results obtained may provide additional

information for the delineation of the physiological- rol-e of lysophos-

phatidylcholine in card.iac dysfunction.
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Materials and Methods

T. Materials

a) Animal-s

Male, albino guinea pigs, weighing 200-250 g' were used for the

study of pJ-asmenylcholine biosynthesis. The animal-s were obtained from

High oal<, ontario, and were maintained on Purina Chow and tap waLer,

ad l-ibitum, in a light and temperature controll-ed room. Syrian golden

hamsters, 100-150 g, were utilized for the study of plasmalogenase.

Mongrel dogs of either sex, weíghing 8-i5 kg, were used for the quan-

titatj-on of cardiac lysophosphatidyJ-chol-ine.

b) Chemicals

Phosphatidylcholine (pig liver), sphingomyelin (beef brain), 1 '2

and 1 r3-diacyJ-gtycerides (piS fiver) were the product of Serdary

Research Laboratories (London, ontario). L-<LLysophosphatidylcholine

(egg yolk) and lipid standard (containing: cholesterof, cholesterol-

oleate, methyl oleater oleic acid and triolein) were purchased from

sigma chemical Co. (st. Louis, Mo). cDP-chol-ine, phosphorylcholine

chl-orider chofine chlorider choline iodide and aminoethanol (ethanol-

amine) were also obtained from Sigma. Palmitafdehyde sodium bisuffite

was purchased from K & K Laboratories, Plainsvill-e, NY. 3-heptanone,

4-heptanone and 2' r7'-dichl-orofl-uorescein were obtained from Eastman

Kodak Co., NY. Thin layer chromatographic plates (SlL-c25) were pro-

duced by Macherey-Nage1 (West Germany) and purchased through Brinkman

Instruments, Rexdaler ontario. Redi-Plate (sil-ica gel G)¡ thin layer
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chromatographic plates were obtained from Fisher Scientific Co.

(winnipeq, Manitoba). Sificic acid (Bio-Sif A) 1 00-200 mesh was ob-

tained from Bio-Rad Laboratories, Ca. Cefite 545 (ew) was obtained

from Supelco Inc., PA. Adenosine 5'-triphosphate (equine muscle) r

glutathione (reduced form), decanaldehyde, þ -nicotinamide adenine

dinucfeotide (grade IIT, yeast) and bovine serum afbumin were pur-

chased from Sigma. Butylated hydroxytol-uene (BHT), potassium iodider

iodine, mercuric chloride and tetraphenylboron were al-so obtained from

Sigrna. Sucrose, Trizma base (reagent grade), deoxycholic acid (sodium

sal-t), activated charcoaf and ethylenediamine tetraacetic acid (EDTA)

were purchased from Sigma. Absofute methanol was obtained from J-T-

Baker Chemical Co., NJ. Acetic anhydride of analytical grade \,,/as

obtained from BDI{ Chemicals (Poole¡ England) and kept desiccated over

sodium sulfate at 4oC. Pyridine was obtained from Fisher Scientifíc

Co. and kept desiccated over barium oxide at 4"C. Aqueous counting

scintiflant \.^ras purchased from Amersham Corporation (oakvilIe,

Ontario). Anhydrous ether, petroleum ether¡ diethyl ether¡ chloroform,

iso-butanol-, ethanol, methanol and 69-12% perchJ-oric acid were of

certified A.C.S. grade from Fisher Scientific Co. All other chemical-s

were of reagent grade and were obtained from Fisher Scient.ific Co. All

glassware r¡/as treated with dimethyldichlorosil-ane sol-ution (22 in

1,1 r1-trichloroethane, BDH Chemicals) before use. All solutions were

prepared with glass-distilled water and adjusted to the desired pH.

c) Enzymes and Radiol-abeled Compounds

Phospholipase c (Clostridium wel-chii) r choline kinase (bakers
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yeast) alkaline phosphatase (Escherichia coli), al-dehyde dehydrogenase

(potassium activated, bakers yeast) and phosphodiesterase I (type rT)

(Crotafus adamanteus) were purchased from Sigma Chemical Co. (st.

Louis, MO).

'i,2-Dipalmitoyl-sn-gÌycero-3-phospholmetfryfl4clchotine, [¡¿ettyl-3

Hlcholine chforide, IMethyr--lt:cytidine diphosphocholinerl4c-pho"pho-

choline and It -32p)adenosine 5'-triphosphate tetra(triethytammonium

salt) v/ere purchased from New England Nuclear Research Products

( Boston, MA ) . i - I i 1ac I palmitoyl , 2-lyso-sn-glycero-3-phosphocholine,

jlaclacetic anhydride, [3u]acetic anhydride and Il-3Hlethan-1 -ol-2-

amine hydrochloride were obtained from Amersham Corporation (Oakvil-Ie,

Ontario).

IT. Methods

a) Heart Tissue Preparat.ions

i) Perfusion of the isolated guinea pig heart

Isolated guinea pig hearts \.^/ere perfused with Krebs-Hensel-eit buf-

fer (207) in the Langendorff mode (208). Immediately prior to perfu-

sion, the buffer was prepared by combining 100 ml of solution A¡ 10 ml

of solution B, 5 ml- of sol-ution C and distilled water to a vofume of 1

litre (1). Sol-ution A contains: 10.1 g/l- sodium chloride ' 21 S/I

sodium bicarbonate and 9.9'1 g/l dextrose. Sol-ution B consists of 3.55

q/100 ml potassium chloride¡ 2.9a 9/100 ml magnesium sulfate and 'l .63

q/100 ml- sodium phosphate (monobasic). Sol-ution C contained 3.73 9/100
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ml- of calcium chl-oride. All solutions were stored separately at 4oC.

Guinea pigs were sacrificed by decapitationr the hearts were ex-

cised and placed in Krebs-Henseleit buffer, pH 7.4¡ saturated with 95%

oxygen and 5% carbon dioxide, ât room temperature. The aorta was

cannulated and the heart was perfused in the Langendorff mode. AtI

perfusions were carried out at 37"C, with a coronary flow rate of 2.8

ml/min. Each heart was first perfused with Krebs-Henseleit buffer for

10 min to al-l-ow a period of stabilization for the isol-ated hearL and

to restore regular rhythm. Electrocardiac recordings were obtained by

placing one electrode on the aortic cannul-a and the other on the apex

of the heart. This placement of electrod.es (Iead 2) all-owed the asses-

sment of atrial- and ventricul-ar activities at the same time. Under our

experimental conditions, normal EKG patterns were maintained for at

feast 4 h of perfusion. After stabilization, the hearts were perfused

with Krebs-Henseleit buffer containing radioactive or nonradioactive

compounds, for various time periods. Following perfusion, the hearts

were perfused rapidly with 30 ml of Krebs-Henseleit buffer to remove

the residual- radioactive or nonradioactive compounds in the blood

vessefs. An additional 30 mt of air T¡¡as forced through the cannula to

remove the buffer- The heart v/as then cut open, bfotted dry and the

wet weight was determined.

ii) Preparation of ischemic heart tissue

Dogs were anesthetized by intravenous injection of sodium pentobar-

bitol (30 mg,/kg body weight). After exposure of the heart, ischemia

was produced by surgical occlusion of the l-eft anterior descending
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coronary artery by the Haris two-stage technique (209). The chest

cavity was closed and the animal was affowed to recover. Appropriate

dosaqes of morphine sulfate and diazepam were given as analgesic and

sedative. The cardiac rhythm of these animals after surgery \,/as moni-

tored by electrocardiac recording (Iead 2). The heart \^/as excised 24 h

after surgery and ischemic areas of tissue from the left ventricle

were removed and placed on ice. Control cardiac tissue was obtained

from the nonischemic areas of the left ventricle of the same heart.

iii ) Subcel-l-ular fractionation

Guinea pigs and hamsters \,vere sacrifíced by decapitation and the

hearts removed and placed on ice. The hearts \,üere v/eighed, washed, cut

into pieces and then homogenized in 0-25 M sucrose¡ 10 mM tris-HCl- and

2 mM EDTA (pU Z-4) to yield a 10% (w/v) homogenate. Homogenization for

20 s \.{as performed twice with a Polytron homogenizer (Brinkman

PT1 0/35 ) . The homogenate \4/as centrifuged for 4 min at i 00 x g with a

bench centrifuqe at 4"C. The supernatant was decanted and the peIlet

rtras rehomogenized. This procedure \^¡as repeated and the supernatants

were combined with the l-ast homogenate. This final homogenate \,vas

centrifuged at 21000 x g for 10 min to pellet nucleir cell- debris and

unbroken cells. The resultinq supernatant was centrifuged at 20r000 x

g for'10 min (121500 rpm x 10 min in Sorvafl RC-5 Superspeed Refriger-

ated Centrifuge with SS34 rotor). The supernatant was decanted and the

centrifugation was repeated. The two resul-tant precipitates repre-

sented the mitochondrial fraction. The post mitochondrial supernatant

\.^/as centrifuged at 100,000 x g for 60 min (37¡000 rpm x t h in
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Beckmann Ul-tracentrifuge with Ti 70 rotor) " The pellet represented the

microsomes and the supernatant the cytosol.

The microsomes were then washed as follows: The microsomal- pellet

was resuspended in 0-15 M tris-HCI (pH 8.0) using a Dounce homogenizer

type B. The homogenate was centrifuged at 1001000 x g for 60 min. The

microsomes (pellet) were then resuspended in 0.25 M sucrose and 10 mM

tris-HCl (pH 7.4) and the centrifuqation was repeated. The final,

washed microsomes \.^/ere resuspended in 0.25 M sucrose and i0 mM tris-

Hcl- @H 7.a) and stored at -20'C.

b) Preparation and fsolation of Lipids

i) Preparation of total lipid extracts

The wet weight of alt cardiac tissue samplesr taken either directly

from the animal or after perfusion¡ were determined and the tissue

samples were immediately cut into smafl pieces for homogenization.

The tissue sample in chloroform,/methanol (1:1; v,/v) was homogenized

twice with a Polytron homogenizer (Brinkman PT1 0/35) at a setting of

6, for 20 s each. The homogenizer v/as rinsed with 5 mI of chforo-

form,/methanol ('.1 ¡ v,/v) which was added to each tissue homogenate.

Butylated hydroxytoluene (0.25%) was added to al-f samples prior Lo

homogenization. Lipids \¡rere extracted from the homogenate by the

method of Fofch et aI. (210). The tissue homogenate was centrifuged

for 10 min at 21000 rpm in a cfinical centrífuge. The supernatant was

decanted into a round bottom flask and chloroform was added to produce

a chloroform/methanol ratio of 2:1i v/v. The tissue pellet was re-
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extracted with chloroform/methanol- (2:1 ¡ v/v) and the mixture affowed

to stand for at l-east 1 0 min to facilitate extraction. The second

extract \../as centrifuged as above and the resulting supernatant was

decanted. Extraction of the pellet was then repeated.. Supernatants

(Iipid extracts) from each extraction were combined into a round

bottom flask and enough water was added to each to produce chforo-

form,/methanol,/water (4:222¡ v/v). The mixture was shaken vigorously

and allowed to stand for 1 0 min, Lo improve phase separation. The

upper phase (aqueous) was removed from each f}ask by pasteur pipette

and placed in a round bottom flask and the vofume of the solvent vTas

reduced by evaporation in vacuo, at 45"C- The content \'^/aS resuspended

in 1 ml of water¡ transferred to a scre\,v cap tube and stored at -20"C.

The lower phase (organic) was filtered (Whatman 1PS filter paper) into

a round bottom flask an<1 the vofume of the sol-vent was reduced by

evaporation in vacuo¡ at 30"C. The content of each flask was resus-

pended ín chloroform/methanol (2;1 ¡ v/v) and the sofution was fiftered

(Whatman 4 qualitative filter paper) into a screv¡ cap tube. The sol-

vent rlvas then totalty removed by evaporation under nitrogen- A known

volume of chforoform was added to each tube and the tubes were sLored

at -20"C. These tubes constitute the totaf lipid extract from each

tissue sample.

ii) Separation of phosPholiPids

a) Silicic acid column chromatography

Phosphotipid cl-asses in the totat lipid extract were separated by



74

silicic acid chromatography according to the protocof of Sheltawy and

Dawson (211). Silicic acid, 100-200 mesh (Bio-Si] A, Bio-Rad) was

washed several times with chtoroform and then packed into columns.

Totaf tipid extracts (in chl-oroform) were then loaded onto the top of

each column. Fractions \.^/ere col]ected and the volume of the sol-vent

was reduced þy evaporation at 30oC. ¡ in vacuo. After evaporation,

lipid fractions were transferred to screw cap tubes and analyzed by

thin layer chromatography to monitor the J-ipid composition of each

fraction. Neutral lipids were eluted by passing sufficient volumes of

i00% chloroform down the cofumn. The total phospholipids v/ere then

eluted with 80% methanol in chloroform.

When phospholipids were eluted in a stepwise manner, the following

series of efuants \^/ere used. Phosphatidic acid and phosphatidylgly-

cerol v/ere el-uted from silicic acid columns with 5-1 0% methanol in

chloroform. Phosphatidytethanofamine \Àias obtained from the columns

with 10-15% methanol in chl-oroform, phosphatidylserine with 15-20%

methanol in chloroform and phosphatidylcholine was efuted with 40-50%

methanol in chloroform. Sphingomyelin and lysophosphatidylcholine were

eluted from the silicic acid columns with 80% methanol- in chloroform.

b) Thin layer chromaLography (TLC)

Neutral- and phospholipids \^/ere regularly separated on thin layer

chromatographic plates (Redi-Plate, Sil-ica gel G, Fisher Scientific).

Lipid samples were applied to the orígin (1.5 cm from the bottom of

the plates) via a Hamilton syringe. Blank lanes of silica gel (0.5-2.0

cm) were feft on the sides of each pJ-ate. After application to the
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pl-ates, the samples were affowed to air dry. Chromatographi-c Lanks

\^/ere pre-saturated with the solvent mixture and al-l- plates were run at

room temperature. After chromatography, the plates \,vere allowed to air

d.ty, prior to visualization. Phosphatidylethanol-amine¡ phosphatidyl-

choline and Ìysophosphatidylchofine were usualJ-y separated with a

sofvent mixture cont.aining chl-oroform/methanol-/waLer/acetic acid

(70:30 :4:2i v/v) or chforoform/methanoL/water/armonium hydroxide

(65:50 :4:11¡ v/v) . lVhen highJ-y purif ied phospholipids were required,

succesive chromatographies utíJ-izing both solvent mixtures v/ere em-

ployed.

Lipids on TLC plates were visual-ized by destructíve (iodine, ninhy-

drin, phosphomolybdate-sul-furic acid, Dragendorff's reagent) and non-

destructive methods (2' r7'-dichlorofl-uorescein). Destructive methods

were only empJ-oyed when the lipids separated did not require further

analysis after chromatography. AIl unsaturated lipids ,h¡ere easily

visualized by exposure of the plates to iodine vapor, in a closed

chamber for a few minutes. However, this is a poor method for the

visualization of saturated J-ipids. Also, the iodination of double

bonds causes the l-oss of unsaturated fatty acids and of the alkenyl

bond of ether lipids. fodine \¡/as removed from TLC plates by warming

them for 30 min at 100oC.

Sprays rvere utilized to specifically visualize certain cl-asses of

lipids. Ninhydrin (0.25% in acetone) spray generated purple spots,

after heating the plates, to visualize phosphatidylethanolamine, Iyso-

phosphatidylethanol-amine and phosphatidylserine. A modified version of
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Dragendorff's reagent (21 1) was used to visual-ize chol-ine-cont.aining

lipidsr âs yellovr spots on a grey background. Dragendorffts reagent.

was prepared by rapidly mixing a sofution of 1-l% (w/v) bismuth nitrate

in 20% k/v) aqueous acetic acid in a ratio of 2:7 with 0.29e" (w/v)

potassium iodide. This mixture is hiqhly unstable and was immediately

sprayed onto TLC plates.

The method util-ized for the detection of lipid-phosphorus on TLC

plates was that developed by Dittmer and Lester (212), as described by

Sheltawy and Dawson (211). All phosphorus-containing lipids appeared

as bfue spotsr which gradually increased in intensity, afLer TLC

plates \¡/ere sprayed with the phosphomolybdate-sulfuric acid solution.

This reagent \,/as afso used to char all types of lipids, by heating the

sprayed plate for 30 min at 100oC. This spray was prepared. by mixing

two volumes of water with equal volumes of sol-utions A and B. Solution

A was prepared by the addition of 40-11 g molybdenum trioxide to 1

litre of 25 N sulfuric acid ('70%, v/v). The mixture r¡¡as boiled until-

the molybdenum trioxide had dissol-ved. Solution B was prepared by the

addition of 1.78 q powdered molybdenum to 500 mI of sol-ution A. This

mixture was boil-ed for 'l 5 min, coofed and decanted from any residue

present. Solutions A and B were stored separately until reguired.

When J-ipids \.^/ere reguired for anal-ysis subsequent to thin layer

chromatography, the TLC plates were sprayed with 0.2% G/v) 2' ,7'-

dichl-orofluorescein in ethanol. Lipids were visual-ized as yeÌlow fl-uo-

rescent spots against a green background, under ultraviol-et light. To

isolate the lipids, the appropriate fractions were removed from the
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TLc plates and efuted from the sil-ica gel by the method of Arvidson

Ql 3). To the silica gel in small test tubes \^/as added 4 ml of chl-oro-

form,/methanol-,/water/acetic acid (50:39:1 0:1 ; v,/v) and the so]ution was

mixed vigorously. The tubes were affowed to stand for 10 min, to

facil-itate the extraction of the lipids. Thereafter, the tubes were

centrifuged for i0 min aL 21000 rpm in a cl-inicaf centrifuge. The

supernatants were removed to large tubes (15 ml) and extraction of

each silica gel pellet was repeated, twice. To the combined superna-

tants in the larqe tubes was added 4 ml- of 4 M ammonium hydroxide and

the tubes were mixed vigorously. After phase separation, the upper

phases (containing the dye) were removed by suction. The lower phases

r¡¡ere filtered (Whatman 1 PS filter paper) into scre\,i¡ cap tubes and

evaporated to <lryness under nitrogen. Each lipid sample was then

resuspended in chforoform and stored at -20oC.

iii) Preparation of plasmenylcholine and plasmenylethanolamine

a) Care and storage

The vinyl ether (alkenyJ-) J-inkages of plasmenylcholine and plas-

menylethanolamine are easily l-ost due to peroxidation¡ to form the

ether (a1kyl or hydroxy-alkyl) linkage. Hence, an antioxidant, butyl-

ated hydroxytoluene, was included in all- lipid preparations containing

alkenyl linkages. AÌ1 test tubes and glassv/are used to store these

lipids were covered with afuminum foil to excfude liqht. Lipid prepa-

rations were stored under nitroqen at -20oC-, at afl times. During all

experiments, care was taken to avoj-d exposing the alkenyl linkages to
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temperatures above 40oC", mercuric ions, iodine vapors or mildly

acidic conditions. AÌ1 of the above conditions will cause the cleavage

of the alkenyl linkages by reducing the double bond and releasing the

long-chain al-dehyde, thereby producing the lysophospholipid.

b) Alkaline hydrolysis

The current methods available for thin layer chromatography and

silicic acid column chromatography were not abfe to separate intact

plasmenylcholine from the diacyl and alkylacylglycerophosphocholine

cfasses. All three classes of lipids migrate as a singfe fraction with

these methods. This difficulty also applies to the ethanol-amine Sly-

cerophospholipid cl-asses. It is therefore necessary to hydrolyze or

derivatize one or more of these lipid classes, prior to their separa-

tion by chromatography. In our experiments, intact plasmenylchol-ine

and plasmenylethanolamine were isolated from choline and ethanol-amine

glycerophospholipids (containing diacyl, alkenylacyJ- and alkylacyl

cl-asses) after alkaline hydrolysis. Alkaline conditions caused the

hydroJ-ysis of the ester linkages of glycerophospholipids releasing the

fatty acyl chains, whilst leavinq the ether (alkenyl and alkyl) tink-

ages intact. Since alkylacylgJ-ycerophosphocholine constitutes fess

than 3% of the total choline glycerophospholipids of Lhe guinea piS

heart, it was al-lowed as a minor contaminant in al1 preparations of

choline glycerophospholipids .

Large amounts of plasmenylcholine and plasmenylethanolamine were

prepared by the method of mild alkaline hydrolysis by Renkonnen (215).

Treatment. for 1 5 min by mild al-kal-ine hydrolysis caused the complete
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cl-eavage of the ester linkages of the diacylglycerophospholipids but

only 30-50% of the ester groups in plasmenylcholine. Specificallyrthe

choline or ethanolamine glycerophospholipid sample r¡¡as evaporated to

dryness in a large round bottom flask, under a stream of nitrogen. The

lipids were redissolved. ín 120 mf of chloroform/methanof ('1 :1; v/v).

Thereafter, 20 ml of 0.35 N sodium hydroxide in 96% methanol- was

added. After vigorous mixing¡ the sample \^/as incubated at room temper-

ature for 'l 5 min. Subsequent to incubation, 100 mf of chl-oroform and

0.8 ml of methanol- were added to the flask. The ffask was capped¡

shaken vigorously and 51 mI of water was added. After mixing and phase

separation, the upper phase \^/as removed and the solvent in the l-ower

phase was reduced by evaporation in vacuo at 30oC. The lipids were

redissolved in chloroform/methanoJ- (2:1 ¡ v/v) and applied to the top

of a sificic acid column. Intact plasmenylethanol-amine was eluted from

the cofumn with 'i 0-1 5% methanol- in chloroform and plasmenylchol-ine was

efuted with 30-40% methanol- in chloroform, as described previously.

Thin layer chromatography was used to establish the Ìipid composition

of each fraction. ülhen the incubation time was increased to 40 min,

all- of the ester linkages were d.estroyed. This resulted in the forma-

tion of lysoplasmenylcholine (from plasmenylcholine) and glycero-3-

phosphocholine (from diacylgJ-ycerophosphochol-ine). Similar hydrolytic

products were obtained for the ethanolamine phosphoglycerides. Under

these conditions, lysoplasmenylethanolamine was eluted from the

sil-icic acid columns with 20-25% methanol in chl-oroform and any resid-

ual diacyJ-glycerophosphochol-ine was eluted with 50% methanol in

chloroform. Lysoplasmenylcholine was efuted gradually between 55-80%
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methanol- in chforoform.

Mild afkalíne hydrolysis by the method of Wef1s and Dittmer (214)

was used to degrade all of Lhe ester linkages of qlycerophospholipid

samples containing up to 20 pmol of lipid. This method was utilized to

prepare lysoplasmenylcholine and lysoplasmenylethanolamine. Specifi-

cal1y, solvents \.,¡ere completely removed from the chofine or ethanol-

amine glycerophospholipid samples by evaporation under nitrogen. The

lipids were redissol-ved in 1 ml of chforoform/methanol (1 z4¡ v/v) by

vigorous mixing. To this solution was added 0.1 mI of 1.2 N sodium

hydroxide in methanol,/water (:1 ¡ v/v). The solution was mixed thor-

oughly, covered with Parafilm and incubated at 37oC for 20 min in a

shaking water bath. The sample \iüas neutralized upon the addition of

0.15 ml of 1 N acetic acid and 2 mL of chl-oroform,/methanol (9:1¡ v/v).

After vigorous mixing, 1 ml- of ísobutanof and 2 ml of water were

added. The mixture \.^/as shaken and then centrifuged for 10 min at 21000

rpm in a clinical centrifuge to facilitate phase separation. The upper

phase \^/as removed by suction and the 1ower phase v/as re-extracted with

methanol,/water (:2¡ v/v) - After centrifugation, Lhe solvent in the

washed lower phase \.das evaporated with nitrogen. The lipids were

redissolved in chl-oroform/methanol (2:1 ¡ v/v) and spotted onto a TLC

plater which was then developed in a solvent mixture of chl-oro-

form,/methanof,/water/aceLic acid (70:30 =4:2¡ v/v) . After chromaLo-

graphyr Lhe plate was al-lowed to air dry and was then sprayed with

0.22 2' ,J' -dichlorofluorescein in ethanol to visual-ize the lipids.

This procedure degrades díacylglycerophosphocholine to glycero-3-
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phosphochol-ine, plasmanylcholine to lysoplasmanylcholine and plas-

menylcholine to lysoplasmenylcholine. Simifar hydroJ-ytic products were

formed from the ethanolamine glycerophospholipids. Therefore, the LPC

or LPE fractions on the TLC plate contained only the ether cl-asses of

choline and ethanolamine glycerophospholipids, respectively. These

lysophosphol-ipid fractions \,vere removed from the plate and the lipíds

were el-uted from the silica gel by the method of Arvidson Ql 3) as

described previously.

c) acidic hydrolysis

Phospholipid preparations, free of plasmenylcholine and plasmenyl-

ethanol-amine, \¡rere obtained after acid hydrolysis by the method of

Wel-ts and Dittmer (214). This method hydrolyzes aÌl of the alkenyl

bonds of glycerophospholipids but feaves the ester and ether (alkyl)

bonds intact. SpecificaÌIy, the sol-vents of tipid samples (containinq

up to 'i ¡rmol) were evaporated under nitrogen. The lipids !,/ere resus-

pended in 1.6 mI of chl-oroform/methanof (5:11; v/v) ancl mixed vigor-

ously. The mixture was again vigorously mixed following the addition

of 0.4 ml of 0-025 M mercuric chloride in 0.05 N hydrochloric acid.

The tubes v/ere capped with Parafilm and incubated for 20 min at 37oC

in a shaking water bath. After incubaLion, 3.5 ml of chl-oroform and

0.9 ml of methanol were added and mixed thoroughly prior to the addi-

tion of 2.6 ml- of water. After mixing, the phases were separated by

centrifugation (10 min at 21000 rpm in a cfinical- centrifuge). The

upper phase lvas removed and the sofvent in the 1ower phase \^/as evapo-

rated under nitrogen. The hydrolysis was then repeated. Following the
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second hydrolysis, the lipids in the l-ower phase were redissol-ved in

chloroform/methanol (2:1 ¡ v/v) and spotted onto a TLC plate. The plate

v/as developed in a sol-vent mixture of chforoform,/methanol-/water/aceLic

acid (70:30:422¡ v/v)- After development, the ptate was afl-owed to air

dry and the lipids were visualized by exposure to iodine vapor. By

this procedure, long-chain fatty aldehydes r^/ere rel-eased from the C-1

position of plasmenylcholine and plasmenylethanoJ-amine, resulting in

the formation of lysophospholipids. Ester bonds and a1kyl bonds of the

phosphoglycerides were not attacked by this treatment and the miqra-

tion of these lipids on the TLC plates remained unchanged.

iv) Isol-ation of lysophosphatidylcholine

Lysophosphatidylcholine (LPC) was isolated from the toLal lipid

extract. of canine heart¡ orì sil-icic acid columns according to the

protocol of Sheltawy and Dawson (211). The lipid extracts were sus-

pended in a volume equivafent (ml) of chl-oroform/methanof (2:1 ¡ v/v)

equal to the gram wet weight of the tissue homogenate. Silicic acid

(0.5 g) was suspended in chl-oroform and packed. into a 10 x 0-5 cm

col-lmn. Lipid extract (20-100 )rf ) was applied to the col_umn. The

lipids were el-uted from the column by the sequential- application of 5

ml- of chl-oroform, 5m1 of chforoform/methanol (421 ¡ v/v) , 25 mI of

chforoform/methanol (1:i; v/v) and 40 ml- of chloroform/methanol- (1:9;

v/v). LPC was eluted from the column with the last eluant and the

volume of the LPC-containing fraction was reduced by evaporation in

vacuo. The conLent was transferred to a test tube and the solvent was

totally removed by evaporation under nitrogen.
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v) Isolation of 1-alkenyl-2-acyl-glycerols

1-Alkenyl-2-acyl-glycerols were isolated and quantit.ated from the

guinea pig heart. Total lipid extract.s (in chl-oroform) were prepared

from three samples (each containing 4 hearts). Neutral lipids present

in the total lipid extracts \,vere separated from the phosphotipids by

thin layer chromatography. The TLC plates vrere developed with a sof-

vent mixture of chloroform/methanoJ-/acetic acid (98:2:1¡ v/v). After

chromatography, the neutral- lipids were visuafized under U.V. light

with 0.2% 2' r7'-dichforofl-uorescein. Since'i-alkenyl-2-acyl-glycerol

migrates with 1 r2 and '1 r3-diacylglycerols on TLC plates¡ the fractions

corresponding to 1 r2 and 1 r3-diacylglycerols were removed from the

chromatograms. The lipids r/úere recovered from the sil_ica gel by the

method of Arvi-dson (213). The diradylglycerol preparation v/as further

purified by thin layer chromatography wiLh a sofvent mixture of petro-

leum ether/diethyl ether/acetic acid (80:20:1; v/v). Following devel-

opment, the 1 ,2 and '1 ,3-diacylglycerols T¡/ere removed from the TLC

plates and el-uted as described above. These two diradylglycerol frac-

tions were combined and the 1 -a1kenyl-2-acyJ--gtycerols were quantita-

ted by their alkenyl content by a modification of the method by

Gottfried and Rapport Q16).

vi) Production of 1-alkenyl-2-acy1-glycerol

Plasmenylcholine-enriched fractions were obtained from bovine and

canine hearts by silicic acid col-umn chromatography after mil-d alka1i

hydrolysi s (21 5 ) . The alkenyl conLent of these fractions was estimated
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by the method of Gottfried and Rapport Q16). i-AfkenyI-2-acy1-gly-

cerofs T/¿ere prepared from plasmenylchol-ine by hydrolysis of the phos-

phocholine moiety with phosoholipase c (c.werchii) according to the

method of Renkonnen (167). The solvents of plasmenylcholine-enriched

fractions (containing up to 30 l:.mol of plasmenyJ-chol-ine) were evapo-

rated under a stream of nitrogen. The lipids, in large covered tubes,

\,\¡ere resuspended by sonication in '1 ml- of 0.2 M tris-HCI (pH 7.35)-

Phospholipase C (100 units) was resuspended in 0.2 M tris-HCl (pH

7.35) containing I mM calcium chloride and added to the sonicated

lipid suspension. Diethyl ether, up to 2 mI, was gently layered onto

the top of the J-ipid-enzyme suspension. This preparation v/as incubated

at 37oC in a shaking water bath, until the bottom layer had clarified.

The ether \^ras then evaporated under a stream of nitrogen and the

lipids were extracted and phase separated as previously described- The

lipid extract was applied to the top of a chforoform washed, sificic

acid col-umn and diradylglycerols were efuted from the column by pas-

sing sufficient vofumes of 1 00% chl-oroform down the cofumn. The di-

radylglycerols were furLher purified by thin layer chromatography¡

utilizing the two solvent system described in the previous section.

c) Anal-ytical Methods and Assays

i) Determination of lipid-phosphorus

Total lipid phosphorus was determined by the method of Bartl-ett

(217), using perchloric acid digestion as described by King (218).

This assay was carried out on glycerophospholipid samples or spots

from thin layer chromatographic plates. The sensitivity for this
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method is 0.3 Èg of lipid-phosphorus. Any organic solvents in the

sample were removed by evaporatj-on under a stream of nitrogen. per-

chloric acid (1.2 ml) was added and the sample was digested at 160'C

with an electric heater until clear (approximately 2 h) - After cool-

irg, I mI of water was added to the digested sample¡ to give a volume

of 9 ml. After vigorous mixing, 0.8 mf of 5% ammonium molybdate solu-

tion was added fol-lowed by vigorous mixing. ANSA reagent was freshly

prepared by dissolving 0.025 g of 1-amino-2 naphthol 4-sulfonic acid,

1-462 g of sodium bisul-fite and 0.05 g of sodium sulfite in 10 mI of

hot distiffed water with constant stirring. The reagent was al-l-owed to

cool to room temperature and then filtered to remove any impurities.

ANSA reagent (0.2 ml) was added to each sample and the tubes were

mixed vigorousJ-y. The tubes were then covered with aluminum foil and

heated in a boiling water bath for at least 1 0 min. After cooling, the

absorbance of the solutions were measured at 830 nm. Standards of

potassium phosphate, monobasic (10 pg/ml)r for the standard curve and

reagenL blanks L{ere assayed each time under the same conditions as the

samples.

ii) Determination of alkenyl content

The alkenyÌ content of lipid samples \.^¡as measured by a modification

of the method of Gottfried and Rapport (216). Five test tubes for each

lipid sample (about 0.1 ¡:mol) were prepared and the solvent was evapo-

rated with nitrogen. A series of five bfank test tubes (with no sam-

ple) were treated exacLly as the sample tubes hereafter. Absolute

methanol- (0.5 ml) was added to all- tubes folfowed by brief sonication
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in a bath sonicator¡ to disperse the lipid. The tubes were then warmed

at 60 to 70oC for 2 Lo 3 min in a water bath. Tubes were mixed vigor-

ously and 0.5 ml- of iodine solution, containing 1 ml of 38 mg of

iodine in 50 ml of 3% (w/w) aqueous potassium iodide and 9 ml of 3e"

aqueous poLassium iodide, were added to three of the five tubes for

each sample. To the other two tubes were added 0.5 ml of 3% agueous

potassium iodide. All tubes \^lere mixed vigorously and afl-owed to stand

at room temperature for 20 min. Ethanol (4 ml-) was added to all- tubes

and the solution was mixed vigorously. The spectrophotometer v/as

zeroed with ethanof and the absorbance of all tubes was measured at

355 nm. When the absorbance of the tubes containing the sample and the

iodine solution was fess than 0.1, then the assay \,vas repeated with a

smaller sample.

The content of alkenyl groups for each sample was cal_culated by

subtracting the absorbance of the tubes that contain the sample and 3e.

potassium iodide from the absorbance of the tubes that contain the

sample and the iodine solution. The final absorbance of the reagent

blank was calculated by subtracting the absorbance of the tubes con-

taining 3% potassium iodide from the absorbance of the Lubes con-

taining the iodine sol-ution. Then, the final absorbance for the re-

agent bfank was subtracted from the final absorbance of each sample

and the concentration of alkenyl lipids in each sample were calculated

using a molar extinction coefficient (€) of 0.0275 (nmol_/m1).

iii) Protein determination
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The protein concentrations of the subcefl-u1ar fractions \iüere esti-

mated by the method of Lowry et af. (219), with bovine serum albumin

(BSA) as the standard. A series of test tubes with known amounts of

BSA (0-100 ¡rg/tube) rdere prepared in triplicate, for the standard

curve. Tripticate tubes of sampl-es were also prepared and the vofume

of arl tubes was brought to 'i 00 pl with distilted water. To each tube

Ii/as add 0.1 ml of 5% (w/v) sodium deoxycholate and distitl-ed water in

order to bring the vo]ume of each tube to 1 mf and the solution rdas

mix vigorously. Equar volumes of 1>" (w/v) copper sulphate and. 2% (w/v)

potassium sodium tartarate were mixed. The resuftant sofution was

mixed with 2% (w/v) sodium carbonate in 0.1 M sodium hydroxide at a

ratio of 1/50 (v/v). The mixed sofution (4 mÌ)was added to each tube

and a]l-owed to stand at room temperature for 10 mins. The phenol

reaqent (fol-in-Ciocalteau) \4ras prepared by diluting 1 ml of the com-

mercial- reagent (2 N) with 1.36 ml- of distirled waLer. The difuted

reagent ( 0.5 ml ) was added Lo each tube and the tubes \.^/ere mixed

j-nstantaneously. The tubes were heated at 60"c for 10 mins, in order

to stabil-ize the color. After cooling, the absorbance of the tubes was

measured at 730 nm.

iv) Assays for the determination of plasmalogenase activity

a) oisappearance of substrate

Plasmalogenase acLivity \.^¡as measured by a modified procedure of

Dorman et al . ( i 89 ) . Purif j-ed plasmenylethanol-amine (2.6 ;:mol ) was

dispersed in 1 mr of water by sonication in a bath sonicaLor at 0"c,

until clear. The reaction mixture contained 200 ¡rÌ of dispersed plas-
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menyl-ethanol-amine and 300 pl of 1M tris-HC] buffer (pH 8.0). The

reaction r¡¡as started upon the addition of the subcellufar fraction

(containing 25-500 ¡rg protein). The finar reaction volume was 1.5 mt.

After an incubation period of 0-60 min, the reaction was stopped by

the addition of 6 ml- of chl-oroform/methanor (2:1¡ v/v) and the sampJ-e

was mixed vigorously. The upper and lower phases were separated by

centrifugation and the upper phase was dicarded. Afiquots of the fower

phase tvere removed for analysis of alkenyl content as described previ-

ously.

b) Spectrophotometric

Plasmalogenase activity was assayed by measuring the production of

NADH at 340 nm on a doubl-e-beam spectrophotometer. The reaction mix-

ture (l.s ml-) contained 200 mM tris-HCr (pH 8.5), 133 mM potassium

chloride, 7 mM glutathione (reduced form), 8.3 mM NAD+, i unit of

aldehyde dehydrogenase and 347 1tM plasmenylethanolamine (prepared as

described above). The contents of t.he reaction mixture were added

sequentialry into a quartz cuvette, in the above ord.er. Due to the

presence of dispersed plasmenylethanol-amine in the assay, the mixture

\.^/as all-owed to eguilibrate in the spectrophotomet.er for 5 min, in

order to obtain a stable basel-ine. The reaction was initiated by the

addition of the enzyme preparation to the sample cuvette. when enzyme

preparations containing mitochondrial particfes were used, rotenone (2

,lrM) was present in the incubation mixture to inhibit NADH oxidation.

The reference cuvette contained afl the ingredient.s of the assay

except the subcefl-ul-ar fraction, which was repJ-aced by an equal volume
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of 50% (w/w) glycerol in the homogenizing buffer. F;nzyme activity was

cal-cufated from the change in absorbance at 340 nm.

v) aldehyde dehydrogenase assay

Aldehyde dehydrogenase activity was measured spectrophotometricalì-y

by foì-lowing the reduction of NAD+ at 340 nm. The reaction mixture

(1.5 ml) contained 333 mM tris-HCl (pH 8.0), i33 mM potassium chlo-

ride, 7 mM gj-utathione (reduced form), 8.3 mM NAD+, 0.03 units afde-

hyde dehydrogenase and the atdehyde sol-ution. The aldehyde sofutions

were prepared and utilized as follows: 1 mM solution of palmitaldehyde

was prepared by sonication and 1 0 ul were used for assays. Decanalde_

hyde (0.1 M) was prepared by the method of Nakayasu et af. (220) and

'l0 ¡rr were used for assays. when acetaldehyde was used as a substrate,

20 ltr of 1 78 mM acetaldehyde so]ution were used in the assays.

vi) Quantitation of lysophosphatidyl_choline

Lysophosphatidylcholine from canine heart was separated from the

major glycerophospholipids by column chromatography as described pre-

viously and then acetytated with fabeled acetic anhydrid.e. Acetylation

of LPC was conducted. in the following manner- The reaction mixture

contained 24 lrt of pyridine, 36 ¡1 (382 pmol) of l3g]acetic anhydride

(500-2000 dpm,/nmol) and 0.6 ¡l of perchloric acid. These were added

sequential-]y to each sampre tube containing dry tipid sample. The

tubes were seal-ed with Teflon-coated stoppers and the contents r^/ere

mixed vigorously. Tubes were then incubated at 70oc for 30 min, mixed.

for i0 sec and reincubated for another 30 min. After incubation, the
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sofvents in the reaction mixLure were evaporated with nitrogen. The

residue \.^/as dissolved. in 1 mf of chloroform foll-owed by 1.25 ml of

methanol,/water (2:3; v/v) to cause phase separation. The upper phase

\,üas removed. and the rower phase lras re-extracted with 1 .25 ml of

methanol-,/water (2:3i v/v). The sol-vents in the lower phase were evapo-

rated to dryness with nitrogen and the residue in each tube, including

the reagent bl-anks, 'r¡/as redissolved in 25 yI of chl-oroform/methanol

(2:1 ¡ v/v). The acetyl-ated Lpc \^/as isol-ated by thin layer chromato-

graphy with a solvent system containing chloroform/methanol/water /ace-

tic acid (70:30:4:,2i v/v) and visual-ized by exposure of the TLC plate

to iodine vapor. rn some experiments, 10 nmol of non-]abel-ed 1-acyr-2-

acetyr-sn-glycerophosphochol-ine was used as a carrier during TLC sepa-

ration. The amount of radioactivity in the acetylated LPC fraction was

determined by scinti]lation counting. The theoretical_ yield on the

acetyJ-ation of LPC was calculated from one-harf of the specific ra-

dioactivity of [3g]acetic anhydride used. in the assay.

Hydrolysis of the acetylated Lpc by phospholipase c (c.welchii) was

conducted as described by Renkonnen (167). rn order to detect any

radioactivity associated with the rong-chain acyl groups, both the

acyr and the acetyl groups of the acetylated Lpc (acetylated ¡y t3

Hlacetic anhydride) were converted into methyl esters, as described by

Choy (221 ). The l-abeled methyl acetate f ormed from the reaction \.{as

removed from the long-chain methyl esters by evaporation of the sor-

vents at 50oc under a stream of nitrogen. The acyl composition of Lpc

was determined by the methyJ- esters of the fat.ty acyl groups with gas-
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liquid chromatography.

vii ) Scintillation counting

Radioactive lipids in chloroform-based sol-vents were placed into 20

ml glass scintil-l-ation vials and the sol-vents were evaporated under a

stream of nitrogen. Aqueous radioactively-labeled compounds were afso

placed into glass scintiflation vials, but were not evaporated. to

dryness. Aqueous counting scintil-fant (10 ml-) and 0.2 ml- of acetic

aci-d h¡ere added to each vial . The contents of the vial \.vere mixed

vigorously and the vial-s were all-owed. to stand in the dark overnight,

to remove chemifuminescence. Radioactivity in each viaf was determined

with an LKB Minibeta liquid scintill-ation counter. Radioactivity was

cafcul-ated from cpm by the channel-s Ratío caribration method.

Radioactive ripid fractions on thin layer chromatographic plates

\.^/ere visualized with iodine, outl-ined lightly wíth pencil and then,

the iodine \,vas removed from the TLC plates by warming them at 100oc

for 30 min. The radioactive J-ipid fractíons were removed from the TLC

plates and placed into glass scintil-l-ation vials. Distill-ed water Q

ml) was added to each vial- and the viafs were a]lowed. to stand at room

temperature for 10 min. Aqueous counting scintill-ant and acetic acid

were added as described above and the vial-s were then sonicated for 20

min. After sonication, the vial-s were all-owed to stand in the dark

overnight prior to radioactivity determination.

viii) The uptake of lu"trryt-3Hlchofine by the isorated guinea pis

heart
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a) Time-course studies

Tsol-ated guinea pig hearts \"/ere perfused in the Langend.orff mode

(208)¡ âs described in section a) i). After the stabil-izat.ion period,

the hearts were perfused with 12 mI each of Krebs-Henseteit buffer

containing 0.5 pM [Methyt-3H]chol-Íne chtoride (1 0 pcilnmol) . This

pulse of radioactivity was recirculated through the hearts for 1 5 to

i20 min. AJ-iquots of the perfusate were taken before and after perfu-

sion of each heart for determination of radioactivity. After perfu-

sion¡ the hearts were homogenized and total lipid extracts were pre-

pared¡ ês previously described. Aliguots of the total- heart homogen-

ates and of the agueous and organic phases of the total J-ipid extracts

were obtained for the determination of radioactivity.

b) Analysis of the chofine glycerophosphoJ_ipids

The choline glycerophospholipids were isolated from the other

lipids present in the totaf lipid extracts by thin layer chromato-

graphy, as described previousJ-y. The TLC prates were deveroped. in a

sorvent mixture of chl-oroform/methanor/water/acetic acid (70:30 -.4:2¡

v/v) and the lipid fractions on the TLC plates \../ere visual-ized with

2' r'7'-dichl-orofluorescein. The chorine glycerophospholipid fractions

I¡¡ere removed from the TLC pJ-ates and the tipids were el-uted from the

siì-ica gel, as previously described. The radioactivity in lysophospha-

tidylcholine r¡¡as determined by scintil_tation counting. The other

choline glycerophospholipids were further purified by thin layer chro-

matography with a solvent mixture of chforoform/methanol/water/ammo-
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níum hydroxide (65:50 :,4:11¡ v/v) . After el-ution from the silica gel,

the choline glycerophospholipids from each heart were redissolved in 1

mI of chl-oroform/methanol (2:1 ¡ v/v).

These choline glycerophospholipid. fractions vrere analyzed for

lipid-phosphorus (217), alkenyl cont.ent (216) and the total amount of

radioactivity incorporatedr as previously described. Atiquots of this

chol-ine grycerophospholipid. fraction were also subject to acid hydro-

lysis (214). After the hydrolysis, the products were isolated by thin

layer chromatography as described previously. The diacyrglycerophos-

phocholine and lysophosphatidylcholine (from pJ-asmenylchol-ine) frac-

tions from the TLC prates, were analyzeð. for J_ipid-phosphorus content

Q17) and the amount of radioactivíty incorporated into each phospho-

lipid was determined by liquid scintiflatíon counting.

ix) Pul-se-chase studies on the metabofism of chol-ine

rsol-ated guinea pig hearts \,rere perfused in the Langendorff mode

(208) as described in section a) i). After stabil-ization, the hearts

were perfused with 12 mI each of Krebs-Hensel-eit buffer containing 0.5
?

¡rM IMethyl-"H]chol-ine chloride (10 ¡tci/nmof ). This pulse of radioac-

tivity was recirculated through the heart for only 1 5 min, after which

time the hearts r¡/ere perfused, in a non-recirculating manner, with

Krebs-Henseleit buffer containinS 5.0 ¡rM choline chloride for 0 to 120

min. After perfusion¡ the hearts were homogenized and total J_ipid

exLracts were prepared, as previously described. The choline glycero_

phospholipids were analyzed as outl-ined in the previous section.
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Isolation and quantitation of aqueous

metabol-ites

chol-ine-containing

The aqueous chol-ine-containing metabolites were found in the upper

(aqueous) phase of the totar ripid extracts of perfused guinea pis

hearts. Prior to anarysis, each sample was thawed and an aliquot was

taken to determine the total- radioactivity in the sample. The metabo-

l-ites chol-ine, phosphochorine and cDp-chofine were separated from

these samples by thin rayer chromatography, as described by yavin

(222). Aliquots of each sampJ-e were applied to the origin (1.5 cm from

the bottom of the plate) of sit-c25 thin layer chromatographic plates

(Brinkman rnstruments) via an air d.isplacement pipette. Bl-anks (0.5-

2-0 cm) were l-eft on the sides of each plate. samples \.,rere dried by

warm forced air duríng sampJ-e application. A carrier mixture contain-

i.rg 50 mM cDP-choline, 100 mM phosphochorine and 100 mM chol_ine \.^/as

applied on top of each dry sample in the same manner. The carrier

mixture aided the separation and visuafization of these metabofites-

The TLc plates were devetoped at room temperature in methanol/O.6%

sodium chl-oride,/ammonium hydroxide (50:50:5; v/v). After deveropment,

the TLC plates v/ere allowed to air dry overnight. ultraviol-et light

tn¡as used to visuafize the cDp-choline fractions and then the TLC

plates were exposed to iodine vapors to visualize the chofine and

phosphochol-ine fractions. The iod.ine was removed from the plates by

placing them in a 100"c oven for 30 min. The choline, phosphocholine

and CDP-chol-ine fractions were removed from the TLC plates and. placeC

int.o glass scintil-latíon vials. These metabofites \,\rere analyzed for

radioactivity by scintil-l-ation counting, as described previousJ_y.

x)
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xi) Recovery of radioactíve compounds after perfusíon

rsolated guinea pig hearts were perfused with a continuous, recir-

culating pulse of 0-5 ;:M IMetfryt-3u]chofine in l(rebs-Hensel-eit buffer

for 30, 60 and i20 min. Aliguots of the perfusate were taken before

and after the perfusion of each heart for radioactivity determinatj-on.

Subsequent to perfusion, the hearts v¡ere homogenized and an al-iquot of

each homogenate was taken to determine the total radioactivity incor-

porated. Tota1 lipid extracts were prepared from the homogenates and

an aliquot from each extract was obtained for the determination of

radioact.ivity. The Ìipíd exLracts were phase separated and aliquots of

the upper (aqueous) and l-ower (organic) phases were obtained for

scintil-lation counting.

The labeled metabolites present in the upper (agueous) phases were

isofated by thin layer chromatography with methanol/0.6% sodium chfo-

ride/ammonium hydroxide (50:50:5; v/v). The radioactivity present in

the choline, phosphocholine and CDP-chol-ine fractj-ons was determined.

The fabe]ed lipids present in the l-ower (organic) phases v,7ere

isofated by thin layer chromatography. Three aliquots of each sample

v/ere separated by thin layer chromatography with a solvent mixture of

chloroform,/methanol/waLer/acetic acid (70:30 :422¡ v,/v) and af ter de-

velopment., the lipid fractions were visual-ized by exposure of the TLC

plates to iodine vapor. The first aliquot was used for the determina*

tion of radioactivity in lysophosphatidylchol-j-ner phosphatidylcholine

and sphingomyelin fractions. The second aliquot was used to determine

the totar radioactivity in the sample after TLC. The entire length of
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the TLC plate (from origin to solvent front) \,^/as removed and the total

radioactivity determined. The third aliquot was used to determine the

radioactivity profile of the sampre following plate development. Frac-

tions (0.5 cm) of silica gel were removed from the TLC plate beginning

0.5cm befow the origin and continuing on up to the top of the solvent

front. Each 0.5 cm fraction was placed into a glass scintil-lation vial

and the rad.ioact.ivity was determined..

Since there \^Ias a siqnificant amount of radioactivity l-ocated near

the origin of the TLC plate, the identity of the labeled material-(s)

was further investigated. specifically, two aliguots from each sample

were separated by thin layer chromatography with a solvent mixture of

chl-oroform/methanol_/water/acetic acid (70:30 242,2¡ v/v) . After visual-

ization of the lipids fractionsr the iodine was removed from the TLC

plates. The silica gel from the origin of the first aliquot was re-

moved from the TLC plates and the radioactivity was determined by

scintillation counting. The sil-íca gel from the origin of the second

aliguot \,vas removed from the TLC plates and the radioactive material

\.vas elut.ed from the silica gel by successive washes with methanol,/wa-

ter (1:i; v/v)- The silica gel pellet was dried and then washed once

with chloroform/methanol,/water/acetic acid (50:39 :10:j ¡ v/v) and twice

with chloroform,/methanol- (2:1 ; v/v). These l-ast three washes (organic

\.{ashes) were combined and. the so}vent was removed under nitrogen. The

radioactivity ej-uted from the organic washes and also the radioactivi-

ty remaining in the washed sil-ica gel pellet were determined by scin-

ti]l-ation counting. The methanol,/water washes were combined and the
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sofvent \'{as removed by evaporation in vacuo at 45oC. The residues were

resuspended in 500 ul- of water and an aliquot was taken to determine

the totaf radioactivity present.. These sampres were then analyzed by

thin layer chromatography with methanol,/0.6% sodium chloride,/ammonium

hydroxid.e (50:50:5; v/v) - choÌine, phosphochofine and cDp-choline

fractions were visualized after deveJ-opment and removed from the TLC

plates for radioactivity determination. The areas of sil-ica geJ- below

the chofine fraction (including the origin) and above the CDP-chol-ine

fraction (up to the solvent front) were al-so removed and any radioac-

tivity present in these fractions was determined.

xii) The uptake of l3glethanol-amine by the isolated guinea pig heart

a) Time-course studies

Isolated guinea pig hearts i,vere perfused in the Langend.orff mode

(208) as described in sectj-on a) i). After the stabil-ization period,

the hearts were perfused with 12 mI each of Krebs-Hensel-eit buffer

containing 0 .5 pM I1 -3ltl ethanof amine hydrochtorid.e ( 1 0 pCi,/nmol ) . The

pulse of radioactivity was recirculated through the hearts for 60 and

1 20 min. Aliquots of the perfusate were obtained before and after the

perfusion of each heart for the determination of radioactivity. After

perfusion, the hearts were homogenized and total lipid extracts were

prepared as outlined previousry. Aliquots of the total heart homogen-

ates and of the organic phases of the total- lipid extracts were ob-

tained for the determination of radioactivitv.

b) Analysis of the ethanol-amine and chol-ine phosphoglycerides
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The chol-ine and ethanol-amine glycerophospholipids were isofated

and purified from the other lipids presenL in the total lipid extracLs

by thin layer chromatography as described earl-ier. The choline and

ethanolamine glycerophospholípid fractions were analyzed for ripid-

phosphorus (21 7), alkenyl contenL (21 6) and the amount of radioactivi-

ty incorporated into each phosphoglyceride, as outfined in section

víii) b).

xiii ) Phosphocholinetransferase assay

Phosphochofinetransferase activities !,/ere measured by a modifica-

tion of the method described. by Ãrthur and choy Q23). 1-Alkenyr-2-

acyl-glycerol-s were synthesized from plasmenylcholine by hydrolysis of

the phosphochofine moiety with phospholipase C (C.wel-chii) according

to the method of Renkonnen (167) as previously outfined. Diacylgly-

cerol-s (piq Ìiver) were obtained from Serdary Research Laboratories.

For the assay, a working so]ution of the 1-alkenyl-2-acyr-glycerols or

the diacylglycerors (2 wnol-/mf) were prepared in a sol-ution of Tween-

20 (0.015%). The mixtures were sonicated for 15 min at OoC and the

solutions were used immediately for the assay of phosphochol-inetrans-

ferase activities. washed microsomes r^/ere prepared from guinea pis

hearts as described before.

The reaction mixture contained: 100 mM tris-HCl- (pH 8.5), 10 mI4

magnesium chloride, 5 mM EDTA, 0.4 mM lu"tnyrJ4clc¡p-chol-ine (0.1

¡Ci/¡rmoJ-), 1 r2-diacylglycerol sofution (0.4 ¡rmol-) or 1-alkenyl-2-acy1-

glycerol sol-ution (0.4 pmol) and microsomal preparation (250 ¡tg pro-



99

tein) to a final- volume of 1 ml. The reaction was initiated. by the

addition of ]abeled CDP-choline. The reaction mixture \das incubated at

37"C for 30 min, in a shaking water bath. The reaction was terminated

by the addition of 2 mL of chloroform,/methanol (1:1 ¡ v/v). Chloroform

(1 ml-) and distilfed water (0.5 m]) were added to the reaction mixture

to cause phase separation. The upper phase was discarded and the l-ower

phase was washed three times with an egual volume of 40% methanof in

water. V'Ihen the diacylglycerots were util-ized as the substrate¡ the

Iower phase was transferred to a scintillation via] and the solvent

was removed by evaporation under nitrogen. Radioactivity in this fower

phase was determined by liguid scintiftation counting. irlhen the 1-

arkenyr-2-acy1-grycerols were usedr the l-ower phase \^ras evaporated to

dryness under nitrogen in test tubes. The residue was then hydroJ-yzed

with acid, as stated before and the radioactivity incorporated into

the plasmenylcholine fraction \,vas determined by scintillation counting

of the LPC formed after acid hydrolysis.

xiv) Det.ermination of choliner phosphochofine and cDp-choline

contents in guinea pig hearts

a) Tsolation of choline¡ phosphocholine and CDp-choline pools

Two groups of guinea pig hearts were used for this study: a)

control-¡ unperfused hearts and b) hearts perfused with 0.5 frM chotine

for 1 20 min (as out]ined previousry). The wet. weights of the gminea

pig hearts, taken either directly from the animaf or after perfusion,

were determined and the hearts were homogenized as described previous-

1y. To each total- homogenate \"/as added chromatographically pure
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2 1A 1A
IMethyf --H]chol-ine, ['tlphosphocholine and It',lethyl-'=C]CDp-cho1ine, in

order to estimate recoveries. Total- Iipid extracts were prepared and

phase separated with water as outfined before. The lower (organic)

phases \,^rere washed twice with methanol/water (2:1 ; v/v) and then

discarded. The upper (agueous) phases and the above washes were com-

bined and Lhe sol-vent $/as removed by evaporation in vacuo at 45oc. The

sample was resuspended in 1 ml- of water and choline-containing metabo-

fites in the entire sample were separated by thin layer chromatogra-

PhY, with methanol,/O.6% sodium chl-oride/ammonium hydroxide (50:50:5;

v/v). After development and visualization, the choline, phosphocholine

and cDP-chofine fractions on the TLC plate were removed and placed

into test tubes. These compounds were extracted from the siÌica gel by

the addition of 5 mf of methanol,/water (:1 ¡ v/v) (pH 9.2). The tubes

were mixed vigorously and al]owed to stand for at teast 1 0 min, to

facilitate the extraction process. Thereafter, the tubes were centri-

fuged for 10 min aL 21000 rpm in a cfinical centrifuge. The superna-

tants \^7ere removed and placed in round bottom flasks and the extrac-

tion of each sifica ge1 pellet r¡/as repeated three more times with the

same mixture. The so]vent in the combined extracts in the round bottom

flasks was reduced by evaporation in vacuo at 45"c. Each of the cho-

line, phosphochol-ine and cDP-choline fractions \,\rere resuspended in 2

mf of water (pH 9.2) and aliquots were taken for the determination of

radioactivity subsequent to further purification by thin layer chroma-

tography.

The fol-]owing enzymes were used for the hydrolysis of the phospho-
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chofine and CDP-chofine fractions" E.coli al-kaline phosphatase (100

units in 2.5 M ammonium sulphate) was dialyzed overnight against 5 mM

tris-HCl buffer (pH 9.2). C.adamanteus phosphodiesterase I (type II)

(5 units) was resuspended in 'i ml- of hrater (pH 9.2). The phosphocho-

fine fractíons in 5 mM tris-HCf (pH 9.2) were digested with 10 units

of the dialyzed alka1íne phosphat.ase for 2 h at 37"C. The CDP-chol-ine

fractions ín 5 mM tris-HCI (pH 9.2) were digested first with 0.6 units

of phosphodiesterase I for t h at 3'7"c. Subseguent to this incubation,

1 0 units of dialyzed alkaline phosphatase were added and the mixture

was further digested for 2 h aL 3'7"C. The digested phosphochol-ine and

CDP-chol-ine samples, as welf as the chol-ine samples v¡ere then lyophiJ--

ízed. After lyophilization, the residues were extracted three times

with 1 ml of 70% ethanol. The samples, in 70% ethanof¡ wêrê placed

into 1.6 x 12-5 cm scre\¡¡ cap tubes and the sol-vent v/as evaporated

under nitrogen.

The chol-ine, digested phosphocholíne and CDP-chofine fractions

\,¿ere separately dissolved in 3 ml- of \¡/ater with vigorous mixing. To

these fractions was added 2 ml of tetraphenylboron (10 mg/ml) in 4-

heptanone and the mixture \^/as shaken vigorously. The tubes were cen-

trifuged for 1 0 min at 2,000 rpm to cause phase separation and the top

phases \^/ere removed and placed into clean 1.6 x 12.5 cm screw cap

tubes. This process v/as repeated with another 2 mf of tetraphenylboron

in 4-heptanone. The choline was back extracted from tetraphenyl-boron

by 2 mI of 0.4 N HCl. After shaking vigorously, the tubes were centri-

fuged to separate the phases. The bottom phases (0.4 N HCl) were

removed and placed into cfean 1.6 x 12.5 cm screw cap tubes and the
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back extraction rdas repeated with another 2 m] of 0.4 N Hc]. Finalry,

the tetraphenylboron \Älas washed with 2 ml of 1 N HCl. The combined HCI

sol-utions for each fraction were lyophilized and each sample i^/as

redissol-ved in 1 mf of 50 mM sodium phosphate buffer (pH 8.0). An

aliquot from each sample was taken for radioactivity determination.

The yield was calculated from the total radioactivity recovered in

each pooÌ.

b) Quantitation of pools

The amount of extracted choline was determined by the quantitative

conversion of choline to P2elpfro"phochofine. The conversion \.^¡as cata-
?2

Lyzeô, by choline kinase in the presence of tU-"-plATp, by a modifica-

tion of the method by Mccamon and stetzl-er Q24). chol-ine kinase \.^/as

prepared from stock by dilution with water (5 units/10 ml) at Ooc and

the enzyme solution was then placed into an Amicon Mj-nicon-B1 5 clini-

cal sample concentrator at 4"C. The enzyme r,^/as allowed to concentrate

to 1 0X of the initial vol-ume before removal from the concentraLor.

This procedure allowed the removal of the ammonium salt from the

elfzpe stock before use. UsuaLIy 2.5 units of choline kinase in 500 ¡:l-

were recovered.

The reaction mixture contained 55 ¡r1 of sample, 20 Ul of assay

cocktail and 25 uI of chol-ine kinase (.125 units). The assay cocktail

contained 0.1 M magnesium chloride, 0.5 M sodium phosphate buffer (pH

8.0) and 30 mlt [l-32p]arp (10 frCi,zirmol). The components of the reac-

tion mixture were added sequentially in the above order to 1 0 x 75 mm
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test tu.bes on ice and gently mixed. The tubes \^/ere capped with para-

film and incubated for t h at 37"C in a shaking water bath. The

reaction was terminated by placing the tubes in ice. Excess labeled

ATP was removed by the addition of 100 ¡:1 of 0.2 M,ice cold' barium

acetate. The tubes were gently mixed and all-owed to stand on ice for

30 min. After this, the tubes were centrifuged aL 41000 rpm for 20 min

at 0oc (sorvalf RC-5 superspeed Refrigerated centrifuge with ss34

rotor). supernatants (150 ul) were removed to cl-ean 10 x 75 mm test

tubes on ice and the pellets were discarded. To the supernatants were

added 6 ¡rr of 30 ml"l ATP and 25 ¡tL of 0.21,1 'ice cold' barium acetate.

After gently mixing and standing on ice for 20 minr the tubes Tdere

centrifuged as above. Supernatants were removed to cl-ean 10 x 75 nìm

test tubes and the pelrets were discarded. An aliquot ('i00 ¡r1) of each

supernatanL was applied to a 1 .5 cm charcoal/celite col-umn (1:1 ¡ w/w)
1')

and the ["'lJphosphocholine \^/as eluted with 2 m]- of water. The eluants

were col-lected in glass scinti}lation vials and the radioactivity was

determined by scintillation counting. A standard curve was established

and the chol-ine concentration from each original choline, phosphocho-

line and CDP-choline fraction v/as calculated from the curve. Samples

containing an internal- standard of 5 nmol of chol-ine were used to

check the complete conversion of chol-ine to phosphocholine.
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Experimentaf Results

I. Plasmenylcholine Bíosynthesis

a) Incorporation of Chol-ine into Plasmenylcholine

The formation of plasmenylcholine by both base-exchange and the

CDP-choline pathway inevitabfy requires choline. Thusr the initial

approach to elucidate the biosynthesis of this ether lipid was to

determine if it could be labe]ed with radioactive choline. Perfusion

of the isolated guinea pig heart with 0.5 pM lru"tfryt-3H]choline (10

¡:Ci/nmol) from 15 to 120 min was performed as described in "Materials

and Methods". After perfusion, the l-abeled metabofites in the agueous

and organic phases of the heart homogenate \4/ere analyzed.

The incorporation of labeled choline into the total choline SIy-

cerophospholipid fraction (contains. 1 t2-diacyl-sn-glycerophosphocho-

line and plasmenylcholine) of the guinea pig heart, is shown in

Fig.'16. There v¡as a distinct lag phase in the incorporation of label

during the first 45 min¡ after which time¡ the incorporation of l-a-

beled choline became l-inear. The incorporation of l-abefed choline into

1 r2-díacylglycerophosphocholine was d.etermined and also displayed an

initial lag phase (Fig.17). Incorporation of labeled choline into this

lipid became linear after 30 min. Labeled choline v¡as also incorpo-

rated into plasmenylchol-ine (Fig.18). An initial lag phase was ob-

served for the first 40 min, thereafter the incorporation of labeled

chol-ine into plasmenylcholine proceded J-inearly.

The observation of a distinct lag in the incorporation of label-ed
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Fig. 16. Time course for the incorporation of tV"tfryt-3Hlcholine
into the total choline phosphoglyceride fraction.

Isol-ated guinea pig hearts were perfused with 0.5 ¡:M
[Uetfryt-3H]choline in Krebs-Hensel-eit buffer from 15 to 120
min. After perfusion, hearts vrere homogenized in chloroform/
methanof (:1 ¡ v/v). Chloroform and water were added to
obtain chl-oroform,/methanol-,/water (4:2:2¡ v/v). The organic
(chl-oroform) phase was analyzed by thin layer chromatography
for radioactivity in the chol-ine phosphoglyceride fraction.
Each point represents the mean of at l-east three separate
experiments. The vertical- bars are standard errors of the
mean (sEM).
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Fig. 17. Tíme course for the incorporation of llaetfryt-3U]choline
into i , 2-diacylglycerophosphocholine .

The total- chol-ine phosphoglyceride fraction from Fig.16.
was subject to acid hydrolysis and then analyzed by thin
layer chromatography for the radioactivity in 1 r2-diacyl-
glycerophosphocholine. Each point represents the mean of
at least three separate experiments. The vertical- bars
indicate SEM.
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Fig. 18. Time course for the incorporation of [t'l"thyt-3u]chofine
into plasmenylcholine.

The radioactivity in plasmenyJ_choline r,ras determined after
isol-ation by thin layer chromatography from the choline
phosphoglyceride acid hydrolysate (Fig.17). Each poj-nt
represents the mean of at l-east three separate experiments.
The vertical bars represent SEM.

90300 r20

?



108

chol-ine into diacylglycerophosphocholine andplasmenylcholine indi-

cates Lhat the majority of the l-abel-ed chol-ine glycerophospholipids in

the guinea pig heart are not. formed by the base-exchange reaction

(13)- Thus, the CDP-choline pathway appears to be the major pathway

for the incorporation of choline into pl-asmenylcholine.

The time course for the incorporation of tUetnyl-3Hlcholine into

the major aqueous choline-containing metabolites of the CDP-chofine

pathway (chofine¡ phosphocholine and CDP-chol-ine) is depicted in

Fig.19. Radioactivity in chofine is observed within 15 min of perfu-

sion and declines slightly orzer the remaíníng perfusion period. The

incorporation of labeled choline into phosphocholine and CDP-choline

reach maxima at 60 and 90 min, respectively and then remain constant.

b) Recovery of radioactive compounds after perfusion

During these studies, attempts were made to ensure that all- possi-

ble choline-containing compounds were accounted for. Isolated guinea

piS hearts were perfused for 30, 60 and 120 min with 0.5 UM tU.tfryf!

Hlchol-ine. Subsequent to perfusion¡ the hearts were homogenized and

the aqueous and organic phases \.^/ere separated as described in "Mate-

rials and Methods".

The radioactivity present in the organic phase was anal-yzed by thin

layer chromatography (Fig.20). Radioactivity was determined by the

analysis of 0.5 cm fractions of alf chromatograms. The majority of the

radioactivity¡ for afl time points, was l-ocalized in the choline

glycerophospholipid fraction. Small- amounts of radioactivity were
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Fiq. 19. Time course for the incorporation of [Methyl-3Hlcholine
into major aqueous choline-contai.ning metabolites.

The aqueous (ivaLer and methanol) phase from Fig.'l 6 was
analyzed by thin layer chromatography for radioactivity
in chol-ine (ø-ø) ; phosphocholine (s-ø) and CDP-choline
(¿-¿) . Each point represents tire mean of at l-east three
separate experiments. The vertical bars represent SEM.
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Fig. 20. Recovery of radioactivity in different lipid fractions in
the organic phase a,fter extraction.

Isolated guinea pig hearts \../ere perfused with Iptetfryt-3HJ
chol-ine in Krebs-Hensel-eit buffer for 60 min. After
perfusion, hearts were homogenized in chl-oroform,/methanol
(1 :1 ¡ v/v) . Aqueous and organic phases r¡¡ere separated upon
the addition of chloroform and water to obtain chloroform,/
methanol-,/water (4'.2:2i v/v). The organic phase was ana¡-yzed
by thin layer chromatography for l-abeled metabolites.
Radj-oactivity on the thin layer chromat.ograln \^/as focafized
at the origin (O), in the Ìysophosphatidylcholine fraction
(L), the sphingomyelin fraction (S) and in the total
choline phosphoglyceride fraction (PC). The radioactivity
on the thin layer chromatogram was determined by analysis
of 0.5 cm fractions of the chromatogram¡ beginning 0.5 cm
bel-ow the origin and on up to the top of Lhe chromaLogram.

25
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associated with lysophosphatidylcholine and sphingomyelì-n. The radio-

activity locafized at the origin of the chromatogram was re-analyzed

by thin layer chromatography. This fract.ion was found to contain only

chofine¡ phosphochol-ine and CDP-chol-ine. lt was concluded that the

radioactivity at the origin resulted from the contamination of the

organic phase with the aqueous phase, during phase separation.

The radioactivity present in the aqueous phase \das a.l-so analyzed by

thin layer chromatography (Table 14). The radioactivity in the cho-

líne, phosphochofine and CDP-chol-ine fractions were determined. Per-

centage recoveries indicate that these three compounds account for 99%

of the radioactivity present in this phase. No significant amount of

radioactivity was found in the glycerolphosphocholine fraction.

c) Phosphochol-inetransferase Activities

The CDP-chol-ine 2 1 12-diacylglycerol phosphocholinetransferase

activity of guinea pig heart microsomes r4/as determined (Tabte 15) as

described in "l'4ateriafs and Methods". The existence of CDP-chofine :

1 -alkenyl-2-acyl-glycerol phosphochol-inetransferase activity was al-so

demonstrated (Table 15) and was found to be l-ocat.ed in the microsomal-

fraction. In add.ition, 1-alkenyl-2-acyI-glycerol was afso shown to be

present in the guinea pig heart (17 nmol/g heart). Tt appears that

guinea pig heart microsomes have the ability to condense 1 -alkenyl-2-

acyl-glycerol- with CDP-choIine.

d) Pl-asmenylcholine Biosynthesis from Ethanol-amine
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TABLE 1 4

Recovery of radioactivity in the aqueous phase after extraction.
?

Guinea pig hearts lvere perfused with [Methyl--H]choline in l(rebs-
Henseleit buffer for 30 min. After perfusion, hearts were homogenized
in chloroform,/methanol (1 :1 ; v/v). Aqueous and organic phases l^Iere

separated upon the addition of water, to obtain chloroform/methan-
ol/w¿fer (422:2¡ v/v). The aqueous phase was analyzed by thin layer
chromatography for labeled metabol-ites, as described in "Materials and
Methods " .

dpm x 10 /S heart

Total radioactivity

Choline fracLion

Phosphocholine f raction

CDP-choline fraction

12.52

5 -79

4.61

1 -94

100

46

37

16
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TABLE 1 5

The activities of phosphocholinetransferase enzyme(s) in guinea piS
heart microsomes.

Enzyme activities were assayeci under optímal conditions as described
in "Materials and MeLhods". Each value represents the mean of two
separate experiments.

Enz'yrrre Activity

CDP-choline : 1'2-díacylglyceroJ-
phosphochol inetransf eras e

CDP-chol-ine : 1 -al-kenyl-2-acy1g1ycero1
phosphochol- inetrans f eras e

nmol. /h/mg protein

26 -453

tr 1l trJ.¿IJ
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Formation of plasmenylcholine by the methylation of phosphatidyl-

ethanol-amine or plasmenylethanolamine was studied in the guinea piS
3

heart. Isolated hearts were perfused with 0"5 pM t1- Hlethanolamine

(10 pci/nmol) for 60 and i20 min. The radioactivity incorporated into

the total- ethanolamine glycerophospholipid and the total choline gly-

cerophosphotipid fractions were determined (Table 16). Plasmenyl-

ethanolamine and plasmenylcholine were then isolated from their re-

spective total fractions by acid hydrolysis as described in "Materials

and Method.s". Significant amounts of labefed ethanolamine were incor-

porated into plasmenylethanolamine. No significant label-ing of plas-

menylcholine from fabeled ethanol-amine was observed.

e) Rate-l-imiting Steps for Plasmenylcholine Biosynthesis

Resul-ts for the incorporation of chol-ine into plasmenylcholine

indicate that the major pathway invofved is the CDP-chol-ine pathway.

This pathway \^/as studied in detail by pulse-chase experiments to

determine Lhe rate-limiting steps for the biosynthesis of plasmenyl-

choline. Isolated guinea piq hearts lvere pulse l-abel-ed (via perfusion)

for 15 min with 0.5 UM ll,tethyJ--3ri]choline (10 pCi,/nmol-) and then

chased with 5.0 pM nonrad-ioactive choline for 0 to 120 min. After

perfusion, the fabeled metabol-ites in the aqueous and organic phases

of the heart homogenate were analyzed.

Total upt.ake of radioactivity by the guinea pig heart was aL the

maximum immediately after the 15 min pulse period (0 min point of the

chase period) (rig.21). Total radioactivity in the heart declined over

the chase period and remained constant after 40 min of chase. Linear
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TABLE 1 6

The incorporation of tl -3glethanolamine into choline gJ-ycerophospho-
J-ipids.

Guinea pig hearts were perfused with It-3n]ethanol-amine for 60 and 120
min. Radioactivity was determined for the total ethanol-amine glycero-
phospholipid and choline glycerophospholipid fractions before acid
hydrolysis to isofate plasmenylethanol-amine and plasmenylcholine. Each
value represents the mean of at 1east two separate experiments.

Perfusion for
60 min

Perfusion for
1 20 min

Total ethanofamine phosphoglyceride
PIasmenyl ethanof amine

Total choline phosphoglyceride
Plasmenylcholine

dpm/g

1 ,206,'733.
242,659.

24,094.
't76.

heart

3,695,350.
654 ,594 -

50 ,645 .
1 ,735.
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Fig. 21. Pulse-chase study on the total IMethyl-3H]choline taken

up by isolated guinea pig hearts.

Tsolated guinea pig hearts \,vere pulsed for 'l 5 min with
0.5 frM [tUetftyl-3H]chotine and then chased with 5.0 ¡rM
choline for 0 to 120 min. the radioactivity taken up by the
isol-ated hearts were cafculated from the totaf radioactiv-
ities of the organic and aqueous phases¡ after homogeniza-
tion. Each point represents the mean of at l-east three
separate experiments. The vertical- bars indicate SEM.
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increases in the incorporation of radioactivity into chofine glycero-

phospholipids (Fig.22) t 1'2-diacylglycerophosphocholine (nig.23) and

plasmenylcholine (nig.24) were observed over the entire chase period.

Maximum labeling of choline occured immediately after pulse fa-

beling. The radioactivity i-n choline then decreased over the chase

period and remained constant after 60 min of chase (Fiq.25). The

Iabeling of phosphocholine reached a maximum after 20 min of chase and

then declined linearly over the remaining chase period. The radioac-

tivity in CDP-choline attained maximum after 60 min of chase and then

remained constant. These results indícate that there are at least two

rate-Iimiting steps in the CDP-chol-ine pathway for the guinea pig

heart. The initial rate-Iimiting step is between choline and phospho-

chol-ine which can be seen from 0 to 20 min of the chase period. The

oLher rate-determining step can be identified at the conversion of

phosphochol-ine to CDP-choline¡ from 30 to 120 min of the chase period.

f) Pool Sizes of Aqueous Precursors for PlasmenyJ-choline

The specific radioactivity of the choline-containing metabolites

may change if a change in the pool size of any of these precursors

occurs during perfusion. This may in turn affect the rate of the

incorporation of radioactivity into pJ-asmenylchol-ine. Thus, the pooì_

sj-ze of cholíne, phosphochol-ine and CDP-chol-ine, in the guinea piS

heart, v/ere determined before and after perfusion with 0.5 UM cho-

line. No significant (p<0.05) changes in the pool size of these three

chol-ine-containing met.abol-ites T/¡ere observed in the guinea pig heart.
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FÍg. 22. PuLse-chase study on the incorporation of Iuetfryt-3u]
choline into the total chol-ine phosphoglyceride fraction.

The organic phase from Fig.21 was analyzed by thin layer
chromatography for radioactivíty in the total- choline
phosphoglyceride fraction. Each point represents the mean
of at l-east three separate experiments. The vertical bars
represent SEM.
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Fig. 23. Pul-se-chase study on the incorporation of [tu"tf,yt-3H]choline
into 1 ¡ 2-diacylglycerophosphocholine.

The total chofine phosphoglyceride fraction from Fig.22 was
subject to acid hydrolysis and then analyzed by thin J-ayer
chromatography for radioactivity in 1 r2-diacylglycerophospho-
choline. Each point represents the mean of at feast three
separate experiments. îhe vertical bars represent SEM.
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Fig. 24. Pul-se-chase study on the incorporation of [tuetf,yt-3U]
choline into plasmenylcholine.

The radioactivity in plasmenylcholine was determined
after isolation by thinlayer chromatography from the
acid hydrolysate of the totaf choline phosphoqlyceride
fraction (fiq.23). Each point represents the mean of
at least three separate experiments. The vertical- bars
indicate SEM.
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Fig. 25. Pulse-chase study on the incorporation of Iuetr,yt-3H]

choline into the major aqueous choline-containing

metabolites.

The aqueous phase from Fig.2'l was analyzed by thin Ìayer
chromatography for radioactivity in choline (@-@);
phosphochof ine (ø-w) and CDP-chol-ine (e-¿). Each point
represents the mean of at l-east three separate experiments-
The vertica.l bars represent SEM.
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before and after perfusions (Table 17).

From the average pool size and specific radioactivity of CDP-

chofine at 90 to 120 min of perfusion, the rate of pJ-asmenylcholine

formaLion in the guinea pig heart via the CDP-choline pathway \.^/as

est.imated to be 0.183 nmoL/min/g heart. The rate of formation of 1t2-

diacyJ-glycerophosphocholine h/as cafculated to be 2.69 nmoL/min/g

heart.

IT. Cardiac Pl-asmalogenase Activity

a) alkenyl Phosphoglyceride Content of the Hamster Heart

Ethanol-amine and choline glycerophospholipid fractions from hamster

heart lipid extracts were analyzed for their alkenyt content and the

results are given in Tabfe 18. Plasmenylcholine accounted for 2% of

the chofine glycerophospholipids and plasmenylethanol-amine for 8.5% of

the ethanolamine glycerophospholipids. Since a higher alkenyl content

\,üas present in the ethanolamine glycerophospholipids, plasmenyl-

ethanol-amine was used as the substrate for the investigation of plas-

mal-ogenase activity in the hamster heart.

b) Quantitation of Plasmalogenase Activity

Initially, plasmalogenase activity was determined by measuring the

disappearance of substrate with time (0-60 min) using microsomal,

mitochondrial and cytosofic fractions. Hamster heart plasmalogenase

activity was located exclusively in the microsomal fraction and enzyme

activity was found to be l-inear for the first 1 1 min. Enzyme activity
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TABLE 1 7

ConcentraLion of choline, phosphochol-ine and CDP-chofine in guinea pig
heart.

The poot sizes of the agueous chol-ine-containing metabolites in guinea
pig hearts before and after 1 20 min of perfusion were measured as
described in "Materials and Methods".

Before perfusion After perfusion
for i 20 min

nmolr/g heart

chofine 341a t eP t:f 363 t 1 56 (3)

Phosphochol-ine 356 f 49 (4) 415 ! 115 (8)

CÐp-choline 87 ! 22 (4) 66 ! 5 (5)

a- Mean
-b- Standard error of the meant Nrr*b.t of experiments
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TABLE 'i8

Alkenyl content of choline and ethanofamine glycerophosphol-ipid
fractions from the hamster heart.

The chol-ine and ethanolamine glycerophospholipids from hamster heart
total- lipid extract were separated by thin layer chromaLgraphy. Tota1
lipid-phosphorus and afkenyl content in each fraction was determined,
as described in "Materials and Methods".

Chol-ine Ethanof ami-ne
glycerophospholipids glycerophospholipids

Total- Iipid-P

umolr/g heart

i2.ga 1 o.aob{+)c 10.7 t 0.25 (4)

Total alkenyl lipid 0.285 + 0.08 (3) 0.935 t 0.115 (3)

% alkenyl lipid 2.21 + 0.54 8.14 1 0.69

altlean
bstandard error of the mean
cNumber of experiments
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was detected wíth a minimum of 25 pg of microsomal protein and a

specific activity of 83.6 nmof plasmenylcholine hydroJ-yzed /min /mS

protein was obtained with 40 ,ig of microsomal protein.

The determination of plasmal-ogenase activity by measuring the rate

of disappearance of plasmenyì-ethanol-amine required a substantial

amount of substrate and was also time consuming. To overcome these

limitations, an assay was devel-oped in which the long-chain aldehydes

produced by the plasmalogenase activity were converted to fatty acids

by the action of aldehyde dehydrogenase. In this assay¡ 1 mol of NADH

woul-d be produced per '1 mol of aldehyde formed¡ when Lhe plasmenyJ--

ethanolamine was oxidized. Hence, plasmalogenase activity coul-d be

monitored in this coupled reaction by the change in absorbance with

Lime at 340 nm. To ensure that the reaction catalyzed by aldehyde

dehydrogenase was not rate limiting, the dehydrog'enase activity to-

I¡/ards long-chain aldehydes was investigated. Pal-mitaldehyde \.{as found

to be a poor substrate for aldehyde dehydrogenase and the reaction

proceeded at 8.5% of the rate when aceLaldehyde \^/as used. However, the

sl-ow rate of the reaction with palmitaldehyde as substrate could be

enhanced in a l-inear fashion by the addition of more enzyme- In order

to utilize this assay to study the pH profile of plasmalogenase in the

heart, the effects of pH on aldehyde dehydrogenase were determined.

Aldehyde dehydrogenase activity was greatly diminished between pH 6.5

and 7.5t but adequate enzyme activity at pH 6-5-7.5 for the coupled

reaction could be obtained with the addit.ion of more enzyme. There-

fore, in the study of the pH profile of the cardiac plasmalogenase,

the amount of aì-dehyde dehydrogenase used in each assay \^/as adjusted
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to at least 1 O-fofd higher than the pJ-asmalogenase activity and there-

fore, the reaction catalyzed by aldehyde dehydrogenase woul-d not be

rate limiting in the production of NADH. The effect of ca2+ and tqg2*

on the dehydrogenase activity was also investigated. The two cations

had very little effect on the activity of al-dehyde dehydrogenase at

the concentrations tested (0-16 mM).

Since aldehyde dehydrogenase requires glutathione and potassium

chloride for maximum enzyme activity, the effects of these compounds

on the cardiac plasmalogenase activity r^/ere al-so investigated. Plas-

malogenase activity in the microsomal fraction was assayed by the

disappearance of plasmenylethanol-amine in the presence of potassium

chloride and glutathione. The activities obtained in the presence and

absence of these compounds were identicalr which ind.icates that these

compounds did not affect plasmalogenase activity in the assay.

To demonstrate the specificity of the coupled reaction for plas-

malogenase activity, a number of control-s were establ-ished (Table 19).

The presence of microsomes and plasmenyJ-ethanofamine in the assay were

essential for the expression of any activity. Substitution of plas-

menylethanolamine with synthetic or natural 1 r2-diacylglycerophospho-

ethanolamine, lysophosphatidylethanolamine and lysoplasmenylethanol-

amine did not elicit any activity. The omission of NAD+ or al-dehyde

dehydroqenase from the assay resulted in an increase in absorbance

with time at 340 nm. Tt was discovered that the reaction mixture l{as

becoming turbid in the absence of NAD+ or aldehyde dehydrogenase. Such

an increase in absorbance with time was afso observed when the reac-
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TABLE 'I9

Specificity of the spectrophotometric procedure for the determination
of plasmalogenase activity in the hamster heart microsomal fraction.

The specificity of Lhe spectrophotometric assay for plasmalogenase was
analyzed by the control experiments as indicated in the table. The
concentration of each component was described in "Materials and
Methods". The final concentration of each lipid component used in the
reaction was 347 pla and a microsomal- preparation containing I ug of
protein was used in each assay. The final volume of the reaction
mixture was 1.5 ml. The absorbance at 340 nm v¡as calculated from t.he
mean of two separate assays. The presence of a component in the assay
is indicated by + ¡ whereas the omission of a component in the assay
is indicated by -. N.D. indicated that no change in absorbance was
detected aft.er 10 min of assay.

Assay componcnt Prcscncc or ¡rhscncc

Tris-HCl buffcr +

NAD.
Microsomal prcp-

aration
Aldchydc dchydro-

tcnasc

Ethanolaminc plas-
malogcns

Ethanolamine lyso
placmalogcns

Diolcoylphosphat-
idylcthanolaminc

Phosphatidyl-
cthanolaminc

Mixcd fatty acids

Absorbancc at
340 nmlmin n.d. n.d.0.035 n.dn.dn.dn.d. n.d.
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tion was monitored at 500-700 nm. Since the absorbance of NADH is

minimal at 500-700 nm, we concluded that such absorbance was caused by

the turbidity of the reaction. In the presence of NAD+ or aldehyde

dehydrogenase, no increase in absorbance \¡¡as observed at. 500-700 nm.

These results suggest that when the long-chain aldehydes released from

the pJ-asmenylethanolamine were not converted to fatty acids, their

continued accumul-ation would exceed their solubility in the reaction

mixture¡ which would resu1L in the formation of a turbid solution.

c) Characterization of Hamster Heart Plasmalogenase Activity

The hamster heart microsomal plasmalogenase was characterized using

the spectrophotometric assay developed. The sensitivity of this method

enabled the detection of enzyme activity when as little as 1 pg of

microsomal protein was used in the assay at pH 8.5. lrlhen 1 unit of

aldehyde dehydrogenase r¡¡as used for the coupled reaction, the assay of

microsomal plasmalogenase activity was linear to I Ug microsomal

protein. The imposítion of this upper l-imit was due to the maximum

ability of the aldehyde dehydrogenase employed. in the assay to convert

all the aldehyde produced to acid under the assay conditions. Any

higher amount of microsomal proteins used without a corresponding

increase in the amount of aldehyde dehydrogenase caused an accumufa-

tion of aldehydes leading to problems with turbidity. Under the condi-

tions of the assay described, a reaction rate of 0.035 absorbance

units,/min was the l-imit beyond which turbidity interfered with O:¿O

measurements.



129

The time-course and, substrate dependence of the reaction rdere

studied using the above spectrophotometric assay. The reaction \,vas

linear up to 1 2 min and maximum vefocity rvas obtained with 300 uM of

plasmenylethanol-amine (Fig.26). The enzyme did not show an absolute

requirement for divalent metal ions and enzyme activity was slightly
at 1¡

enhanced by Mg'-. The enz)¡me v/as activated by 3-10 mM Ca'-, but higher

concentrations of C"2+ co*pletely inhibited the enzyme activity

(fig.27). The enzyme was active a broad pH range, with maximum activi-

ty at pH 8.5 (Fig. 28).

The subcel-l-ular distribution of plasmenylethanol-amine plasmalogen-

ase activity was al-so re-examined using the spectrophotometric assay

method. Activity was measured at pH 8.5 and 7.4. At pH 8.5, the

majority of the enzyme activity \,ras detected in the microsomal- frac-

tion (102 + 6 nmof NADH formed./mín/mg protein) and only a smal-l arnount

of activity was found in the cytosolic fraction ( 0.78 nmol NADH form-

ed/mín/mg protein). At pH 1.4, enzyme activity was onfy detected in

the microsomaf fraction (95 ! 4.5 nmof NADH formed,/min,/mg protein).

These results are essential-ly in agreement with the data obtained

using the assay method in which the disappearance of substrate v/as

monitored (84 t 3.5 nmol,/min,/mg protein). The resul-ts confirm that

plasmalogenase activity is essenLially microsomal.

d) Cardiac Plasmafogenase Activity and Plasmenylethanol-amine Content

in Different Species

Cardiac plasmalogenase activity towards plasmenylethanofamine \.{as

determined in several- mammalian species, by the spectrophotometric
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Fig. 26. TLre effect of substrate concenLration on hamster heart

microsomal plasmalogenase activity.
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HamsLer heart microsomaf plasmafogenase \^/as assayed at pH 8.5
with the spectrophotometric method as described in text.
Each assay contained 5 ¡:g of microsomal protein in the
presence of 50-700 ¡rM of plasmenylethanolamine. The
formation of NADH v¡as monitored at 4340 over a 1 0 min
period. Each point represents the mean of two separate
experinrents.
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Fig. 27. Tihe effects of Mg2+and Ca2+on hamster heart plasmalogenase

activity.

Enzyme activity \.^/as assayed as described in Fiq.26 in the
presence of 0.5-'14 mM of ca2+ (ø) and Mq2+ (9). nach assay
contained 3.5 irS of microsomal protein" Each point
represents the mean of three separate experiments.
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activity.

Hamster heart microsomal plasmaloçfenase acti-vity was
determined spectrophotometrically by the procedure
described in the text. Each assay contained I ¡rg of
microsomal protein. Each point represents the means of
Lwo separate experiments.
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assay developed (Table 20). Microsomal plasmalogenase activity \¡¡as

determined for each sample at a pH of 8.5, with 8 pg of microsomal

protein. Ethanolamine glycerophospholipid fractions from individual

heart lipid extracts were analyzed for their plasmenylethanol-amine

content as described previousJ-y. There was no direct correlation

between cardiac plasmenylethanol-amine content and plasmalogenase ac-

tivity in the different species.

Our interest in the guinea pig heart as a model for mammal-ian

plasmenylchol-ine biosynthesís, Ied us to further investigate the pJ-as-

malogenase activity present in the various tissues of the guinea piS

(Tabfe 21). Microsomal plasmalogenase activity and plasmenylethanol-

amine content were determined as described above. As before, it \^/as

noted that there was a lack of correlation between plasmenylethanol--

amíne contenL and the plasmalogenase activity found in the various

tissues.

III. Quantitation of Lysophosphatidylchol-ine

a) Acetylation of Lysophosphatidyl-choline

A procedure for the determination of small amounts of lysophospha-

tidylcholine in cardiac tissues was developed. Lysophosphatidylcholine

(LPC) was separated from the major phospholípids by column chromato-

graphy and then acetylated with labeled acetic anhydride. fn a preJ-im-

i-nary study, 10 nmol of LPC was acetylated with l3H]acetic anhydride

(2000 dpm/nmol) and the resul-ting product was isolated by thin layer

chromatography. The acetyfated LPC migrated as a single band which was
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TABLE 20

Plasmenylethanofamine content and plasmalogenase activity in mammal-ian
hearts.

Microsomal plasmalogenase activity was determined spectrophotometri-
ca1ly as described in the text. Plasmenylethanolamine was isolated
after afkafine hydrolysis and quantitated by alkenyl content¡ as
described in "MaLerials and Methods". Each vafue represents the mean
of at least three separate experiments.

Plasmenylethanofamine Plasmalogenase
Species content activity

% ethanolamine
phosphoglyceride

umol NADH formed per
min,/mg Protein

Pig
Guinea pig
Dog
Rat
Hamster

0.129
0.082
0.1 98
0.451
0.1 66

43.0
34.5
31 .1
12 -7
B-7
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TABLE 21

Pl-asmenylethanolamine content and plasmalogenase activity in guinea
pig tissues.

Microsomal plasmalogenase activity was determined spectrophotometri-
ca1ly as described in the text. Plasmenylethanol-amine was isol-ated
after alkaline hydrolysis and quanLitated by alkenyl content as des-
cribed in "Materials and Methods". Each value represents the mean of
at feast three separate experiments.

Tissue
P 1 asmenylethanol amine

content
PlasmaJ-ogenase

activity

Brain
Lung
Spleen
Heart
Kidney
Liver

0 .'l 69
0.213
0.231
0.087
0.152
0 .084

% ethanol-amine
phosphoglyceride

JJ.J

44.2
36.8
?¿q
33.9
20.4

umol NADH formed per
min/mg protein
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found to correspond to the standard 1-acyl, 2-acetyl-sn-glycerophos-

phochoJ-ine (Rf = 0.11). The site of acetylation of LPC was investi-

gated by treatment of the acetylated LPC with phospholipase C. The

reaction was terminated and the radioactivity in the aqueous and

organic phases were determined. No radioactivity was detected in the

aqueous phase which indicates that the phosphochofine moiety in LPC

was not acetylated. Over 98% of the original radioactivity was found

ín the organic phase. Analysis of the organic phase by thin layer

chromatography revealed that al-l of the radioactivity in this fraction

migrated cl-ose to the solvent front, which indicates that the acetyl-

ated LPC was completely hydrolyzed by phospholipase C and the tipid

moiety of LPC after hydrolysis \^/as acetylated. fn order to demonstrate

that the acyl groups were not acetylated¡ the acyl groups of LPC

before and after acetylation were methylated and anal-yzed by gas-

liquid chromatoqraphy. Comparison of the methyl esters showed id-enti-

cal acyl contents before and after acetylation, and no significant

radioactivity was detected in the long-chain methyl esters. From the

results obtained, it is cl-ear that the acyl group of the LPC \^/as not

acetylated¡ and there \^¡as no significarrt 3H 
exchanged onto the acyJ-

group.

Acetylation of LPC was shown to

(Fig.29) and the yiel-d was greater

as calcufated based on the specific

anhydride. fdentical resulLs were

dride. Both pyridine and perchloric

be linear from 0.5-100 nmol of LPC

than 90% of the theoretical yiefd
?

radioactivity of the t " Hlacetic
'la

obtained with tlj tlacetic anhy-

acid were required for the reac-
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Fig. 29. Quantitation of lysophosphatidytchol-ine by acetylation.

The formation of 1-acy1, 2-l3HJacetyl--sn-glycerophospho-
choline (acetyJ-ated LPC) with 0.5-160 nmol of LPC \"/as

determined as described in lMaterials and Methods"-
Specific radioactivity of ['g]acetic anhydride was 500

dpm,/nmol for each assay excepL in the inset where 2r000
dpm,/nmo1 r+as used. Each point represents the mean of
triplicate determinations .
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tion and the ratio of acetíc anhydride-pyridine-perchloric acid v/as

optimized at 6:420.1 k/v). The optimum reaction volume for 20 nmol of

LPC was 60 u] and further increases in volume did not improve the

yiel-d. The reaction \^/as essentially completed after a 60 min incuba-

tion at 70oC, but the yield was dramatícally reduced when the reaction

was carried out at 37oC¡ regardless of the length of incubation.

Since acetic anhydride has the ability to acetylate other J-ysophos-

pholípids and lipids containing a hydroxyl group, the LPC fraction

must be isolated from the total tissue lipid extract prior to the

acetylation reaction. Tsolation by silicic acid col-umn chromatography

14
was rapid and provided a good yield. When 1-11-''Clpalmitoyl glycero-

phosphocholine rnras added to the totaf tipid extract prior to cofumn

chromatography, 92% of the radioactivity !\7as recovered in the LPC

fraction. Analysis of this fraction by thin i-ayer chromatography

showed that it contained only lysophosphatidylcholine, sphingomyelin

and phosphatidylcholine. Al-though the sphingomyelin was also acetyl-

ated during the reaction, its acetylated product migrated differently

(nf = 0.19) and \,.¡as readily separated from the acetylated product of

LPC by thin layer chromatography. No radioactivity was detected in

phosphatidylcholine after the reaction, which indicates that it \^/as

not acetylated and there was no isotope exchanged onto the acyl

chains.

b) Lysophosphatidyl-choline Content of Normal and Tschemic Cardiac
Tissue

LPC content in control and ischemic canine heart tissue was deter-
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mined by the acetylation method. The amount of radioactivity asso-

ciated with the acetylated LPC was used to determine the LPC content

from a standard curve. The data obtained are sho\^/n in Table 22. In a

contro] experiment, an internal standard of 1 0 nmol of unlabeled LPC

\{as added to each sample prior to the acetylation. ttrith the aid of

this internal standardr the yield of the acetylation reaction \^/as

determined to be better than 90%. The results obtained from the acety-

lation reaction were compared with those obtained by determination of

Iipid-phosphorus content (Tabl-e 22). A 2.S-fold increase in LPC con-

tent in the ischemic as compared to normal cardiac tissue was observed

by both methods.
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TAP.LE 22

Lysophosphatidylcholine (i-pC) content in control and ischemic canine
heart.

fschemic tissue from canine heart was obtained by a Harrj-s two-stage
occfusion of the left anteríor coronary artery. The levels of LPC in
both controf and ischemic tissues were assayed' by the acetylation
procedure and the lipid-P determination, as described in "Materials
and Methods".

LPC content
Mode of LPC
determination

Ratio
control (c) Ischemic (I)
tissue tissue

nmol/g wet weight

a b .c92"+4"(1s)- 229+26 (9) 2-5

103 t 7 (30) 255 I 25 (6) 2-s

r/c

Acetylation

Lipid-P

- Mean
h"standard error of the mean

"N,r*b.t of experiments
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Discussion

I. The Formation of nhosphatidylchol-ine and Plasmenylcholine from

Chol-ine in the Guinea Pig Heart

This study was aimed at identifying the pathways for the incorpora-

tion of choline into phosphatidylcholine and plasmenylcholine in the

guinea pig heart. The contributions of each known pathway to the de

novo synthesis of phosphatidylcholine and plasmenylcholine v/ere asses-

sed.. The guinea pig heart was the preferred animal- model since a high

amount (34%) of the total choline phosphoglycerides are in the form of

plasmenylcholine.

The structure of plasmenylcholine was discovered in the late 1 950's

but today there is still very littfe information availabfe on the

metabolism of this ether lipid. Indeed¡ the biosynthetic pathway and

the physiotogical- function(s) of plasmenylcholine in mammalian tissue

were not known. This lack of information may be due to the difficul-

ties involved in the isolation, quantitation and handling of this

phospholipid. The major problem encountered is the unavaitability of

suitable methods to separate plasmenylcholine from phosphatidylcho-

l-ine. Currently, it is necessary to hydrolyze or derivatize one or

both of these lipid cfasses prior to their separation. Thus, it is not

yet possible to separate these two phospholipids from each other in

their native form.

This study

thetic route

is

of

the first successful attempt to elucidate the biosyn-

plasmenylcholine from chol-ine in a mammalian heart.
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The formation of plasmenylcholine inevitabfy requires choline¡ thus a

logical approach to the study of the formation of this ether lipid was

to determine if it coufd be labe]ed with radioactive chol-ine. As seen

in the study with the hamster heart (13), the guinea pig heart has the

ability to metabol-ize choline. Following perfusion with l-abel-ed cho-

l-iner the three metabol-ites of the CDP-cho1j-ne pathway (choline,

phosphocholine and CDP-choline) were found to be label-ed. Radioactivi-

ty was also found in the phosphatidylcholine and plasmenylchofine

fractions. Tn addition, smal1 amounts of radioactivity were found to

be associated with lysophosphatidylcholine and sphingomyel-in. The

above label-ed metabolites accounted for 99% of the total- radioactivity

incorporated into the guinea pig heart and no other fabel-ed metabo-

fites were detected. The results of this study indicate that the major

pathway for the biosynthesis of phosphatidylcholine and plasmenylcho-

fine from choline in the guinea pig heart is the CDP-choline pathway.

A distinct lag in the incorporation of l-abel-ed choline into phos-

phatidylcholine and plasmenylchoJ-ine \¡/as found during the first 30 min

of perfusion. This finding is similar to that reported previously from

our faboratory (13) with hamster heart, which indicates that the base-

exchange reaction is not a major route for t.he formation of phospha-

tidyJ-choline and pJ-asmenylchol-ine. The exact contribution of the base-

exchange reaction to the formation of phosphatidylcholine and plas-

menylcholine was not determined in this study. However, the lag phase

is evidence for the minor contribution of this reaction to de novo

phosphatidylcholine and plasmenyJ-choline synthesis (222) " The contri-

bution of progressive methylation of phosphatidylethanolamine and
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plasmenyJ-ethanolamine to the formation of phosphatidylcholine and

plasmenylcho1ine is very minor in the guinea pig heart. However, this

does not rule out a possible role for the methyl-ation pathway in the

transmission of biological signals across the membrane or in other

important physiological functions. Such functions are presumed to be

localized in the membrane (2291230) and were recently found to require

the conversion of only small amounts of phosphatidylethanol-amine to

phosphatidylcholine.

In the pulse-Iabel study, choline was labeled within'15 min. Subse-

guently, a smalf decline in labe1 was observed. ft appears that the

decrease was caused by a smalf but steady loss of labeled chofine in

the perfusate. However¡ such a decrease of labefed materiaf in the

perfusate probably does not have any major effect on the validity of

the puÌse-label studies since the amount of l-abel-ed choline left in

the perfusate after 120 min of perfusion was still greater than 85% of

the amount at the beginning of the perfusion. The incorporation of

label into phosphocholine and CDP-chol-ine levels out at 60 min indi-

cating that an equilibrium T¡¡as reached after this time period.

One essential requirement for demonstrating that the CDP-choline

pathway is the major route for the biosynthesis of plasmenyJ-chol-ine is

the detection of an enzyme activity for the condensation of CDP-

choline with 1-a1kenyl-2-acy1-glycerol. In this studyr \d€ clearly

demonstrate the existence of two phosphochol-inetransferase activities

in the guinea pig heart. which utilized 1,2-diacylglycerols or 1-

alkenyl-2-acy1-glycerol-s as the substrate. There was a S-fold differ-
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ence between these two activities. The hígher activity for 1 r2-diacyl-

glycerols is not defined and it is not known if these two activities

beJ-ong to the sarne or different enzymes responsible for the synthesis

of phosphatidylcholine and plasmenylchol-ine. If there were two en-

z)'rnes, one may be specific for the substrate 1r2-d,íacylglycerol and

the other enzyme for 1-alkenyl-2-acyl-glycerol. Alternatively, if

there is only one phosphochol-inetransferase enzyme and it preferen-

tially catalyzes the synthesis of phosphatidylcholine from CDP-choline

and 1 r2-diacylglycerol, it may also be able to act on 1-alkenyl-2-

acyl-glycerol to form plasmenylchofine. This may be the case in rat

Iiver and brain (163) where it was found that the same ethanol-amine

and choli-ne phosphotransferases \^/ere used for the synthesis of alkyl-

acylglycerophospholipids and diacylqlycerophospholipids. In the

harderian gJ-and of rabbits (168), the microsomaf ethanolamine phospho-

transferase \^/as found to be more active with diacylglycerol-s than with

alkylacylgJ-ycerols and the choline phosphotransferase was found to be

equal-ly active with both glycerol derivatives. In the same study

(168), it was also found that the incorporation of [14c]cnp-ethanof-

amine and. [14c]cop-.frofine into ptasmenylethanolamine and plasmenyl-

chol-ine respectívely, was increased several fold by the addition of

alkylacylglycerols but not by the addition of diacylglycerols.

No other pathway is known for the formation of the alkenyl bond

other than the desaturation of plasmanylethanolamine to form plas-

menylethanolamine (19,120). Thus, it is proposed that the lipid

precursor 1-alkenyl-2-acyl-glycero1 probably arises from the catabo-
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l-j-sm of plasmenylethanol-amine by an enzyme with phospholipase C-like

activity, which would remove the polar head group. The amount of 1-

alkyl-2-acyl-sn-glycero-3-phosphocholine in neutrophils and platelets

largely exceeds that which is needed for the synthesis of i -a1kyl-2-

acetyl-sn-glycero-3-phosphocholíne (platelet activating factor) (227) .

However, the function of the remaining 1-alky1-2-acylglycerophospho-

choline is not known, since the conversion of 1-alkyl-2-acylglycero-

phosphochol-ine to 1-alkenyl-2-acylglycerophosphocholine has not been

described (1221153). our data indicate that 1-al-kenyl-2-acyl-glycerol

is present in the guinea pig heart but our resuÌts obtained from the

study of the incorporation of choline into plasmenylcholine do not

all-ow us to distinguish whether the labeled choline was tra¡sferred to

pre-existing 1 -alkenyl-2-acy1-glycerol (derived from plasmenylethanol-

amine) or to newly synthesized 1-alkenyL-2-acyl-glycerol.

The pool size of phosphocholine in the guinea pig heart was found

to be similar to that of chofine. This finding is different from the

results obtained by others using rat fiver (225) and HeLa cells (226)

where the pool of phosphocholine is much larger than the pool of

choline. However¡ the pool sizes of these metabolites in the guinea

pig heart are of the same order of magnitude as those reported in the

hamster heart (13). Tn additionr the amount of CDP-choline in the

guinea pig heart is very similar to that found in the hamster heart

(13). From the average pool size and specific radioactivity of cDP-

chofine at 90 to 1 20 min of perfusion, the rate of plasmenylchol-ine

formation in the guinea pig heart via the CDP-choline pathway was

estimated to be 0.18 nmol-/min/g heart. The rate of formation of phos-
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phatidylchofine in the guinea pig heart was cal-culated to be 2.69

nmol/min/g heart. In a previous report from our laboratory¡ the rate

of phosphatidylcholine formation in the hamster heart was estimated to

be 39 nmoL/mín/g heart. This discrepancy in the rate of phosphatidyl-

chofine formation may be due to the inherent differences between these

two species, as each has a distinct metabol-ic heart rate and a charac-

teristic turnover rate for cardiac phosphatidylcholine.

There is evidence in the guinea pig heart for two rate-limiting

steps in the CDP-chotine pathway. Pulse-chase experíments with l-abeled

choline show that the initial- rate-Iimiting step is found at the

conversion of choline to phosphcholine by chol-ine kinase. The labeled

choline required 30 min of chase to remove it from the choline pool

before it reached an equilibrium levef. Since the pool sizes of cho-

fine and phosphocholine are similar, a rate determining step for the

phosphoryl-ation of choline is indicated. If this step were not rate-

limiting, then one would expect the pooi- size of choline to be smaller

than the phosphocholine pool. The second rate determining step occurs

at the conversion of phosphocholine to CDP-chol-ine by cytidylyltrans-

ferase. After 20 min of chaser the radioactivity in phosphocholine

became maximum and then was seen to gradual-ly disappear from this

pool, into the CDP-chofine pool. The pool size of phosphocholine was

much larger than the pool of CDP-chofine illustrating that a bottle-

neck occured at this stage.

The existence of two rate-limiting steps in the CDP-chofine pathway

of the guinea pig heart is very intriguing. For many years, it has
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been generally accepted that the st.ep catalyzed by CTP-phosphocholine

cytidylyltransferase is usually the regulated step in the biosynthesis

of phosphatidyJ-choline (131225,226). This concl-usion is based mainJ-y

on the observation that the pool size of phosphochol-ine is usually

several- times larger than the pool size of choline or CDP-chofine. The

resul-ts of the presenL study indicate that the reaction catalyzed by

choline kinase may play a regulatory roJ-e in the CDP-chol-ine pathway

in the guinea pig heart. The phosphorylation of choline is the first

committed step of the pathway and this suggests that this is a most

Iogical place for a rate-determining step ( 231 ) . As in the present

study, puJ-se-chase studies with Ehrlich ascites cel-l-s show that radio-

active chol-ine is not immediately phosphorylated but accumulates as

choline (232). Tn rooster liver¡ a stimulation of choline kinase

activity by diethylstibestrof is observed simultaneously with an in-

crease in phosphatidylchol-ine biosynthesis (233). Thus, it seems that

the reaction catalyzed by choline kinase may play a more active role

in the regulation of the biosynthesis of phosphatidylcholine than has

been noted from previous studies in rat liver Q25) and HeLa cel-ls

(234). Purification of chol-ine kinase from the guinea pig heart is

necessêry in order to investigate the role that this enzyme may play

as a regulator of the CDP-choline pathway.

II. Pl-asmalogenase in Mammal-ian Hearts

Enzymes capable of hydrolyzíng the alkenyl bond of plasmalogens

have not been previously described in cardiac tissue. This study was

the first to demonstrate the existence of this enzyme in mammalian
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heart with plasmenylethanolamine as substrate. Since the action of

plasmalogenases on plasmalogens produces long-chain aldehydes (184), a

coupled reactíon for the conversion of afdehydes to another metabo1ite

with the reducLion of NAD+ or NADP+ woul-d provide a facile approach

for the determination of this enzyme activity. The conversion of the

aldehydes to alcohols with the oxidation of NADH to NAD+ by alcohol-

dehydrogenase had been used to measure plasmalogenase activity (184).

However¡ several difficulties were encountered with this approach. Due

to the inhibitory ef f ect of al-cohol on al-cohol d.ehydrogenase, the

amount of plasmalogen used in the assay had to be limited to subopti-

mal concentrations (84). lVhen higher concentrations of plasmalogens

were used¡ a finear reaction raLe coufd not be obtained, affecting the

accuracy of measurements (184). Our results indicate that the present

method is superior to the coupled reaction with alcohol dehydrogenase.

The reaction rate obtained by the coupled reaction with aldehyde

dehydrogenase (i00 nmol of product formed,/mín/mg protein) were similar

to those obtained by monitoring substrate disappearance. However, our

spectrophotometric assay is at least 25-fold more sensitive. The

control experiments in olr study showed guite conclusively that our

assay is specific for plasmalogenase activity- We afso showed that

plasmenylethanolamine but not lysoplasmenylethanol-amine was util-ized

as substrater which suggests the absence of lysoplasmalogenase activi-

ty in the hamster heart microsomes. Both ethanol-amine plasmalogenases

and lysoplasmalogenase activities have been described in the brain

(181,183,186).
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)tThe Mg-' requirement for plasmal-ogenase activity in the brain has

been reported (181). However, this cation had very fittle effect on

the enz)¡me activity in the hamster heart even at hiqh concentrations

(up to 12.8 mM). At present, we do not know if the inhibition observed

after initial activation by ca2+ is d.ue to a direct effect of ca2+ on

the enzyme or whether a cation-substrate interaction is responsi-ble

for the decreased activity. The optimum pH of the heart plasmalogenase

activity was estimated to be 8.5 compared to 7.4 for the brain etha-

nolamine plasmalogenase. fn addition, Lhe heart enzyme had a much

broader pH profile and was quite active at pH 7.4. ft is likely that

the brain ethanofamine plasmalogenase is kinetically different from

the enzl'rne found in the hamster heart microsomes.

The phosphoJ-ipid content of the hamster heart was estimated to be

29 pmol. /g heart. Plasmenylethanolamine and plasmenylchol-ine accounted

for 4.2v". This val-ue i-s very low compared to those reported for rab-

bit, bovine, human¡ sheep and canine hearts (38169). It is, however¡

comparable to that found in the rat heart (38). Our results for the

plasmenylethanol-amine content of the heart.s of severaf mammal-ian spe-

cies shows that the pig has the highest content, at 43% of the total-

ethanolamine phosphoglycerides and the hamster has the l-owest at 8.7%.

The cardiac plasmalogenase activity present in these species show that

the rat has the highest activity and the guinea pig has the lowest

activity. Hence, it was noted that there is no apparent correl-ation

between the cardiac plasmalogenase activity and the content of cardiac

plasmenylethanolamine from these different species. Plasmenylethanol-

amine content and plasmalogenase activities in different tissues of
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the guinea pig reveaf that the highest pJ-asmenylethanolamine content

exists in the brain and the highest plasmalogenase activity resídes in

the spleen. The lack of correl-ation between the cardiac or other

tissue plasmenylethanolamine content and the plasmalogenase activity

suggests that this enzyme is not responsibl-e for the tissue or species

differences in plasmenylethanolamine content observed in various marn-

mals.

RecentJ-y in our laboratory, the catabol-ism of plasmenylcholine has

been investigated. The absence of plasmalogenase activity for plas-

menylcholine was demonstrated in the guinea pig heart (6) and by other

investigators in the canine heart (71). Plasmenylcholine !üas hydro-

lyzed by phospholipase A2 activities in cardiac fractions of micro-

somes, mitochondria and cytosol of the guinea pig (6). The phospho-

lipase A2 activities have a high specificity for plasmenylcholine with

linoleoyl or oleoyl at the 2-position of the gl-ycerol moiety (6).

Lysoplasmalogenase activity (cleaves the alkenyl bond) for lysoplas-

menylcholine was also detected and characterized in the microsomal and

mitochondrial fractions of the guinea pig heart (6). Thus, it has been

postulated that the major pathway (Fiq.30) for the catabol-ism of

plasmenylchol-ine involves the hydrolysis of the fatty acid at the 2-

position first, by phospholipase A2 and then, hydrolysis of the

alkenyl group of the resultant lysoplasmenyJ-choline by lysoplasmalo-

genase (6). Alternativelyr the lysoplasmenylchoJ-ine formed can al-so be

reacyJ-ated to form the parent phospholipid by acyl-CoA : 1 -al-kenyl-GPC

acyltransferase (190).
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TII. Quantítation of Lysophosphatidylchol-ine

The possible involvement of lysophosphatidyfcholine (LPc) in sever-

al mol-ecular events during arrhythmia after myocardiaf ischemia (18-

81119'7r198) has put a focus on the need to accurately and specifically

guantitate this lysolipid in order Lo examine its physiological role

in the genesis of cardiac arrhythmia. In the fast several years¡ the

concentration of LPC in card.iac tissues has been subjected to much

debate ß4) - The díscrepancies were probably caused by 1 ) mode of

extraction and 2) mode of isofation and quantitatíon after isol-ation.

It has been general-ly agreed that extraction of tissue LPC in an

acidic med,ium will- cause hydrolysis of the parent phospholipidsr which

will- artificially cause the generation of LPC during extraction (84).

Hence¡ LPC was extracted in this study with a neutral soJ-ventr which

has been shown to be a preferred mode of extraction Q28). Although

the method of isolation by thin layer chromatography and the quantita-

tion of the LPC fraction by lipid-P content have been used in all

previous studies, there are a number of difficulties with this mode of

determination. The guantitation of LPC by lipid-P content is subject

to interference from other phosphate-containing substances and a sub-

stantial amount of tissue (200 mg wet weight) is required for each

determination because of the lack of sensitivity of the lipid-P assay

(20-50 nmol) (228). \^lith the present methodr âs little as 10 mg of

cardiac tissue (0.5-'1.0 nmol- of LPC) suffice to accurately determine

the amount of LPC and the sensitivity of the assay can be further

enhanced by using lal¡eled acetic anhydride with higher specific activ-
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ity. The specificity of the assay alleviates the need for ext,ensive

purification of LPCr thus allowing the rapid isol-ation of the lipid by

column chromatography.

The tissue LPC content obtained by lipid-P determinations is

sÌightly but consistantly higher than that obtained by the radioactive

labeling method. Although the difference is not statistical-ly signifi-

cant in all- cases, the higher mean values obtained by lipid-P analysis

are probably caused by smal1 amounts of other phosphate-containing

compounds that may co-chromatograph with LPC. The specificity of the

present assay el-iminates this possibility and aflows an accurate

assessment of the changes in LPC levels during cardiac ischemia and

other cardiac disorders. The sensitivity of the assay also provides

the abitity to determine the lysolipicl content in small biopsy sampfes

and in smal-l- volumes of ischemic bfood.
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