THE METABOLISM OF PHOSPHOGLYCERIDES

IN MAMMALIAN HEARTS

by

Monika Wientzek

a thesis presented to the
Faculty of Graduate Studies

University of Manitoba

In partial fulfillment of the
requirements for the degree
Master of Science
Department of Biochemistry

October 1986




Permission has been granted
to the National Library of
Canada to microfilm this
thesis and to lend or sell
copies of the film.

The author (copyright owner)
has reserved other
publication rights, and
neither the thesis nor
extensive extracts from it
may be printed or otherwise
reproduced without his/her
written permission.

ISBN

L'autorisation a Bt& accordée
a la Biblioth&gque nationale
du Canada de microfilmer
cette thé&se et de préter ou
de vendre des exemplaires du
film.

L'auteur (titulaire du droit
d'auteur) se réserve les
autres droits de publication;
ni la thé&se ni de 1longs
extraits de <celle-ci ne
doivent @&tre imprimés ou
autrement reproduits sans son
autorisation @écrite.

$-315-33996-3



THE METABOLISM OF PHOSPHOGLYCERIDES

IN MAMMALIAN HEARTS

BY

MONIKA WIENTZEK

A thesis submitted to the Faculty of Graduate Studijes of
the University of Manitoba in partial fulfillment of the requirements

of the degree of

MASTER OF SCIENCE

© 1986

Permission has been granted to the LIBRARY OF THE UNIVER-
SITY OF MANITOBA to lend or sell copies of this thesis. to

the NATIONAL LIBRARY OF CANADA to microfilm this
thesis and to lend or sell copies of the film, and UNIVERSITY
MICROFILMS to publish an abstract of this thesis.

The author reserves other publication rights, and neither the
thesis nor extensive extracts from it may be printed or other-

wise reproduced without the author’s written permission.



ACKNOWLEDGMENTS

My deepest thanks to Dr. Pat Choy for his excellent guidance and
encouragement over the course of these studies. I have benefited
greatly from his ability to nurture and develop independent

scientists.

I would also like to thank the members of my thesis committee, Dr.
F. ©Stevens and Dr. D.N. Burton for critically reviewing this rather

lengthy work.

Special thanks go to Dr.Gilbert Arthur for his thorough knowledge
of 1lipid techniques, without which this work would not have been
attempted. Also Gilbert, thankyou for the many critical discussions

(arguments) that lended to the quality of this work.

I wish to thank my friends and co-workers: Gilbert, Cheryl, Leona,
Hannelore, Stan, Tom, Grant and the rest, for making the laboratory an

enjoyable and stimulating place in which to work.

Thankyou to my parents for their enthusiastic support and

encouragement for my studies.



To my parents



LIST OF CONTENTS

LIST OF FIGURES
LIST OF TABLES
ABSTRACT
ABBREVIATIONS
PREAMBLE
INTRODUCTION
I. LIPIDS AND MEMBRANES
IT7. PHOSPHATIDYLCHOLINE AND PHOSPHATIDYLETHANOLAMINE BIOSYNTHESIS
a) Biosynthesis of Phosphatidylcholine
b) Biosynthesis of Phosphatidylethanolamine
IITI. PLASMENYLCHOLINE AND PLASMENYLETHANOLAMINE
a) Structure and Nomenclature
b) History
c¢) Occurence
d) Biosynthesis of Plasmenylethanolamine
i) The pathway
ii) The enzymes
e) Biosynthesis of Plasmenylcholine
IVv. CATABOLISM OF PHOSPHOLIPIDS
a) Phospholipases
b) Plasmalogenases
c¢) Lysophospholipid Metabolism
V. RESEARCH AIMS AND SYNOPSIS
MATERIALS AND METHODS
TI. MATERIALS

a) Experimental Animals

PAGE

vii

ix

xiii

12

19

22

22

24

27

35

35

47

51

54

54

60

61

64

67

67

67



II.

b) Chemicals
c) Enzymes and Radiolabeled Compounds
METHODS
a) Heart Tissue Preparations
i) Perfusion of the isolated guinea pig heart
ii) Preparation of ischemic heart tissue
iii) Subcellular fractionation
b) Preparation and Isolation of Lipids
i) Preparation of total lipid extracts
ii) Separation of phospholipids
a) Silicic acid column chromatography
b} Thin layer chromatography

iii) Preparation of plasmenylcholine and plasmenyl-
ethanolamine

a) Care and storage
b) Alkaline hydrolysis
¢) Acidic hydrolysis
iv) Isolation of lysophosphatidylcholine
v) Isolation of 1-alkenyl-2-acyl-glycerols
vi) Production of 1-alkenyl-2-acyl-~glycerols
c) Analytical Methods and Assays
i) Determination of lipid-phosphorus
ii) Determination of alkenyl content
iii) Protein determination

iv) Assays for the determination of plasmalogenase
activity

a) Disappearance of substrate

b) Spectrophotometric

ii

PAGE
67

68

69

69

69

70

71

72

72

73

73

74

77

77

78

81

82

83

83

84

84

85

86

87

87

88



v)
vi)
vii)

viii)

ix)

x)

x1i)

xii)

xiii)

xiv)

Aldehyde dehydrogenase assay
Quantitation of lysophosphatidylcholine
Scintillation counting

The uptake of [Methyl—3H]choline by the isolated
guinea pig heart

a) Time-course studies
b) Analysis of the choline glycerophospholipids
Pulse-chase studies on the metabolism of choline

Isolation and quantitation of aqueous choline-
containing metabolites

Recovery of radioactive compounds after perfusion

The uptake of [3Hlethanolamine by the isoclated
guinea pig heart

a) Time-course studies

b) Analysis of the ethanolamine and choline
phosphoglycerides

Phosphocholinetransferase assay

Determination of choline, phosphocholine and CDP~
choline content of guinea pig heart

a) Isolation of choline, phosphocholine and CDP-
choline pools

b) Quantitation of pools

EXPERIMENTAL RESULTS

I.

PLASMENYLCHOLINE BIOSYNTHESIS

a) Incorporation of Choline into Plasmenylcholine

b)

c)

d)

e)

f)

Recovery of Radiocactive Compounds After Perfusion
Phosphocholinetransferase Activities
Plasmenylcholine Biosynthesis from Ethanolamine
Rate-limiting Steps for Plasmenylcholine Biosynthesis

Pool Sizes of Aqueous Precursors for Plasmenylcholine

iii
PAGE
89

89

o1

91

92

92

93

94

95

97

97

97

o8

99

99

102

104

104

104

108



iv

PAGE

II. CARDIAC PLASMALOGENASE ACTIVITY 122
a) Alkenyl Phosphoglyceride Content of the Hamster Heart 122
b) Quantitation of Plasmalogenase Activity 122

c¢) Characterization of Hamster Heart Microsomal
Plasmalogenase Activity 128

d) Cardiac Plasmalogenase Activity and Plasmenylethanolamine

Content in Different Species 129
IITI. QUANTITATION OF LYSOPHOSPHATIDYLCHOLINE 133
a) Acetylation of Lysophosphatidylcholine 133

b) Lysophosphatidylcholine Content of Normal and Ischemic Cardiac
Tissue 138
DISCUSSION ' 141

I. THE FORMATION OF PHOSPHATIDYLCHOLINE AND PLASMENYLCHOLINE

FROM CHOLINE IN THE GUINEA PIG HEART 141
II. PLASMALOGENASE IN MAMMALIAN HEARTS 147
ITT. QUANTITATION OF LYSOPHOSPHATIDYLCHOLINE 152

REFERENCES 154



FIGURE

10

11

12

13

14

15

16

17

18

19

20

21

LIST OF FIGURES

A model of plasma membrane structure

Components of a glycerophospholipid

Formation of lysophospholipids

Pathways for the biosynthesis of phosphatidylcholine

The Cytidine pathway for the biosynthesis of phosphatidyl-
choline

a) Stepwise methylation of phosphatidylethanolamine
b) Base-~exchange reactions

Resynthesis of phosphatidylcholine from lysophosphatidyl-
choline

Pathways for the biosynthesis of phosphatidylethanolamine
Ether lipids

Tissue distribution of plasmenylcholine

Tissue distribution of plasmanylcholine

Biosynthesis of glycerolipids

Biosynthesis of plasmenylcholine

Interconversions of plasmenylethanolamine

Sites of phospholipase action

3
Time course for the incorporation of [Methyl- Hlcholine
into the total choline phosphoglyceride fraction

. 3 .
Time course for the incorporation of [Methyl-"Hlcholine
into 1,2-diacylglycerophosphocholine

Time course for the incorporation of [Methyl—3H]choline
into plasmenylcholine

Time course for the incorporation of [Methyl—BH]choline
into the major aqueous choline-containing metabolites

Recovery of radioactivity in different lipid fractions in
the organic phase after extraction

Pulse-chase study on the total [Methyl~3H]choline taken

PAGE

11

13

14

16

16

18

20

23

29

31

43

53

55

57

105

106

107

109



22

23

24

25

26

27

28

29

30

up by isolated guinea pig hearts

Pulse-chase study on the incorporation of [Methyl—3H]
choline into the total choline phosphoglyceride fraction

Pulse-~chase study on the incorporation of [Methyl-3H]
choline into 1,2-diacylglycerophosphocholine

Pulse~chase study on the incorporation of [Methyl—BH]
choline into plasmenylcholine

Pulse-chase study on the incorporation of [Methyl—3H]
choline into the major agueous choline-containing
metabolites

The effect of substrate concentration on hamster heart
microsomal plasmalogenase activity

The effects of Mg2+and ca?ton hamster heart plasmalogenase

activity
The effect of pH on hamster heart plasmalogenase activity
Quantitation of lysophosphatidylcholine by acetylation

Proposed major pathway for the catabolism of plasmenyl-—
choline

vi
PAGE
116

118

119

120

121

130

131

132

137

151



TABLE

10

11

12

13

14

15

16

17

18

19

LIST OF TABLES

Phospholipid composition of various tissues

Major molecular species of phosphatidylcholine in the rat
as % of the total

Major molecular species of phosphatidylethanolamine in
various tissues of different animals

Plasmalogens in the tissues of adult man
Phospholipid composition of the brain

Plasmenylethanolamine content in subcellular fractions of
the nervous system

Phospholipid composition of the heart

Ether-linked choline glycerophospholipids in skeletal
muscle

Phospholipid composition of kidney
Phospholipid composition of testes

Choline and ethanolamine ether-linked glycerophospholipids
in spermatozoa

Phospholipid composition of erythrocytes

Plasmenylcholine and plasmenylethanolamine content of
cultured cells

Recovery of radioactivity in the aqueous phase after
extraction

The activities of phosphocholinetransferase enzyme(s) in
guinea pig heart microsomes

The incorporation of [1—3H]ethanolamine into plasmenyl-
choline

Concentration of choline, phosphocholine and CDP-choline
in guinea pig heart

Alkenyl content of choline and ethanolamine glycerophospho-
lipid fractions from the hamster heart

Specificity of the spectrophotometric procedure for the
determination of plasmalogenase activity in the hamster
heart microsomal fraction

vii

PAGE

10

28

32

33

34

36

37

38

39

40

41

115

123

124

127



20

21

22

Plasmenylethanolamine content and plasmalogenase activity
in mammalian hearts

Plasmenylethanclamine content and plasmalogenase activity
in guinea pig tissues

Lysophosphatidylcholine (LPC) content in control and
ischemic canine heart

PAGEVlll

134

135

140



ABSTRACT

Plasmenylcholine (1-alkenyl-2-acyl-sn-glycero-3-phosphocholine) is
an ether lipid which comprises 34% of the total choline glycerophos-
pholipids in the guinea pig heart. The formation of plasmenylcholine
from choline in mammalian tissues was not known and the biosynthesis
of phosphatidylcholine in the guinea pig heart had not been studied.
In this study, the biosynthesis of choline glycerophospholipids was
investigated by perfusion of the guinea pig heart in the Langendorff
mode with {Methyl—3H]choline. An initial lag phase was observed for
the first 40 min for the incorporation of labeled choline into the
total choline glycerophospholipid fraction which was composed mainly
of phosphatidylcholine and plasmenylcholine. After this lag period,
the incorporation of labeled choline into these fractions became
linear. This dinitial lag period in the incorporation of labeled
choline into these choline 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 plasmenylcholine from CDP-choline and T-alkenyl-2-
acyl-glycerol was demonstrated in vitro by the determination of CDP-
choline : 1-alkenyl-2-acyl-glycerocl phosphocholinetransferase activity
in guinea pig heart microsomes. In addition, t-alkenyl-2-acyl-glycerol

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

The formation of choline glycerophospholipids by the methylation of

phosphatidylethanolamine or plasmenylethanolamine was investigated by

ix



perfusion of the isolated guinea pig heart with [1—3H]ethanolamine for
60 and 120 min. Significant amounts of labeled ethanolamine were
incorporated into phosphatidylethanolamine and plasmenylethanolamine.
Only a small amount of labeling of plasmenylcholine and phosphatidyl-
choline from labeled ethanolamine phosphoglycerides was observed sug-
gesting that progressive methylation plays a minor role in the form-

ation of plasmenylcholine.

Results for the incorporation of choline into choline glycerophos—
pholipids indicate that the major pathway involved is the CDP-choline
pathway. The rate-limiting steps of the CDP-choline pathway for the
biosynthesis of choline glycerophospholipids were determined by pulse-
chase experiments. Isolated guinea pig hearts were pulse-labeled for
15 min with [Methyl—3H]choline and then chased with unlabeled choline
for 0 to 120 min. The phosphorylation of choline (by choline kinase)
and the conversion of phosphocholine to CDP-choline (by cytidylyl-
transferase) were found to be the rate-limiting steps in the biosyn-
thesis of phosphatidylcholine and plasmenylcholine in the guinea pig
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/min/g heart, respectively.

The hydrolysis of plasmenylcholine by the enzyme plasmalogenase may
be a source for lysophosphatidylcholine, which is cytolytic at high
concentrations. Plasmalogenase activity towards plasmenylcholine had
not been reported in the mammalian heart. A new spectrophotometric

assay was developed in which the aldehyde released from the hydrolysis



by plasmalogenase was oxidized to carboxylic acid by the action of
aldehyde dehydrogenase, with the production of the molar equivalent of
NADH. The sensitivity of this spectrophotometric assay for plasmalo-
genase was shown to be 25-fold higher than with the methods described
previously and enzyme activity could be detected with 1 pg of micro-
somal protein. Plasmalogenase activity was located exclusively in the
cardiac microsomal fraction and the enzyme displayed a pH optimum at
8.5. The enzyme was active towards plasmenylethanolamine but not
plasmenylcholine. It appears that in the heart, hydrolysis of the
vinyl ether bond is not the initial step for the degradation of plas-

menylcholine.

The role of elevated lysophosphatidylcholine levels has been impli-
cated in the genesis of cardiac arrhythmias. Hence, the tissue level
of this lipid must be accurately assessed. A new procedure for the
determination of small amounts of lysophosphatidylcholine in cardiac
tissue was developed. Lysophosphatidylcholine from canine heart was
separated from the major phospholipids by column chromatography and
then acetylated with labeled acetic anhydride. The acetylated lyso-
phosphatidylcholine was isolated by thin layer chromatography and the
lysophosphatidylcholine content was calculated from the radioactivity
associated with the acetylated product. Although the sensitivity of
the assay depends on the specific radioactivity of the acetic anhy-
dride wused, as low as 0.5 nmol of lysophospholipid in tissue samples
can be readily quantitated. The results obtained from the control and

ischemic canine cardiac tissues by this assay compare favorably with

xXi



xXii

those obtained by lipid-phosphorus assay and reconfirm the observed
increase in lysophosphatidylcholine content in the ischemic cardiac

tissue during cardiac arrhythmias.
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PREAMBLE

This treatise describes studies on phospholipid metabolism in the
mammalian heart. The main thrust of the study is devoted to the con-
trol of plasmenylcholine biosynthesis in the guinea pig heart. The

catabolism of the cardiac phospholipids is also studied.

Phosphatidylcholine (PC) is the major phospholipid in the mammalian
heart. A large proportion of the PC (up to 40% in some mammalian
hearts) exists as plasmenylcholine, which is a choline-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 biological

signals across the membrane.

The biosynthetic pathways for the diacylglycerophospholipid, phos~
phatidylcholine, in the heart have been reported. However, no informa-
tion is available on the biosynthesis of plasmenylcholine in the heart
or in any other mammalian tissue. 1In general, there is very little
information available on the metabolism and physiological function of
plasmenylcholine. As plasmenylcholine constitutes a significant por-
tion of the PC in some mammalian hearts, studies on the biosynthesis
of this 1lipid may provide insights into its functional role in the

cardiac membrane.

The second area of this report is focused on the metabolism of
lysophospholipids. Lysophosphatidylcholine (LPC) has been implicated

as a major biochemical factor in the production of cardiac arrhythmias



after the development of cardiac ischemia. Addition of exogenous LPC
has been shown to cause depression of transmembrane potential in
cardiac fibres and decreased membrane excitability in Purkinije fibres.
Although the events leading 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 altera-

tions, electrophysiological abnormalities 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 cardiac tissue, the study of the
metabolism of LPC may aid our understanding of the biochemical events

which lead to the production of cardiac arrhythmias.



INTRODUCTION

I. Lipids and Membranes

The organization of all higher cells depends mainly on the compart-
mentalization afforded by biological membranes. Biological membranes
participate in a wide variety of cellular functions including the
structural organization of the cell, secretion, transport, endocyto-

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

The plasma membrane is the essential barrier at the cell surface.
It defines the cell's extent and separates the interior of the cell
from the environment surrounding it. This membrane is also a highly
selective filter that maintains unequal concentrations of solutes and
ions on either side, and allows nutrients and waste products to enter
and 1leave the cell (2). Internal membranes of eukaryotic cells form
the boundaries of organelles such as the endoplasmic reticulum, mito-
chondria, lysosome, nucleus, peroxisome, chloroplast, secretory
granule and other types of vesicles (1). It seems that there is a
degree of functional continuity between internal membranes and the

plasma membrane (1).

Membrane structure is interpreted by the well known 'fluid mosaic!
model (3). Essentially this model states that the plasma membrane and
other internal membranes of eukaryotic cells are assemblies of protein
and lipid molecules, held together by cooperative, noncovalent inter-
actions. Membranes also contain carbohydrates that are linked 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

structure and function (4).

Membrane lipids constitute 50% of the mass of most animal cell
plasma membranes (2). They are organized into an asymmetric bilayer, a
continuous double layer, that is fluid, allowing lateral diffusion of
lipid and protein in the plane of the membrane. Lipids establish the
permeability barrier and provide a matrix with which transmembrane and

peripheral proteins are associated.

When in an agueous environment, lipid molecules have the ability to
self-assemble into bilayers due to their amphipathic character (2).
The head group of the molecule is polar or hydrophilic and the tail is
nonpolar or hydrophobic. The lipid molecules in both leaflets of the
bilayer align themselves so that the hydrophilic head groups face
water on both sides of the bilayer. The oily, hydrophobic tails se-
quester themselves in the middle of the bilayer, thereby excluding
water from it. Due to the hydrophobic interior, the bilayers are
essentially impermeable to most water-soluble molecules such as amino

acids, sugars, proteins, ions and nucleic acids.

The major membrane lipids belong to the group of glycerol-based
phospholipids (Fig.2) and (5). They have a hydrophilic 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 glycerophospholipids are those containing choline or ethanol-

amine residues, phosphatidylcholine (PC) (1,2-diacyl-sn-glycero~3~



Fatty acid

[P—‘OH(DO%HO]

Fatty acid
—1Phosphatef——18asej
Bases:
.
HO —CH,—CH,—NH,* HO—CH,—CH,—N(CH,),
Ethanolamine Choline

l
HO—CH,~C—CH,—OH

H

OH
Glycerol

OH OH
H OH

H H NH,*

OH H

I

H OH H

Inositol Serine
Fig. 2. Components of glycerophospholipids. (206)



phosphocholine) and phosphatidylethanolamine (PE) (1,2-diacyl-sn-
glycero-3-phosphoethanolamine), respectively. Although the phospho-
lipid content of mammalian 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 positions of
the glycerol backbone are two hydrophobic, hydrocarbon tails, each a
fatty acid chain. Animal phospholipids usually contain fatty acids of
chain lengths between 16 to 20 carbon (C) units. The major molecular
species of PC and PE (Table 2 & 3) reveal that the 1-position of the
glycerol backbone is usually 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 glycerophospholipids contain-
ing ether linkages (Fig.9). Alkenylacylglycerophospholipids (plasmalo-
gens) have at least one fatty acid chain attached via a dehydrated
hemiacetal (vinyl ether) linkage. The major lipids of this class are
referred to as plasmenylcholine and plasmenylethanolamine. Alkylacyl-
glycerophospholipids have at least one fatty acid chain attached
through an ether linkage. Plasmanylcholine 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, wvinyl ether or the ether linkage. The lysophospholipids are
formed by the action of phospholipases or plasmalogenases on the

parent phospholipids (Fig.3) (6, 7).

Investigations into the chemistry of phospholipids in mammalian



Tissue Total Phosphatidyvi- Phosphatidyl- Phosphatidyl- Lysophos-

phospholipid choline cthanolamine serine phatidyt-
{pmol/g) (% TPL) (% TPL)Y (% TPL) choline
(% TPL)
Brain, rat 60.2 25 12 8 -
grey matter, man 50.9 39 40 (inct. 13 -
plasmal)
white matter, man 82.8 31 34 16 -
myelin man - 24 7 21 -
Kidney rat 36.6 34 27 7 |
man 22.2 33 24 | 3
Lung rat - 54 20 6 (with PI) -
man - 53 19 8 3
Spleen rat 17.5 42 24 8 !
man 24.7 41 25 8 2
Skeletal muscle rat 1.3 51 22 4 3
man 16.9 48 26 3 trace
Pancreas ox 28.1 53 21 4
guinea pig  30.6 50 18 4 -
Heart rat 15.2 36 30 3 1
man 215 40 26 3 4
Plasma rat 1.5 64 ! 23
’ man 29 70 3 trace 7
Erythrocytes rat 4.2 42 23 t 4
man 39 29 28 14 2
Platelets man 436 40 28 9 {
(nmol/10%)
Liver rat 379 48 24 3 1
man 41.3 44 28 3 1
Bile rat 4.3 90 4 1 <
Amniotic fluid man 14.4 68 12 8 <i

(pmol /100 ml)

Table 1. Phospholipid composition of various tissues. (7)
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cells has illuminated some of the basic mechanisms responsible for
their synthesis and catabolism. Some knowledge has also been obtained
on their possible function in the membrane (76,77). A thorough under-
standing of the metabolism and function of phospholipids may provide

insights into membrane function and assembly.

II. Biosynthesis of Phosphatidylcholine and Phosphatidylethanolamine

a) Biosynthesis of Phosphatidylcholine

In 1850, Gobley isolated “"lecithin" from egg-yolk and brain (27).
From this 1lipid he could obtain glycerophosphoric acid and fatty
acids. Strecker (28) originally isolated lecithin from hog bile and in
1868, Diakanow (29) found that this lipid contained choline. They
deduced a provisional structure for lecithin and in 1950, Baer and
Kates (30) demonstrated via chemical synthesis that lecithin was based
on L-s-glycerophosphate, 1like all other naturally occurring glycero-

phospholipids.

There are five different pathways for the biosynthesis of PC
(Fig.4). The major 'de novo' pathway, in most tissues, is the Cytidine
pathway (Fig.5), elucidated by Kennedy and Weiss (8) in the mid
1950's. These workers demonstrated that cytidine 5'-triphosphate
(CTP) was a requirement for PC biosynthesis and described the reaction
catalyzed by CTP : phosphocholine cytidylyltransferase whereby phos-
phocholine and CTP react to form CDP~choline. In many systems, the
rate of this cytidylyltransferase reaction is the rate limiting deter-

minant of PC biosynthesis (13). As well, Kennedy demconstrated that the
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final reaction, the condensation of CDP-choline with 1,2-diacylgly-
cerol, was catalyzed by CDP-choline : 1,2-diacylglycerol phospho-
cholinetransferase. The 1,2-diacylglycerol backbone for all glycero-
lipid biosynthesis stems from glycerol-3-phosphate (G-3-P) or dihy-
droxyacetone phosphate (DHAP) (40). Previously, Wittenberg and
Kornberg (9) had discovered choline kinase. This enzyme catalyzes the
first step in the pathway, the phosphorylation of choline. Extensive
reviews of this pathway and detailed descriptions of the enzymes

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

The conversion of PE to PC can occur via two distinct routes. One
path is via the stepwise methylation of PE, where methyl groups are
successively introduced onto the terminal amino group of PE (Fig.6a).
In 1960, Bremer and Greenberg (11) found that the N-methylation of PE
proceded via the enzyme phosphatidylethanolamine methyltransferase,
using S~adenosylmethionine (SAM) as the methyl donor. This pathway is
of quantitative significance only in the liver (10). Dils and Hubscher
(12) demonstrated the energy-independent, calcium dependent incorpora-
tion of choline into its corresponding phospholipid. This base-ex-
change activity (Fig.6b) results in the exchange of the bases choline,
serine and ethanolamine with the bases of preexisting phospholipids.
The significance for the base exchange of choline is unknown and it
was found that this path makes a minor contribution to the Dbiosynthe-~

sis of PC in the hamster heart (13).

Two 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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PE + S-adenosylmethionine — N-methyl-PE + S~adenosylhomo-
cysteine

N-methyl-PE + S-adenosylmethionine —3 N,N-dimethyl-PE +
S—adenosylhomocysteine

N,N-dimethyl-PE + S-adenosylmethionine — PC + S-adenosyl-
homocysteine

Fig. 6 a) Stepwise methylation of phosphatidylethanolamine. (PE)

PE PC or PS PE
choline ethanolamine serine

PC PE PS

Fig. 6 b) Base-exchange reactions.
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tion. The reacylation of 1- or 2-lysophosphatidylcholine (LPC) (1- or
2- acyl-sn-glycero-3-phosphocholine), first described by Lands (14)
and LPC transacylation demonstrated in 1965 by Marinetti (15) lead to
the synthesis of specific molecular species of PC (Fig.7). LPC is
formed upon the deacylation of PC by phospholipases A1 and A2, which
release the fatty acyl chains of PC at positions 1 and 2, respective-
ly. PFor reacylation, a fatty acid is transferred from it's acyl-
coenzyme A (acyl-CoBA) to the free hydroxyl group at the 2-position of
1-acyl-sn-glycero-3-phosphocholine (1-acyl-~GPC) by the enzyme acyl-CoA

1-acyl-GPC~O-acyltransferase. At the 1-position of 2-~-acyl-GPC re-
acylation with acyl-CoA occurs via acyl-CoA : 2-acyl-GPC -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-
vyl group. When the free hydroxyl group is at the 1-position, saturated
fatty acids are transferred and when the hydroxyl group in the 2~
position 1is available wunsaturated fatty acids are preferentially
transferred in the acylation. The definite preference for arachidonic
acid (20:4) in the acylation of the 2-position of 1-acyl-sn-glycero-3-
phosphocholine reveals that acylation may be the major method for the

incorporation of this fatty acid into PC in mammalian tissues (16).

The transacylation of LPC (Fig.7), discovered by Marinetti and
Erbland (15), is catalyzed by LPC-LPC acyltransferase. This reaction
produces PC and glycero-3~phosphocholine (GPC) from two molecules 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 dipalmitoyl species of
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PC, a major component of pulmonary surfactant. However, recently it
was found that in rabbit alveolar macrophages (75) 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 containing 1lipid fraction, that was
relatively insoluble in warm ethanol, was isolated from brain tissue
by Thudichum (17) in 1884. He found that he could obtain ethanolamine
from it as a hydrolysis product. In 1930, Rudy and Page (18) isolated
ethanolamine glycerophospholipid from this same fraction of brain
tissue. However, it is likely that this preparation contained plas-
menylethanolamine and the first pure preparations of PE are attributed
to Lea et al. (19) from egg-yolk and Klenk and Dohmen (20), from

liver.

The biosynthesis of PE proceeds via four established pathways
(Fig.8). PE biosynthesis has pathways analogous to those found for the
biosynthesis of PC. The cytidine (CDP-ethanolamine) pathway, the major
'‘de novo' route, was first described by Kennedy and Weiss (8). This
pathway contains enzymes whose functions are analogous to those par-
ticipating in the cytidine (CDP-choline) pathway. Ethanolamine kinase,
CTP : phosphoethanolamine cytidylyltransferase and CDP-ethanolamine
1,2-diacylglycerol phosphoethanolaminetransferase are the enzymes
involved in the biosynthesis of PE via this pathway. There 1is some

controversy over whether choline and ethanolamine kinase activities

19
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reside on the same enzyme (21) or on two distinct enzymes (10). It is
known that CTP : phosphéethanolamine 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

(10,34).

Borkenhagen et al. (22) first demonstrated the base exchange reac-
tion for the incorporation of ethanolamine into PE. By displacing
choline and serine from PC and phosphatidylserine (PS), respectively,
free ethanolamine is predominantly incorporated into hexaenoic (6:0)
PE in brain microsomes (23). This pathway contributes approximately 9%
of PE synthesis in hepatocytes (35) and is analogous to the base

exchange reaction for choline.

Merkl and Lands (24) described the acylation of 1~ or 2-acyl-sn-
glycero-3-phosphoethanolamine (GPE) in 1963. This route for the bio-~
synthesis of PE is similar to the one for the deacylation-reacylation
of PC. The acyltransferase for lysophosphatidylethanolamine (LPE)
utilizes highly unsaturated fatty acids to account for 95% of the 18:2

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 1960. Only lipid-
bound serine can be decarboxylated by the enzyme phosphatidylserine
decarboxylase (26). 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

(35).

IIT. Plasmenylcholine and Plasmenylethanolamine

a) Structure and Nomenclature

Glycerolipids containing ether-linked aliphatic chains are found in
neutral lipids and phospholipids. Phospholipids containing alkyl
groups bound to glycerol are called glyceryl ethers and those with
alkenyl groups are referred to as plasmalogens or vinyl ethers (Fig.9)
(38). Alkenyl and alkyl refer to the presence or absence of unsatura-
tion of the first and second carbons of the fatty acyl chain. Double
bonds can occur at other sites along either acyl chain. The 1-position
of the majority of ether glycerophospholipids is where the alkyl and
alkenyl chains are located. As in diacylglycerophospholipids, at the
2-position of the glycerol 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, phosphocholine, phosphoeth-
anolamine, phosphoserine or phosphoinositol. The chemical structure
for plasmalogens reveals that the hydrocarbon <chain is attached
through a dehydrated hemiacetal or vinyl ether linkage, thus these
chains are unsaturated at position-1. The double 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 alkyl and alkenyl
chains, in a specific species of ether lipid, varies depending on the
source of the lipid. For example, in bovine heart, 87% of the alkenyl
moieties are found at position-1 and 13% at position-2. Whereas for
pig heart, 75% was found at the first position and 25% at position-2

(71).

The names recommended by IUPAC-IUB (39) are plasmenyl (alkenyl) and
plasmanyl (alkyl) for 1-alkenyl-2-acyl and 1-alkyl-2-acyl, respective-
ly. Plasmenylcholine denotes 1-alkenyl-2-acyl-sn-glycero-3-phosphocho-
line (a choline plasmalogen) (Fig.9) (40). There are many molecular
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 double bonds for each alkenyl, alkyl or acyl chain. Usually
chain lengths of 16:0, 18:0 and 18:1 are found for the ether-linked
acyl chains. There are also many unusual ether lipids in addition to
the ether-lipids of neutral and phosphoglycerides (38, 40). Recently,
evidence for a diplasmalogen of phosphatidylethanolamine was found
(70). This ether lipid has two alkenyl moieties, one at the T-position
and one at the second position of the glycerol moiety. It does not
contain an esterified acyl chain. This diplasmalogen 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

plasmenylcholine and plasmenylethanolamine. To the present day, they
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still pose the challenge of their function and there is still no
method available for their separation from their diacyl counterparts,
unless 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 resolved. The works that I
have omitted, are described in detail in two excellent histories on

plasmalogens (41,42).

The name plasmalogen was coined when glycerophospholipids contain-
ing a potential aldehyde were first discovered in the plasma of cells
by Feulgen and Voit in 1924 (43), wusing the fuchsin-sulfurous acid
stain that they had developed. Soon these workers, using these histo-
chemical methods, found plasmalogen in the cells of every type of
tissue from protozoa to human (44,45). In these early years, methods
for the extraction, separation and analysis of phospholipids were
virtually unknown. Thus, 1lipid biochemists of this time engaged in
many painstaking and sometimes futile lines of investigation. Much
progress in phospholipid knowledge was made during the 1940's and 50's
when reliable techniques became established. Feulgen and Bersin in
1939 (46) were the first to isolate a phosphatide from bovine muscle
that contained an aldehyde and ethanolamine. In 1951, using Folch's
fractionation method (47), Klenk and Bohm (48) demonstrated that a
serine plasmalogen was present in the human brain. Choline plasmalo-
gens were also shown to exist in bovine heart muscle in 1953 when
Klenk and Gehrmann (49) used alumina to isolate a lecithin fraction.

Rapport (1954) (50) determined the nitrogen and phosphorus content of

25



plasmalogen-enriched phospholipid fractions. He concluded 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
also observed that the aldehyde present in choline and ethanolamine
plasmalogen was sensitive to hydrogenation. After hydrogenation with
platinum or mixed catalysts, it was found that the product could no
longer be stained with the fuchsin-sulfurous stain nor easily hydro-
lyzed under acid or alkaline conditions. From this, Rapport suggested
that the aldehydogenic linkage was in an =, B —unsaturated ether (53)
and Klenk and Debuch (51) proposed structures that included an = ,B -
unsaturated ether. In the following year, Klenk and Debuch (52) showed
that choline plasmalogens also contained a fatty acid chain and Debuch
(54) illustrated conclusively that only unsaturated fatty acid was
present in ethanolamine 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 lecithin
consists of 60% choline plasmalogen and that these plasmalogens were
cleaved by snake venom phospholipase A to yield one ester chain per
atom of phosphorus (56). This led to the conclusion that plasmalogens
were very similar in structure to their diacyl 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 al. (57) in 1957 and chemical studies on this
compound revealed that this molecule contained a single unsaturated
bond. Independently, Debuch (58,59) also found that the aldehyde was
in the enol form where there is a double bond between the =andB carbon
atoms. Thus, the model where the ether linkage was of antﬁ,ﬁ—unsatu—
rated type was now greatly in favor. This ether structure was con-

firmed by Blietz (60) in 1958 for ethanolamine plasmalogens.

Marinetti and Erbland (61) had concluded from their work on pig
heart plasmalogens that the aldehydes were at the l1-position on the
glycerol backbone. However, many other investigators had evidence that
the ether bond was actually at the 2-position (62, 63, 64, 65). 1In
1959, Debuch (66) conclusively proved the exclusive location of the
ether (aldehyde group) at the 1-position of the glycerol moiety in

ethanolamine plasmalogens from the brain.
¢) Occurence

Ether glycerophospholipids are widely distributed in nature, being
found in almost all bacterial ( except maybe in strict aerobes ) and
animal cells. This section will focus mainly on the distribution of
plasmenylcholine and plasmenylethanolamine in mammalian 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 muscle. There are very low levels present in plasma and liver

(38), 1less than 2% in human (72). The tissue distribution of alkyl-
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acylglycerophospholipids is shown in Fig.11. In the central nervous
system, as in many other tissues and cells, plasmenylethanolamine is
the predominant‘ether lipid (Table 5), in the brains of humans, rats
and guinea pigs, it represents approximately 55% of the total ethanol-
amine glycerophospholipids. In the brain, the alkylacyl subclass is
found mainly in choline glycerophospholipids. The myelin sheath 1is
enriched in plasmenylethanolamine, where plasmenylethanolamine makes
up 32-43% of the total phospholipid in the central nervous system
(Table 6). In peripheral nerve myelin, 27 to 30% of the total phospho-
lipid is plasmenylethanolamine. Values for plasmenylethanolamine in
the nervous system of various species depend on the degree of myelina-
tion and proportion of white matter. Increases 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. Mammalian heart tissue is unique
as it contains a large proportion of plasmenylcholine. 1In humans, 39%
of the total phosphatidylcholine in the heart exists as plasmenylcho-
line (Table 7). High levels of plasmenylcholine are also found in the
guinea pig heart - 34% (154), 46% in bovine heart but only 4% in the
rat heart (38). In young mammals, the ratio of plasmenylcholine to
plasmenylethanolamine in heart muscle is different from that found in

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

Within a species, varying amounts of ether lipids are found in
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Mole ratio, alk-1'-enyl groups: lipid P.

Myelin Microsomes Synaptosomes
0.32 0.19 -
0.43 0.19 -
0.42 0.27 -
0.34 0.16 -
0.42 - 0.27
0.30 - -
0.27 - -
0.38 0.16 -
0.39 0.27 ~
0.32 0.28 -

- 0.17 0.18

Table 6. Plasmenylethanolamine content in
subcellular fracticns of the nervous

system. (38)
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different types of skeletal muscle (Table 8). Other tissues and cells
where plasmenylethanolamine and plasmenylcholine are abundant but
found in different proportions, depending on species, are spleen,
kidney (Table 9), testes (Table 10 & 11), bone marrow, erythrocytes
(Table 12), macrophages, neutrophils, platelets, and in some tumor

cell lines (Table 13) (38) (69).

d) Biosynthesis of Plasmenylethanolamine

i) The pathway

In 1962, Thompson and Hanahan (102) concluded 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 precursor 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 was a phosphorylated aldehydogenic gycerol derivative
contained in the cytosolic fraction of mouse preputial tumor cells.
This derivative could be substituted for by DL-glyceraldehyde-3-phos-—
phate (GA-3-P) (100). 1In 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-GA-3-P, glycerol-3-phosphate (G-3-P) and dihydro-
xyacetone (DHA) (106) could alsc be utilized as precursors. To date,
the biosynthetic pathways that have been elucidated for ether glycero-

phospholipids show that the precursor for the glycerol backbone is

35



Alkenylacyl= Alkylacyl-
GPC GPC

Q

% choline glycerophospholipid

Human rectus
abdominis muscle 17 -

Human gastrocnemius

muscle 27 -
Rat diaphragm 2.4 0.9
Rat soleus muscle 2.4 1.0

Rat rectus femoris
muscle 3.0 0.9

Table 8. Ether-linked choline glycerophospholipids in
skeletal muscle. (38)
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Results represent percentages of total lipid phosphorus and are means + S.D. of three duplicate determinations.

Phospholipids Human Rat Guinea pig
Choline glycerophospholipids
diacyl 310420 47.0+5.1 486+ 1.6
alkylacyl 0.6+0.2 1.1£09 20106
alkenylacyl 0.0+0.0 0.0+0.0 03+04
lysophosphatidylcholine 0.6+0.5 1.3+£0.9 0.0+£0.0
Ethanolamine glycerophospholipids
diacy! 19.2+2.5 9.0+1.5 14.8+3.5
alkylacyl 0.6+0.3 1.8£0.6 25407
alkenylacyl 9.2+0.7 122422 4512
lysophosphatidylethanolamine 00+00 0.0+0.0 0.0+0.0
Serine glycerophospholipids 134113 94+22 11.3£0.8
Inositol glycerophosphalipids 1.2+0.2 45+13 20+£03
Diphosphatidylglycerol 0.0+0.0 0.0+00 0.0+0.0
Phosphatidic acid 1.7+0.7 0.0+00 2.7+0.2
Sphingomyelin 23.5%+24 133115 11.6+1.3
101 99.6 100.3

Total

Table 12. Phospholipid composition of erythrocytes.

(72)
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DHAP (Fig.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-acyl-sn-glycero-3-phosphate (lyso-
phosphatidate). Alternatively, lysophosphatidate can be formed from
glycerol-3-phosphate (G-3-P), which is acylated by acyl-CoA : G-3-P
acyltransferase and acyl-CoA. G-3-P arises either from glycolysis,
phosphorylation of glycerol or by the reduction of DHAP by NADH : DHAP
oxidoreductase (NAD' linked G-3-P dehydrogenase) (88,89). 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-linked
glycerophospholipids (87). Acyl-DHAP is the direct precursor required
for the biosynthesis of the ether bond of glycerophospholipids in
higher 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) 1s acylated by acyl-CoA : 1-acyl-sn-glycero-3-phosphate
acyltransferase to form 1,2-diacyl-sn-glycero-3-phosphate (phospha-
tidic acid). This lipid is the common precursor for PC, PE, phospha-
tidylinositol (PI), phosphatidylglycerol (PG) and di- and triglycer-—

ides (88,89).

The ether bond in alkyl glycerophospholipids originates from acyl-
DHAP and long-chain fatty alcohols. Evidence that long-chain fatty

alcohols were the direct precursors for the alkyl chain was first

42
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provided in 1967 by Friedberg and Greene (96). Later it was also found
that long- chain aldehydes could not substitute for the alcohols
(103). The fatty alcochols are formed from acyl-CoA, via an aldehyde
intermediate, by a membrane associated acyl-CoA reductase (92,95).
This enzyme requires NADPH in mammalian cells (93). The biosynthetic
rate of formation of the ether lipids may be controlled by the levels
of long-chain alcohols since they are the precursors for the alkyl

bond (101).

Catalyzed by alkyl-DHAP synthase, acyl-DHAP reacts with a long-
chain fatty alcochol 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, releasing 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 alcohols of length C1O
to C22 (111, 112). The presence of fatty alcohols is required for the

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

synthase (132).

Alkyl-DHAP is then reduced at the 2-position by NADPH : alkyl-DHAP
oxidoreductase and NADPH to form 1-alkyl-sn-glycero-3-phosphate (110).
This oxidoreductase is capable of reducing both alkyl and acyl-DHAP
and it has been concluded that this enzyme is the same one that
catalyzes the reaction for acyl-DHAP (109). An alternate route for the
synthesis of 1-alkyl-sn-glycero-3-phosphate is from alkylglycerols
which are taken up from the diet. Alkylglycerols are phosphorylated by

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



phosphate (118). With acyl-CoA, 1-alkyl-sn-glycero-3-phosphate may
then be acylated by acyl-CoA : T1-alkyl-sn-glycero-3-phosphate acyl-
transferase to synthesize 1-alkyl-2-acyl-sn~glycero-3-phosphate, the
alkyl analogue of phosphatidic acid (103,104). The acyltransferase
regulates the acyl group composition of ether glycerophospholipids in
brain (113) and in bovine heart (114), due to its specificity for
polyunsaturated acyl-CoA's (113). The phosphate of T-alkyl-2-acyl-sn-
glycero-3-phosphate is removed from position-3 by 1-alkyl-2-acyl-sn-
glycero-3-phosphate phosphohydrolase, to form 1-alkyl-2-acyl-glycerol,
a structure analogous to 1,2-diacylglycerol (117). This ether glycerol
is used as a substrate by the cytidine pathway, elucidated by Kennedy

et al. in 1956 (8).

The enzyme CDP-choline or CDP-ethanolamine : 1-alkyl-2-acyl-glycer-
ol phosphotransferase adds the choline or ethanolamine base to form 1-
alkyl-2-acyl-sn-glycero~3-phosphocholine (1-alkyl-2-acyl-GPC) (plas-
manylcholine) or J1-alkyl-2-acyl-GPE (plasmanylethanolamine) (115,
116). A study of these two phosphotransferase activities in rat liver
and brain microsomes revealed that fatty acids inhibit the synthesis
of plasmanylethanolamine in both tissues (152). Also, studies show
that the same choline and ethanolamine phosphotransferases utilized
for the synthesis of 1-alkyl-2-acyl-GPC or GPE are used to synthesize
1,2-diacyl-GPC or GPE (163). Plasmanylethanolamine may also arise from
labeled 1-alkyl-2-acyl-glycerol by the reverse reaction of ethanol-
amine phosphotransferase on PE (161). The reverse phosphotransferase

activity removes the phosphoethanolamine from endogenous PE and con-
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tributes it to the labeled 1-alkyl-2-acyl-glycercl. This reverse reac-—
tion was enhanced by the addition of cytidine monophosphate (CMP)
(161). Plasmanylcholine is now known to be the precursor storage form
of platelet activating factor, 1-alkyl-2-acetyl-GPC (40). Recently, a
metabolic link, such as methylation or base exchange, between 1-alkyl-
2-acyl-GPE and 1-alkyl-2-acyl-GPC has been proposed on the basis of
their tissue content (72). 1-alkyl-2-acyl-glycerol may also be acyl-
ated by acyl-CoA : 1-alkyl-2-acyl-glycerol acyltransferase forming 1-

alkyl-2,3-diacylglycerol, a triradylglycerol (116).

Early in vivo studies on Ehrlich ascites cells, indicated that 1-
alkyl-glycerols are converted to T-alkenyl lipids by a substitution
reaction (130). Alkylacyl and alkenylacyl glycerophospholipids are
very similar structurally and it was postulated that there was a
precursor-product relationship between 1-alkyl-2-acyl-GPE and 1-
alkenyl-2-acyl-GPE on the basis of their specific radiocactivities
(120,128,129). Some studies demonstrated that 1-alkyl-GPE rather than
T-alkyl-2-acyl-GPE is wutilized as the precursor (121). In 1973,
Paltauf (122) demonstrated that adenosine triphosphate (ATP) and CoA
were not required as cofactors for the reaction when 1-alkyl-2-acyl-
GPE was the substrate but were required when the substrate was 1-
alkyl-GPE. It has been confirmed in vitro that plasmanylethanolamine
is the direct precursor of plasmenylethanolamine via a desaturation

reaction of the alkyl bond (119,120,123).

Alkylacyl-GPE desaturase (zﬁ—alkyl desaturase) is the enzyme that

catalyzes this terminal step during aerobic biosynthesis of plasmenyl-
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ethanolamine in mammals (124). A microsomal mixed-function oxidase,
the desaturase subtracts hydrogen atoms from positions 1 and 2 of the
alkyl chain of 1-alkyl-2-acyl-GPE to form the double bond of 1-
alkenyl-2-acyl-GPE (126). This enzyme is similar in function to fatty
acyl CoA desaturase (122,125) and for optimum activity prefers that
the 1-alkyl-2-acyl-GPE contains an unsaturated acyl chain at position-
2 (124). The desaturase from hamster small intestine mucosa is specif-
ic with regard to the glycerol substrate and does not act on 3-alkyl-
2-acyl-glycero-1-PE (a stereoisomer of 1-alkyl-2-acyl-GPC), 1-alkyl-
GPE or 1-alkyl-2-acyl-glycero-3-phospho(N-dimethyl)ethanolamine (122).
Desaturation requires cytochrome by (127), oxygen (122,123,127), NADPH
(119,122,123,127) and a cytosolic cyanide-sensitive factor, which
stimulates the activity of the enzyme (119,122,123,124). This factor
is identical to a desaturase protein and details 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 plasmenylethanolamine, as it does not all arise from the

decarboxylation of serine (131).

ii) The enzymes

DHAP acyltransferase is a membrane-bound enzyme (133) that is
located on the internal side of membrane vesicles from rabbit harder-
ian glands and rat brain (40). In 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 substrate and the other in microsomes, which

can use DHAP or G-3-P as substrate (40). Originally, DHAP acyltrans-



ferase was localized in the microsomes of brain, lung, testes and
adipose tissue and in the mitochondrial fraction of liver and kidney
(110). Only recently in guinea pig liver and rat liver has this acyl-
transferase been found in peroxisomes (133,134). 1In the rat brain,
acyltransferase activity was localized in microperoxisomes (97). How-
ever, Ehrlich ascites cells, which contain a high proportion of ether
lipids, lack peroxisomes and high enzyme activity was found to be

microsomal (104).

The DHAP acyltransferase from guinea pig liver peroxisomes has
properties distinct from the microsomal DHAP acyltransferase (40) and
G-3-P acyltransferase (133). Chronic treatment of rats with hypolip-
edemic drugs (which cause peroxisome proliferation in liver) resulted
in increased activity of both DHAP acyltransferase and G-3-P acyl-
transferase (97,136). DHAP acyltransferase activity is also stimulated
by detergents and the enzyme is resistant to heat and trypsin in the
absence of detergents (133). Recently however, approximately 30% of
liver DHAP acyltransferase activity has been found to be sensitive to
trypsin (97). This may indicate that a portion of this enzyme is
localized on the outer peroxisomal membrane. DHAP acyltransferase is
generally associated with alkyl-DHAP synthase but the activities of

these two enzymes vary in different tissues (135).

NADPH : acyl-DHAP oxidoreductase is present in liver microsomes
(134) and with NADPH : alkyl-DHAP oxidoreductase is also found in
liver peroxisomes (97). Acyl-DHAP oxidoreductase has also been local-

ized in brain microsomes (97). NADPH : alkyl-DHAP oxidoreductase
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specifically 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 pig liver

mitochondria (147).

Alkyl-DHAP synthase is a membrane bound enzyme (137) which is not
exposed on the cytoplasmic surface (that is, it is on the luminal
side) of intact microsomes (138). This microsomal alkyl-DHAP synthase
is stimulated by detergents and in the absence of detergents is not
sensitive to trypsin (138). It has mainly been studied in microsomes
but considerable activity is also found in peroxisomes (97). In guinea
pig liver, activity is mainly localized in the light mitochondrial
fraction (139) or peroxisomes (97) and in rat liver, a bimodal distri-
bution between peroxisomes and microsomes is found (97). This enzyme
is also found in brain microperoxisomes (97) and microsomes of Ehrlich
ascites cells (40). Thus, it seems that in guinea pig liver, the
enzymes of the acyl-DHAP pathway including: DHAP acyltransferase,
acyl/alkyl-DHAP oxidoreductase and alkyl-DHAP synthase are localized
in peroxisomes. In general, in organs other than liver and kidney

these enzymes are localized in microperoxisomes (97).

The proposed mechanism by which alkyl-DHAP synthase substitutes a
fatty alcohol for an acyl moiety is outlined in the following section.
The substrate, acyl-DHAP must contain a ketone function (40). Alkyl~
DHAP synthase is sensitive to sulfhydryl and amino functional group
modifiers , an amino acid functional group at the active site binds

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

49



cleaved to form an enzyme-DHAP intermediate before the fatty alcohol
is added (40). Acyl-DHAP acylhydrolase activity is not associated with
the purified alkyl-DHAP synthase (40). It is thought that this hydro-
lysis occurs in the absence of long-chain alcohols (145). However,
recently it was demonstrated that the cleavage was dependent on the
presence of the fatty alcohol and that the amount of fatty acid pro-
duced was equal to the alkyl-DHAP formed (132). After hydrolysis, the
activated enzyme-DHAP intermediate can bind fatty acids or alcohols 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 (140,141,142,143,144). A ping-pong mechanism has been suggested by

the kinetic properties of a purified enzyme which supports the forma-
tion of an enzyme-DHAP intermediate (146). 1In the ether linkage of
alkyl-DHAP, the oxygen 1is provided by the fatty alcohol 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. (132).

Alkylacyl-GPE desaturase, a membrane-bound enzyme, has over 70% of
it's activity in the microsomes (124). This enzyme produces the
alkenyl bond by the Z-elimination of erythro-1(s),2(S) hydrogens from
the alkyl moiety (126). In microsomes from hamster small intestine,
enzyme activity is 3.5 pmol/mg protein/h (149), 56.0 pmol/mg protein/h
for adult rat brain microsomes (150) and 2.0 nmol/mg protein/h for pig
spleen microsomes (127). In rat brain microsomes, the specific activi-
ty decreases with age until in adults the activity is 15% that of the

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

NADH : ferricytochrome b5 reductase (148), cytochrome b. (127) and an

5
iron-containing protein that is sensitive to cyanide and identical to
terminal desaturase (122,123,124). The reaction is inhibited by ethyl-
enediamine tetraacetic acid (EDTA), sodium azide, N-ethylmaleimide, p-
chloromercuribenzoate, vitamin K , Tween 80 and sodium deoxycholate
but not by carbon monoxide (122). 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 (125). Rats maintained on a fat-free diet
have increased fatty acyl-CoA desaturase activity but their alkylacyl-
GPE desaturase activity does not increase (151). Thus, it has been

suggested that the two desaturases are controlled at different sites

of the electron transport system (124).
e) Biosynthesis of Plasmenylcholine

The entire pathway responsible for the biosynthesis of plasmenyl-
choline (1-alkenyl-2-acyl-GPC) in mammalian tissues is not known. The
desaturation of 1-alkyl-2-acyl-GPC does not occur to form the alkenyl
moiety (122,153,156). Also, alkylacyl-GPE desaturase can not utilize
1-alkyl-2-acyl-GPC as a substrate (40). Plasmenylcholine occurs in
significant quantities in the mammalian heart (38,154) and the mecha-
nism of its formation remains unsolved. 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 also
be incorporated into plasmenylcholine (155), again the mechanisms
involved have not been elucidated. BAnalysis of the fatty acyl chains
at the Z2-position of the glycerol moiety do not support a direct
metabolic relationship between 1,2-diacyl-GPC and plasmenylcholine
(154). several possible pathways for the formation of plasmenylcholine
include the methylation of plasmenylethanolamine, base exchange and a
mechanism coupling the activities of phospholipases with CDP-choline
or CDP-ethanolamine phosphotransferase. Possible pathways are outlined

in Fig.13.

The methylation of plasmenylethanolamine to form plasmenylcholine

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

52

brain (158). These reports suggest that only small amounts of plas—

menylcholine are formed via this mechanism. The base exchange reaction
is known to participate in the formation of plasmenylethanolamine and

plasmenylserine in the rat brain (170). As yet, there is no in wvivo

evidence of the exchange reaction for the formation of plasmenyl-
choline (124). 1In vitro studies show that there is a decrease in the
rate of base exchange into plasmenylcholine in liver microsomes but

not brain microsomes of aged rats (164).

Only trace amounts of plasmenylcholine are formed from 71-alkyl-2-
acyl-glycerol and incorporation of labeled CDP-choline apparently
results from the reversal of phosphotransferase activities (169).
Plasmenylcholine may be formed in vitro from 1-alkenyl-2-acyl-glycerol

and CDP-choline by a phosphotransferase activity (152,159,160). 1In
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Fig. 13. Biosynthesis of plasmenylcholine.



vivo, the 1-alkenyl-2-acyl-glycerol required for this process may be
produced by the removal of the polar head-group by reverse actions of
CDP-choline or CDP-ethanolamine phosphotransferase with CMP (161,162).
In vitro, the polar headgroup can be removed by phospholipase C
(165,166,167). Recently, phospholipase C has been found to stimulate
the incorporation of labeled choline into plasmenylcholine (165).
After removal of the polar headgroup, plasmenylcholine is then formed
by the transfer of phosphocholine to the 1-alkenyl-2-acyl-glycerol
(152,159,160). The incorporation of CDP-choline into plasmenylcholine
is increased significantly by the addition of alkylacylglycerols but
not diacylglycerols (168). 1In liver microsomes, the rate of incorpor-
ation of phosphocholine into plasmenylcholine with alkylacylglycerols

and CDP-choline is 15.0 nmol/mg protein/h (163).

Alkenyl 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 of 1-
alkenyl-2-acyl-sn-glycerophospho-3-ethanolamine. Thus, it is reason-
able to speculate that these other alkenyl glycerophospholipids are
probably derived from interconversions of plasmenylethanolamine by a
remodelling process (Fig.14). This process possibly involves phospho-
lipases and forward and reverse reactions of the phosphotransferases

(124).

IV. Catabolism of Phospholipids

a) Phospholipases
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Membrane phospholipids exist in a dynamic flux in which continuous
biosynthesis is balanced by degradation. Phospholipases (Fig.15) are
the enzymes responsible for the catabolism of the major diacylglycero-
phospholipids, PC and PE. Phospholipase A1 and A2 hydrolyze the acyl-
ester groups from the 1 and 2 positions, respectively, of the glycerol
backbone to form the corresponding lysophospholipid (Fig.3). These
phospholipases play an important role in the deacylation of phospho-
lipids to lysophospholipids, thus allowing the remodelling process of
reacylation to proceed. Phospholipase Al and A2 are widely distri-

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

Plasmenylcholine and plasmenylethanclamine are resistant to the
effects of phospholipase A1 on the alkenyl bond at the 1-position of
the glycerol moiety (171). As well, the fatty acyl groups at the 2-
position of these ether glycerophospholipids are less susceptible to
phospholipase A2 action compared to the diacyl species (172,173).
Phospholipase A2 activity from rat brain mitochondria and human cere-
brum hydrolyze ether-linked choline glycerophospholipids but with a
lower activity than with 1,2-diacyl-GPC and 1-alkyl-2-acyl-GPC
(173,176). 1-alkyl-2-acyl-GPC and 1-alkyl-2~acyl-GPE are deacylated at
the 2-position by soluble and membrane bound phospholipases A2 from
liver lysosomes (174). Diacyl-GPC and 1-alkyl-2-acyl-GPC are cleaved
at almost the same rate by phospholipase A2 from isolated rat epididy-
mal fat cells, but the 1-alkenyl-2-acyl-GPC is cleaved at a lower rate
(175). The specificity for long-chain acyl groups at the 2-position,
reveals that linoleic acid is released faster than either linolenic or

arachidonic acid (173) in these systems (175,176). The soluble phos-
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Fig. 15. Sites of phospholipase action. (206)



pholipases A1 and A2 isolated from bacteria, plants or snake venom
show a higher affinity for diacyl than for alkylacyl or alkenylacyl
glycerophospholipids (175). Phospholipase A1 and A2 have been used
during the purification of some ether glycerophospholipids 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 (177). This phospholipase
is calcium-independent and specifically cleaves the fatty acid at the
2-position of plasmenylcholine five times faster than with diacyl-GPC
(177). The activation of this enzyme could result in the selective
release of arachidonic acid from phospholipids in the heart (202) and

other tissues (203).

Phospholipase C cleaves the glycerophosphate ester bond of the
diacylphospholipids to form 1,2-diacylglycerol and a phosphate mono-
ester. Phospholipase C is commonly found in bacteria and is distri-
buted in mammalian tissues (37). Most phospholipases C isolated from
mammalian tissues are specific for phosphatidylinositol (PI) and ap-

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

Phospholipase C from bacteria (B.cereus, 166) and snake venom (Naja
naja) demonstrate high activity with all three subclasses of GPC, 1,2-
diacyl, 1-alkyl-2-acyl and 1-alkenyl-2-acyl (175). 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 purified from canine heart cytosol
(177). This enzyme cleaves plasmenylcholine and diacyl-GPC with simi-
lar maximum velocities and does not hydrolyze PI or sphingomyelin
{(177). It has been proposed that the myocardial phospholipase C may
function to shuttle 1-alkenyl-2-acyl-sn-glycerol from ethanolamine
glycerophospholipids to choline glycerophospholipids (177). This 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. Alcohols substitute for water as
the phosphatidate acceptor to form a variety of phospholipids by
phosphatidate exchange. Phospholipase D is found predominantly in

plants (37), however it has been purified from mammalian tissues (36).

Cabbage phospholipase D can convert 1,2-diacyl, 1-alkyl-2-acyl and
1-alkenyl-2-acyl-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 (179). However, this enzyme has a much slower rate of hydrolysis
with the ether-linked choline glycerophospholipids than with diacyl-

GPC (180).

Excellent descriptions of the detailed mechanisms and regulation of
the four types of phospholipases are to be found in some recent re-

views (36,37,175).
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b) Plasmalogenases

In mammalian tissues, the enzyme plasmalogenase is thought to
catalyze the hydrolysis of the alkenyl bond at the 1-position of
plasmenylcholine and plasmenylethanolamine (38,40,186). The enzyme
releases a long-chain aldehyde to produce 2-acyl-GPE (lysophosphati-
dylethanolamine) or 2-acyl-GPC (lysophosphatidylcholine) (185). These
lysophospholipids can then be further catabolized by a lysophospho-
lipase which causes deacylation at the 2-position (40). Plasmalogenase
activity has been detected in mammalian brain, liver and in erythro-
cytes (178,181,182). In the brain, plasmalogenase activity is inhib-
ited by diacylglycerophospholipids (38), increases during development
(187), reflects the degree of myelination (188) and is higher in
oligodendroglia than in neuronal 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, mobilization of prostaglandin precursors from plasmenylethanol-
amine, may involve an initial cleavage of the alkenyl linkage by
plasmalogenase, followed by the action of a lysophospholipase A2 on
the resulting lysophospholipid, to release the arachidonic acid at the

2-position (40).

The catabolism of plasmenylcholine in the heart may occur by the
same mechanism as that for the catabolism of plasmenylethanolamine:
first, the cleavage by plasmalogenase and then the deacylation of the

lysophospholipid by lysophospholipase A2. Alternatively, plasmenyl-



choline could first be deacylated by a phospholipase A2 and then the
alkenyl bond of lysoplasmenylcholine (1-alkenyl-sn-glycero-3-phospho-
choline) could be cleaved by a lysoplasmalogenase. The second alterna-
tive seems likely in light of the fact that plasmalogenase does not
act on plasmenylcholine in the liver and a lysoplasmalogenase activity
has Dbeen identified in this tissue (178). Recently, the absence of
plasmalogenase activity for plasmenylcholine has been demonstrated in

the canine heart (177).

¢) Lysophospholipid Metabolism

Lysophospholipids are distributed throughout all mammalian tissues
(31). Having no distinct biosynthetic pathway of their own, they are
produced mainly Dby 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 level of LPC in
all tissues is rigidly controlled (32) and under normal circumstances
is at low concentration in most biological membranes. LPC is regarded
as an important intermediate in the catabolism of PC (33) and in the
resynthesis of PC in most tissues by the deacylation-reacylation cycle
(14) and transacylation (15) (Fig.7). These mechanisms are thought to
play an important role in achieving the desired fatty acyl composition
at the 2-position of phospholipids (33,204). Acy%ation of 1 or 2-acyl-
lysophosphatidylcholine occurs via the enzyme acyl-CodA : 1- or 2-acyl-

GPC acyltransferase (200). In serum, LPC is formed by the enzyme
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lecithin-cholesterol acyl transferase (LCAT) whereby the fatty acyl

chain at the 2-position of PC is transferred to cholesterol, producing
cholesterol ester and LPC (7). Complete deacylation of LPC occurs by
the action of lysophospholipases A. These enzymes hydrolyze the acyl-
ester bonds in lysophospholipids to form glycerophosphocholine, upon

the release of the fatty acyl chain (36).

Lysoplasmenylcholine (Fig.3) and lysoplasmenylethanolamine, like
other lysophospholipids, are cytolytic and have to be actively metabo-
lized to prevent their intracellular accumulation (32,197,198). Lyso-
rhospholipase D plays an important role in the degradation of cyto-
toxic lysophospholipids with ether bonds, as 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-alkyl-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 (192). Lysophospholipase D
may also serve in the interconversions of plasmenylcholine and plas-
menylethanolamine that involve acyltransferases as well as choline and
ethanolamine phosphotransferases (193). This enzyme has also been
found in rat kidneys, lung, intestine, testes and brain (193). An
endogenous phosphohydrolase rapidly degrades 1-alkyl-sn-glycero-3-

phosphate to 1-alkyl-sn-glycerol (38).

Oxidative cleavage of 1-alkyl-sn-glycerol, 1-alkyl-sn-GPC and 1-

alkyl-sn-GPE at the 1-alkyl linkage occurs by a microsomal tetrahydro-



pteridine (Pte—H4)—dependent alkyl monooxygenase (194). There is a
transient formation of a hemiacetal intermediate (40) during this
cleavage. The long-chain aldehydes released by this process can either
be oxidized to the corresponding acid or reduced to the alcohol (40).
This alkyl monooxygenase requires an alkyl group at the 1-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 similar to that

described for the hydroxylation of phenylalanine (40).

Lysoplasmalogenase (alkenyl hydrolase) from rat liver microsomes
cleaves the alkenyl bond of 1-alkenyl-sn-GPC and 1-alkenyl-sn-GPE
(178,196). The enzyme for lysoplasmenylcholine is solubilized by
sedium deoxycholate (178) but the enzyme for lysoplasmenylethanolamine
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 skeletal muscle

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

Plasmenylcholine (1-alkenyl-2-acyl-sn-glycero-3-phosphocholine) is
a class of ether lipid which comprises 39% of the total choline phos-
phoglycerides in the human heart (38). No information was available on
the Dbiosynthesis of plasmenylcholine in the heart or in any other

mammalian tissue.

Since the formation of plasmenylcholine inevitably requires
choline, the initial approach used to elucidate the biosynthesis of
this ether 1lipid was to label plasmenylcholine with radioactive
choline. Specifically, perfusion of the guinea pig heart with radioac-
tive choline was performed according to established procedure (13).
The radioactively labeled plasmenylcholine was isolated and its spe-
cific radioactivity was examined as a function of perfusion time. The
various radioactively labeled aqueous choline-containing metabolites

were also examined.

Since the lipoidal portion of phosphatidylcholine originates from
1,2~diacylglycerol, it is possible that the lipoidal portion of plas-
menylcholine may be derived from 1-alkenyl-2-acyl-glycerol. This pos-
sibility was examined and further studies were conducted to illuminate
whether the CDP-choline pathway would be the major pathway for the

incorporation of choline into plasmenylcholine.

In order to further elucidate the possible role of lysophospha~
tidylcholine (LPC) in cardiac arrhythmias, it would be helpful to be

able to accurately determine the tissue level of LPC. 1In view of the
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high plasmenylcholine content in cardiac cells,lysophosphatidylcholine
may be formed from the hydrolysis of plasmenylcholine by the enzyme
plasmalogenase. Plasmalogenase has been detected in a number of mam-—
malian tissues, but this activity has not been reported in mammalian
heart. A study was undertaken to identify and characterize plasmalo-
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 availability of this new assay, the subcel-
lular 1localization and other characteristics of the enzyme were stud-
ied. The possible attribution of plasmalogenase activity to the spe-
cies differences noted in cardiac ether lipid content was also ex—~

plored.

The possibility that LPC is a physiological factor in the genesis
of cardiac arrhythmias (78,81,82,83) has been the subject of much
debate. The major problem of studies involving 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 might have been
caused by the use of acidified butanol during extraction (84). With
the usage of neutral organic solvents, lower concentrations of LPC in
ischemic myocardium have since been reported (80,84,85). Nevertheless,
the obvious lack of agreement between values obtained from different
laboratories has not been explained. The discrepancies may result from
the different methodologies employed for the extraction, isolation and
quantitation of lysophospholipids. Hence, the development of a specif-

ic and reproducible method is essential for studies involving the
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physiclogical significance of this lipid.

In this study, a procedure was developed for the determination of
small amounts of LPC in cardiac tissue. LPC from canine heart was
separated from the major phospholipids and then acetylated with la-
beled acetic anhydride. The LPC content was calculated from the radio-
activity associated with the acetylated product. The results from

control and ischemic canine cardiac tissues were compared.

This research may enable investigators to accurately assess the
changes in lysophosphatidylcholine levels during cardiac ischemia and
other cardiac disorders. The results obtained may provide additional
information for the delineation of the physiological role of lysophos-

phatidylcholine in cardiac dysfunction.
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Materials and Methods

I. Materials

a) Animals

Male, albino guinea pigs, weighing 200-250 g, were used for the
study of plasmenylcholine biosynthesis. The animals were obtained from
High Oak, Ontario, and were maintained on Purina Chow and tap water,
ad libitum, in a light and temperature controlled room. Syrian golden
hamsters, 100-150 g, were utilized for the study of plasmalogenase.
Mongrel dogs of either sex, weighing 8-15 kg, were used for the quan-

titation of cardiac lysophosphatidylcholine.

b) Chemicals

Phosphatidylcholine (pig liver), sphingomyelin (beef brain), 1,2
and 1,3-diacylglycerides (pig 1liver) were the product of Serdary
Research Laboratories (London, Ontario). L-«-Lysophosphatidylcholine
(egg yolk) and lipid standard (containing: cholesterol, cholesterol
oleate, methyl oleate, oleic acid and triolein) were purchased from
Sigma Chemical Co. (St. Louis, MO). CDP-choline, phosphorylcholine
chloride, choline chloride, choline iodide and aminocethanol (ethanol-
amine) were also obtained from Sigma. Palmitaldehyde sodium bisulfite
was purchased from K & K Laboratories, Plainsville, NY. 3-heptanone,
4-heptanone and 2',7'-dichlorofluorescein were obtained from Eastman
Kodak Co., NY. Thin layer chromatographic plates (SIL-G25) were pro-
duced by Macherey-Nagel (West Germany) and purchased through Brinkman

Instruments, Rexdale, Ontario. Redi-Plate (Silica gel G), thin layer
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chromatographic plates were obtained from Fisher Scientific Co.
(Winnipeg, Manitoba). Silicic acid (Bio-Sil A) 100-200 mesh was ob-
tained from Bio-Rad Laboratories, Ca. Celite 545 (AW) was obtained
from Supelco Inc., PA. Adencsine 5'-~triphosphate (equine muscle),
glutathione (reduced form), decanaldehyde, ﬁ —-nicotinamide adenine
dinucleotide (grade 1III, vyeast) and bovine serum albumin were pur-
chased from Sigma. Butylated hydroxytoluene (BHT), potassium iodide,
iodine, mercuric chloride and tetraphenylboron were also obtained from
Sigma. Sucrose, Trizma base (reagent grade), deoxycholic acid (sodium
salt), activated charcoal and ethylenediamine tetraacetic acid (EDTA)
were purchased from Sigma. Absolute methanol was obtained from J.T.
Baker Chemical Co., NJ. Acetic anhydride of analytical grade was
obtained from BDH Chemicals (Poole, England) and kept desiccated over
sodium sulfate at 4°C. Pyridine was obtained from Fisher Scientific
Co. and kept desiccated over barium oxide at 4°C. Agueous counting
scintillant was purchased from Amersham Corporation (Oakville,
Ontario). Anhydrous ether, petroleum ether, diethyl ether, chloroform,
iso-butanol, ethanol, methanol and 69-72% perchloric acid were of
certified A.C.S. grade from Fisher Scientific Co. All other chemicals
were of reagent grade and were obtained from Fisher Scientific Co. All
glassware was treated with dimethyldichlorosilane solution (2% in
1,1,1-trichloroethane, BDH Chemicals) before use. All solutions were

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

¢) Enzymes and Radiolabeled Compounds

Phospholipase C (Clostridium welchii), choline kinase (bakers
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yeast) alkaline phosphatase (Escherichia coli), aldehyde dehydrogenase

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

(Crotalus adamanteus) were purchased from Sigma Chemical Co. (St.

Louis, MO).

4
1,2—Dipalmitoyla.sn-glycero—3—phospho[methyll Clcholine, [Methyl—3
. . 14, o . . 14
Hlcholine chloride, [Methyl- Tlcytidine diphosphocholine, ~C-phospho-
choline and [X—32P]adenosine 5'—~triphosphate tetra(triethylammonium
salt) were purchased from New England Nuclear Research Products
14 .

(Boston, MA). 1-[1-"Clpalmitoyl,2~lyso-sn-glycero-3-~phosphocholine,
[114C]acetic anhydride, [3H]acetic anhydride and [1—3H]ethan—1—ol—2—
amine hydrochloride were obtained from Amersham Corporation (Oakville,

Ontario) .
ITI. Methods
a) Heart Tissue Preparations
i) Perfusion of the isolated guinea pig heart

Isolated guinea pig hearts were perfused with Krebs-Henseleit 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 solution C and distilled water to a volume of 1
litre (1). Solution A contains: 70.1 g/l sodium chloride, 21 g/1
sodium bicarbonate and 9.91 g/1 dextrose. Solution B consists of 3.55
g/100 ml potassium chloride, 2.94 g/100 ml magnesium sulfate and 1.63

g/100 ml sodium phosphate (monobasic). Solution C contained 3.73 g/100



ml of calcium chloride. All solutions were stored separately at 4°C.

Guinea pigs were sacrificed by decapitation, the hearts were ex-
cised and placed in Krebs~Henseleit buffer, pH 7.4, saturated with 95%
oxygen and 5% carbon dioxide, at room temperature. The aorta was
cannulated and the heart was perfused in the Langendorff mode. All
perfusions were carried out at 37°C, with a coronary flow rate of 2.8
ml/min. FEach heart was first perfused with Krebs-Henseleit buffer for
10 min to allow a period of stabilization for the isolated heart and
to restore regular rhythm. Electrocardiac recordings were obtained by
placing one electrode on the aortic cannula and the other on the apex
of the heart. This placement of electrodes (lead 2) allowed the asses-
sment of atrial and ventricular activities at the same time. Under our
experimental conditions, normal EKG patterns were maintained for at
least 4 h of perfusion. After stabilization, the hearts were perfused
with Krebs-Henseleit buffer containing radicactive or nonradiocactive
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 nonradiocactive compounds in the blood
vessels. An additional 30 ml of air was forced through the cannula to
remove the buffer. The heart Qas then cut open, blotted 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 left anterior descending
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coronary artery by the Harris two-stage technique (209). The chest
cavity was closed and the animal was allowed to recover. Appropriate
dosages of morphine sulfate and diazepam were given as analgesic and
sedative. The cardiac rhythm of these animals after surgery was moni-
tored by electrocardiac recording (lead 2). The heart was 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) Subcellular fractionation

Guinea pigs and hamsters were sacrificed by decapitation and the
hearts removed and placed on ice. The hearts were weighed, washed, cut
into pieces and then homogenized in 0.25 M sucrose, 10 mM tris-HCl and
2 mM EDTA (pH 7.4) to yield a 10% (w/v) homogenate. Homogenization for
20 s was performed twice with a Polytron homogenizer (Brinkman
PT10/35). The homogenate was centrifuged for 4 min at 100 x g with a
bench centrifuge at 4°C. The supernatant was decanted and the pellet
was rehomogenized. This procedure was repeated and the supernatants
were combined with the last homogenate. This final homogenate was
centrifuged at 2,000 x g for 10 min to pellet nuclei, cell debris and
unbroken cells. The resulting supernatant was centrifuged at 20,000 x
g for 10 min (12,500 rpm x 10 min in Sorvall RC-5 Superspeed Refriger-
ated Centrifuge with SS34 rotor). The supernatant was decanted and the
centrifugation was repeated. The two resultant precipitates repre-

sented the mitochondrial fraction. The post mitochondrial supernatant

was centrifuged at 100,000 x g for 60 min (37,000 rpm x 1 h in
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Beckmann Ultracentrifuge 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-HCl (pH 8.0) using a Dounce homogenizer
type B. The homogenate was centrifuged at 100,000 x g for 60 min. The
microsomes (pellet) were then resuspended in 0.25 M sucrose and 10 mM
tris-HC1 (pH 7.4) and the centrifugation was repeated. The final,
washed microsomes were resuspended in 0.25 M sucrose and 10 mM tris-

HCl (pH 7.4) and stored at -20°C.

b) Preparation and Isolation of Lipids

i) Preparation of total lipid extracts

The wet weight of all cardiac tissue samples, taken either directly
from the animal or after perfusion, were determined and the tissue
samples were immediately cut into small pieces for homogenization.
The tissue sample in chloroform/methanol (1:1; v/v) was homogenized
twice with a Polytron homogenizer (Brinkman PT10/35) at a setting of
6, for 20 s each. The homogenizer was rinsed with 5 ml of chloro-~
form/methanol (1:1; v/v) which was added to each tissue homogenate.
Butylated hydroxytoluene (0.25%) was added to all samples prior to
homogenization. Lipids were extracted from the homogenate by the
method of Folch et al. (210). The tissue homogenate was centrifuged
for 10 min at 2,000 rpm in a clinical centrifuge. The supernatant was
decanted into a round bottom flask and chloroform was added to produce

a chloroform/methanol ratio of 2:1; v/v. The tissue pellet was re-



extracted with chloroform/methanol (2:1; v/v) and the mixture allowed
to stand for at least 10 min to facilitate extraction. The second
extract was centrifuged as above and the resulting supernatant was
decanted. Extraction of the pellet was then repeated. Supernatants
(lipid extracts) from each extraction were combined into a round
bottom flask and enough water was added to each to produce chloro-
form/methanol/water (4:2:2; v/v). The mixture was shaken vigorously

and allowed to stand for 10 min, to improve phase separation. The

upper phase (aqueous) was removed from each flask by pasteur pipette
and placed in a round bottom flask and the volume of the solvent was
reduced by evaporation in vacuo, at 45°C. The content was resuspended
in 1 ml of water, transferred to a screw cap tube and stored at -20°C.
The lower phase (organic) was filtered (Whatman 1PS filter paper) into
a round bottom flask and the volume of the solvent was reduced by
evaporation in vacuo, at 30°C. The content of each flask was resus-
pended in chloroform/methanol (2:1; v/v) and the solution was filtered
(whatman 4 qualitative filter paper) into a screw cap tube. The sol-
vent was then totally removed by evaporation under nitrogen. A known
volume of chloroform was added to each tube and the tubes were stored
at -20°C. These tubes constitute the total lipid extract from each

tissue sample.
ii) Separation of phospholipids
a) Silicic acid column chromatography

Phospholipid classes in the total lipid extract were separated by
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silicic acid chromatography according to the protocol of Sheltawy and
Dawson (211). Silicic acid, 100-200 mesh (Bio-Sil A, Bio-Rad) was
washed several times with chloroform and then packed into columns.
Total lipid extracts (in chloroform) were then loaded onto the top of
each column. Fractions were collected and the volume of the solvent
was reduced by evaporation at 30°C., in vacuo. After evaporation,
lipid fractions were transferred to screw cap tubes and analyzed by
thin layer chromatography to monitor the lipid composition of each
fraction. Neutral lipids were eluted by passing sufficient volumes of
100% chloroform down the column. The total phospholipids were then

eluted with 80% methanol in chloroform.

When phospholipids were eluted in a stepwise manner, the following
series of eluants were used. Phosphatidic acid and phosphatidylgly-
cerol were eluted from silicic acid columns with 5-10% methanol in
chloroform. Phosphatidylethanolamine was obtained from the columns
with 10-15% methanol in chloroform, phosphatidylserine with 15-20%
methanol in chloroform and phosphatidylcholine was eluted with 40-50%
methanol in chloroform. Sphingomyelin and lysophosphatidylcholine were

eluted from the silicic acid columns with 80% methanol in chloroform.

b) Thin layer chromatography (TLC)

Neutral and phospholipids were regularly separated on thin layer
chromatographic plates (Redi-Plate, Silica gel G, Fisher Scientific).
Lipid samples were applied to the origin (1.5 cm from the bottom of
the plates) via a Hamilton syringe. Blank lanes of silica gel (0.5-2.0

cm) were left on the sides of each plate. After application to the



plates, the samples were allowed to air dry. Chromatographic tanks
were pre-saturated with the solvent mixture and all plates were run at
room temperature. After chromatography, the plates were allowed to air
dry, prior to visualization. Phosphatidylethanolamine, phosphatidyl-
choline and 1lysophosphatidylcholine were usually separated with a
solvent mixture containing chloroform/methanol/water/acetic acid
(70:30:4:2; v/v) or chloroform/methanol/water/ammonium hydroxide
(65:50:4:11; v/v). When highly purified phospholipids were required,
succesive chromatographies utilizing both solvent mixtures were em-

ployed.

Lipids on TLC plates were visualized by destructive (iodine, ninhy-
drin, phosphomolybdate~sulfuric acid, Dragendorff's reagent) and non-
destructive methods (2',7'-dichlorofluorescein). Destructive methods
were only employed when the lipids separated did not require further
analysis after chromatography. All unsaturated lipids were 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 lipids. Also, the iodination of double
bonds causes the loss of unsaturated fatty acids and of the alkenyl
bond of ether lipids. TIodine was removed from TLC plates by warming

them for 30 min at 100°C.

Sprays were utilized to specifically visualize certain classes of
lipids. Ninhydrin (0.25% in acetone) spray generated purple spots,
after heating the plates, to visualize phosphatidylethanolamine, lyso-

phosphatidylethanolamine and phosphatidylserine. A modified version of
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Dragendorff's reagent (211) was used to visualize choline-containing
lipids, as yellow spots on a grey background. Dragendorff's reagent
was prepared by rapidly mixing a solution of 17% (w/v) bismuth nitrate
in 20% (v/v) aqueous acetic acid in a ratio of 2:7 with 0.29% (w/v)
potassium iodide. This mixture is highly unstable and was immediately

sprayed onto TLC plates.

The method utilized 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 blue spots, which gradually increased in intensity, after TLC
plates were sprayed with the phosphomolybdate-sulfuric acid solution.
This reagent was also used to char all types of lipids, by heating the
sprayed plate for 30 min at 100°C. This spray was prepared by mixing
two volumes of water with equal volumes of solutions A and B. Solution
A was prepared by the addition of 40.71 g molybdenum trioxide to 1
litre of 25 N sulfuric acid (70%, v/v). The mixture was boiled until
the molybdenum trioxide had dissolved. Solution B was prepared by the
addition of 1.78 g powdered molybdenum to 500 ml of solution A. This
mixture was boiled for 15 min, cooled and decanted from any residue

present. Solutions A and B were stored separately until required.

When 1lipids were required for analysis subsequent to thin layer
chromatography, the TLC plates were sprayed with 0.2% (w/v) 2',7'-
dichlorofluorescein in ethanol. Lipids were visualized as yellow fluo-
rescent spots against a green background, under ultraviolet light. To

isolate the lipids, the appropriate fractions were removed from the
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TLC plates and eluted from the silica gel by the method of Arvidson
(213). To the silica gel in small test tubes was added 4 ml of chloro-
form/methanol/water/acetic acid (50:39:10:1; v/v) and the solution was
mixed vigorously. The tubes were allowed to stand for 10 min, to
facilitate the extraction of the lipids. Thereafter, the tubes were
centrifuged for 10 min at 2,000 rpm in a <clinical 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 large 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
were filtered (Whatman 1 PS filter paper) into screw cap tubes and
evaporated to dryness under nitrogen. Each lipid sample was then

resuspended in chloroform and stored at -20°C.

iii) Preparation of plasmenylcholine and plasmenylethanolamine

a) Care and storage

The wvinyl ether (alkenyl) linkages of plasmenylcholine and plas-
menylethanolamine are easily lost due to peroxidation, to form the
ether (alkyl or hydroxy-alkyl) linkage. Hence, an antioxidant, butyl-
ated hydroxytoluene, was included in all lipid preparations containing
alkenyl linkages. All test tubes and glassware used to store these
lipids were covered with aluminum foil to exclude light. Lipid prepa-
rations were stored under nitrogen at -20°C., at all times. During all

experiments, care was taken to avoid exposing the alkenyl linkages to
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temperatures above 40°C., mercuric ions, iodine vapors or mildly
acidic conditions. All of the above conditions will cause the cleavage
of the alkenyl linkages by reducing the double bond and releasing the

long-chain aldehyde, thereby producing the lysophospholipid.
b) Alkaline hydrolysis

The current methods available for thin layer chromatography and
silicic acid column chromatography were not able to separate intact
plasmenylcholine from the diacyl and alkylacylglycerophosphocholine
classes. All three classes of lipids migrate as a single fraction with
these methods. This difficulty also applies to the ethanolamine gly-
cerophospholipid classes. It is therefore necessary to hydrolyze or
derivatize one or more of these lipid classes, prior to their separa-
tion Dby chromatography. In our experiments, intact plasmenylcholine
and plasmenylethanolamine were isolated from choline and ethanolamine
glycerophospholipids (containing diacyl, alkenylacyl and alkylacyl
classes) after alkaline hydrolysis. Alkaline conditions caused the
hydrolysis of the ester linkages of glycerophospholipids releasing the
fatty acyl chains, whilst leaving the ether (alkenyl and alkyl) link-
ages intact. Since alkylacylglycerophosphocholine constitutes less
than 3% of the total choline glycerophospholipids of the guinea pig
heart, it was allowed as a minor contaminant in all preparations of

choline glycerophospholipids.

Large amounts of plasmenylcholine and plasmenylethanolamine were
prepared by the method of mild alkaline hydrolysis by Renkonnen (215).

Treatment for 15 min by mild alkaline hydrolysis caused the complete



cleavage of the ester linkages of the diacylglycerophospholipids but
only 30-50% of the ester groups in plasmenylcholine. Specifically,the
choline or ethanolamine glycerophospholipid sample was evaporated to
dryness in a large round bottom flask, under a stream of nitrogen. The
lipids were redissolved in 120 ml of chloroform/methancl (1:1; v/v).
Thereafter, 20 ml of 0.35 N sodium hydroxide in 96% methanol was
added. After vigorous mixing, the sample was incubated at room temper-
ature for 15 min. Subsequent to incubation, 100 ml of chloroform and
0.8 ml of methanol were added to the flask. The flask was capped,
shaken vigorously and 51 ml of water was added. After mixing and phase
separation, the upper phase was removed and the solvent in the lower
phase was reduced by evaporation in vacuo at 30°C. The lipids were
redissolved in chloroform/methanol (2:1; v/v) and applied to the top
of a silicic acid column. Intact plasmenylethanolamine was eluted from
the column with 10-15% methanol in chloroform and plasmenylcholine was
eluted with 30~40% methanol in chloroform, as described previously.
Thin layer chromatography was used to establish the lipid composition
of each fraction. When the incubation time was increased to 40 min,
all of the ester linkages were destroyed. This resulted in the forma-
tion of lysoplasmenylcholine (from plasmenylcholine) and glycero-3-
phosphocholine (from diacylglycerophosphocholine). Similar hydrolytic
products were obtained for the ethanolamine phosphoglycerides. Under
these conditions, lysoplasmenylethanolamine was eluted from the
silicic acid columns with 20-25% methanol in chloroform and any resid-
ual diacylglycerophosphocholine was eluted with 50% methanol in

chloroform. Lysoplasmenylcholine was eluted gradually between 55-80%
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methanol in chloroform.

Mild alkaline hydrolysis by the method of Wells and Dittmer (214)
was used to degrade all of the ester linkages of glycerophospholipid
samples containing up to 20 ymol of lipid. This method was utilized to
prepare lysoplasmenylcholine and lysoplasmenylethanolamine. Specifi-
cally, solvents were completely removed from the choline or ethanol-
amine glycerophospholipid samples by evaporation under nitrogen. The
lipids were redissolved in 1 ml of chloroform/methanol (1:4; v/v) by
vigorous mixing. To this solution was added 0.1 ml of 1.2 N sodium
hydroxide in methanol/water (1:1; v/v). The solution was mixed thor-
oughly, covered with Parafilm and incubated at 37°C for 20 min in a
shaking water bath. The sample was neutralized upon the addition of
0.15 ml1 of 1 N acetic acid and 2 ml of chloroform/methanol (9:1; v/v).
After vigorous mixing, 1 ml of isobutanol and 2 ml of water were
added. The mixture was shaken and then centrifuged for 10 min at 2,000
rpm in a clinical centrifuge to facilitate phase separation. The upper
phase was removed by suction and the lower phase was re-extracted with
methanol/water (1:2; v/v). After centrifugation, the solvent in the
washed lower phase was evaporated with nitrogen. The 1lipids were
redissolved in chloroform/methanol (2:1; v/v) and spotted onto a TLC
plate, which was then developed in a solvent mixture of chloro-
form/methanol /water/acetic acid (70:30:4:2; v/v). After chromato-
graphy, the plate was allowed to air dry and was then sprayed with
0.2% 2',7'-dichlorofluorescein in ethanol to visualize the lipids.

This procedure degrades diacylglycerophosphocholine to glycero-3-

80



81
phosphocholine, plasmanylcholine to lysoplasmanylcholine and plas-
menylcholine to lysoplasmenylcholine. Similar hydrolytic products were
formed from the ethanolamine glycerophospholipids. Therefore, the LPC
or LPE fractions on the TLC plate contained only the ether classes of
choline and ethanolamine glycerophospholipids, respectively. These
lysophospholipid fractions were removed from the plate and the lipids
were eluted from the silica gel by the method of Arvidson (213) as

described previously.
¢) Acidic hydrolysis

Phospholipid preparations, free of plasmenylcholine and plasmenyl-
ethanolamine, were obtained after acid hydrolysis by the method of
Wells and Dittmer (214). This method hydrolyzes all of the alkenyl
bonds of glycerophospholipids but leaves the ester and ether (alkyl)
bonds intact. Specifically, the solvents of lipid samples (containing
up to 1 mmol) were evaporated under nitrogen. The lipids were resus-
pended in 1.6 ml of chloroform/methancl (5:11; v/v) and 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 were capped with Parafilm and incubated for 20 min at 37°C
in a shaking water bath. After incubation, 3.5 ml of chloroform énd
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 2,000 rpm in a c¢linical centrifuge). The
upper phase was removed and the solvent in the lower phase was evapo-

rated under nitrogen. The hydrolysis was then repeated. Following the
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second hydrolysis, the lipids in the lower phase were redissolved in
chloroform/methanol (2:1; v/v) and spotted onto a TLC plate. The plate
was developed in a solvent mixture of chloroform/methanol/water/acetic
acid (70;30:4:2; v/v). After development, the plate was allowed to air
dry and the lipids were visualized by exposure to iodine vapor. By
this procedure, long-chain fatty aldehydes were released from the C-1
position of plasmenylcholine and plasmenylethanolamine, resulting in
the formation of lysophospholipids. Ester bonds and alkyl bonds of the
phosphoglycerides were not attacked by this treatment and the migra-

tion of these lipids on the TLC plates remained unchanged.
iv) Isolation of lysophosphatidylcholine

Lysophosphatidylcholine (LPC) was isolated from the total lipid
extract of canine heart, on silicic acid columns according to the
protocol of Sheltawy and Dawson (211). The lipid extracts were sus-
pended in a volume equivalent (ml) of chloroform/methanol (2:1; v/v)
equal to the gram wet weight of the tissue homogenate. Silicic acid
(0.5 g) was suspended in chloroform and packed into a 10 x 0.5 cm
column. Lipid extract (20-100 pl) was applied to the column. The
lipids were eluted from the column by the sequential application of 5
ml of chloroform, 5ml of chloroform/methanol (4:1; v/v), 25 ml of
chloroform/methanol (1:1; 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 content was transferred to a test tube and the solvent was

totally removed by evaporation under nitrogen.



v) Isolation of 1-alkenyl-2-acyl-glycerols

T-Alkenyl-2-acyl-glycerols were isolated and quantitated from the
guinea pig heart. Total lipid extracts (in chloroform) were prepared
from three samples (each containing 4 hearts). Neutral lipids present
in the total lipid extracts were separated from the phospholipids by
thin layer chromatography. The TLC plates were developed with a sol-
vent mixture of chloroform/methanol/acetic acid (98:2:1; v/v). After
chromatography, the neutral lipids were visualized under U.V. 1light
with 0.2% 2',7'-dichlorofluorescein. Since 1-alkenyl-2-acyl-glycerol
migrates with 1,2 and 1,3-diacylglycerols on TLC plates, the fractions
corresponding to 1,2 and 1,3-diacylglycerols were removed from the
chromatograms. The lipids were recovered from the silica gel by the
method of Arvidson (213). The diradylglycerol preparation was further
purified by thin layer chromatography with a solvent mixture of petro-
leum ether/diethyl ether/acetic acid (80:20:1; v/v). Following devel-
opment, the 1,2 and 1,3-diacylglycerols were removed from the TLC
plates and eluted as described above. These two diradylglycerol frac-
tions were combined and the 1-alkenyl-2-acyl-glycerols were quantita-
ted by their alkenyl content by a modification of the method by

Gottfried and Rapport (216).

vi) Production of 1-alkenyl-2-acyl-glycerol

Plasmenylcholine-enriched fractions were obtained from bovine and
canine hearts by silicic acid column chromatography after mild alkali

hydrolysis (215). The alkenyl content of these fractions was estimated
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by the method of Gottfried and Rapport (216). 1-Alkenyl~2-acyl-gly-
cerols were prepared from plasmenylcholine by hydrolysis of the phos-
phocholine moiety with phospholipase C (C.welchii) according to the
method of Renkonnen (167). The solvents of plasmenylcholine-enriched
fractions (containing up to 30 ymol of plasmenylcholine) were evapo-
rated under a stream of nitrogen. The lipids, in large covered tubes,
were resuspended by sonication in 1 ml of 0.2 M tris-HCl (pH 7.35).
Phospholipase C (100 wunits) was resuspended in 0.2 M tris-HCl1 (pH
7.35) containing 8 mM calcium chloride and added to the sonicated
lipid suspension. Diethyl ether, up to 2 ml, was gently layered onto
the top of the lipid-enzyme suspension. This preparation was incubated
at 37°C in a shaking water bath, until the bottom layer had clarified.
The ether was 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 chloroform washed, silicic
acid column and diradylglycerols were eluted from the column by pas-
sing sufficient volumes of 100% chloroform down the column. The di-
radylglycerols were further purified by thin layer chromatography,

utilizing the two solvent system described in the previous section.

c) Analytical Methods and Assays

i) Determination of lipid-phosphorus

Total 1lipid phosphorus was determined by the method of Bartlett
(217), wusing 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 ug of lipid-phosphorus. Any organic solvents in the
sample were removed by evaporation 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-
ing, 8 ml of water was added to the digested sample, to give a volume
of 9 ml. After vigorous mixing, 0.8 ml of 5% ammonium molybdate solu-
tion was added followed 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 bisulfite and 0.05 g of sodium sulfite in 10 ml of
hot distilled water with constant stirring. The reagent was allowed 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 vigorously. The tubes were then covered with aluminum foil and
heated in a boiling water bath for at least 10 min. After cooling, the
absorbance of the solutions were measured at 830 nm. Standards of
potassium phosphate, monobasic (10 ng/ml), for the standard curve and
reagent blanks were assayed each time under the same conditions as the

samples.

ii) Determination of alkenyl content

The alkenyl content of lipid samples was measured by a modification
of the method of Gottfried and Rapport (216). Five test tubes for each
lipid sample (about 0.1 pmol) were prepared and the solvent was evapo-
rated with nitrogen. A series of five blank test tubes (with no sam~
ple) were treated exactly as the sample tubes hereafter. Absolute

methanol (0.5 ml) was added to all tubes followed by brief sonication
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in a bath sonicator, to disperse the lipid. The tubes were then warmed
at 60 to 70°C for 2 to 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 3%
aqueous potassium iodide, were added to three of the five tubes for
each sample. To the other twoc tubes were added 0.5 ml of 3% aqueous
potassium iodide. All tubes were mixed vigorously and allowed to stand
at room temperature for 20 min. Ethanol (4 ml) was added to all tubes
and the solution was mixed vigorously. The spectrophotometer was
zeroed with ethanol 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 less than 0.1, then the assay was repeated with a

smaller sample.

The content of alkenyl groups for each sample was calculated by
subtracting the absorbance of the tubes that contain the sample and 3%
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 tubes con-~
taining the iodine solution. Then, the final absorbance for the re-
agent blank 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/ml).

iii) Protein determination
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The protein concentrations of the subcellular fractions were esti-
mated by the method of Lowry et al. (219), with bovine serum albumin
(BSA) as the standard. A series of test tubes with known amounts of
BSA (0-100 ng/tube) were prepared in triplicate, for the standard
curve. Triplicate tubes of samples were also prepared and the volume
of all tubes was brought to 100 ul with distilled water. To each tube
was add 0.1 ml of 5% (w/v) sodium deoxycholate and distilled water in
order to bring the volume of each tube to 1 ml and the solution was
mix vigorously. Equal volumes of 1% (w/v) copper sulphate and 2% (w/v)
potassium sodium tartarate were mixed. The resultant solution was
mixed with 2% (w/v) sodium carbonate in 0.1 M sodium hydroxide at a
ratio of 1/50 (v/v). The mixed solution (4 ml)was added to each tube
and allowed to stand at room temperature for 10 mins. The Phenol
reagent (Folin-Ciocalteau) was prepared by diluting 1 ml of the com-
mercial reagent (2 N) with 1.36 ml of distilled water. The diluted
reagent (0.5 ml) was added to each tube and the tubes were mixed
instantaneously. The tubes were heated at 60°C for 10 mins, in order
to stabilize the color. After cooling, the absorbance of the tubes was

measured at 730 nm.

iv) Assays for the determination of plasmalogenase activity

a) Disappearance of substrate

Plasmalogenase activity was measured by a modified procedure of
Dorman et al.(189). Purified plasmenylethanolamine (2.6 pumol) was
dispersed in 1 ml of water by sonication in a bath sonicator at 0°C,

until clear. The reaction mixture contained 200 ul of dispersed plas-
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menylethanolamine and 300 pl of 1 M tris-HCl buffer (pH 8.0). The
reaction was started upon the addition of the subcellular fraction
(containing 25-500 ug protein). The final reaction volume was 1.5 ml.
After an incubation period of 0-60 min, the reaction was stopped by
the addition of 6 ml of chloroform/methanol (2:1; v/v) and the sample
was mixed vigorously. The upper and lower phases were separated by
centrifugation and the upper phase was dicarded. Aliquots of the lower
phase were 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 double-beam spectrophotometer. The reaction mix-
ture (1.5 ml) contained 200 mM tris-HCl (pH 8.5), 133 mM potassium
chloride, 7 mM glutathione (reduced form), 8.3 mM NAD+, 1 unit of
aldehyde dehydrogenase and 347 uM plasmenylethanolamine (prepared as
described above). The contents of the reaction mixture were added
sequentially into a quartz cuvette, in the above order. Due to the
presence of dispersed plasmenylethanolamine in the assay, the mixture
was allowed to equilibrate in the spectrophotometer for 5 min, in
order to obtain a stable baseline. The reaction was initiated by the
addition of the enzyme preparation to the sample cuvette. When enzyme
preparations containing mitochondrial particles were used, rotenone (2
3M) was present in the incubation mixture to inhibit NADH oxidation.
The reference cuvette contained all the ingredients of the assay

except the subcellular fraction, which was replaced by an equal volume
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of 50% (w/w) glycerol in the homogenizing buffer. Enzyme activity was

calculated from the change in absorbance at 340 nm.
v) Aldehyde dehydrogenase assay

Aldehyde dehydrogenase activity was measured spectrophotometrically
by following the reduction of NAD+ at 340 nm. The reaction mixture
(1.5 ml) contained 333 mM tris-HCl (pH 8.0), 133 mM potassium chlo-
ride, 7 mM glutathione (reduced form), 8.3 mM NAD+, 0.03 units alde-
hyde dehydrogenase and the aldehyde solution. The aldehyde solutions
were prepared and utilized as follows: 1 mM solution of palmitaldehyde
was prepared by sonication and 10 nl were used for assays. Decanalde-
hyde (0.1 M) was prepared by the method of Nakayasu et al. (220) and
10 nl were used for assays. When acetaldehyde was used as a substrate,

20 nl of 178 mM acetaldehyde solution were used in the assays.
vi) Quantitation of lysophosphatidylcholine

Lysophosphatidylcholine from canine heart was separated from the
major glycerophospholipids by column chromatography as described pre-
viously and then acetylated with labeled acetic anhydride. Acetylation
of LPC was conducted in the following manner. The reaction mixture
contained 24 ul of pyridine, 36 ul (382 umol) of [3H]acetic anhydride
(500-2000 dpm/nmol) and 0.6 ul of perchloric acid. These were added
sequentially to each sample tube containing dry 1lipid sample. The
tubes were sealed with Teflon-coated stoppers and the contents were
mixed vigorously. Tubes were then incubated at 70°C for 30 min, mixed

for 10 sec and reincubated for another 30 min. After incubation, the
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solvents in the reaction mixture were evaporated with nitrogen. The
residue was dissolved in 1 ml of chloroform followed by 1.25 ml of
methanol/water (2:3; v/v) to cause phase separation. The upper phase
was removed and the lower phase was re-extracted with 1.25 ml of
methanol /water (2:3; v/v). The solvents in the lower phase were evapo-
rated to dryness with nitrogen and the residue in each tube, including
the reagent blanks, was redissolved in 25 nl of chloroform/methanol
(2:1; v/v). The acetylated LPC was isolated by thin layer chromato-
graphy with a solvent system containing chloroform/methanol/water/ace—
tic acid (70:30:4:2; v/v) and visualized by exposure of the TLC plate
to iodine vapor. In some experiments, 10 nmol of non-labeled 1-acyl-2-
acetyl-sn-glycerophosphocholine was used as a carrier during TLC sepa-
ration. The amount of radioactivity in the acetylated LPC fraction was
determined by scintillation counting. The theoretical yield on the
acetylation of LPC was calculated from one-half of the specific ra-

dioactivity of [3H]acetic anhydride used in the assay.

Hydrolysis of the acetylated LPC by phospholipase C (C.welchii) was
conducted as described by Renkonnen (167). In order to detect any
radioactivity associated with the long-chain acyl groups, both the
acyl and the acetyl groups of the acetylated LPC (acetylated by [3
Hlacetic anhydride) were converted into methyl esters, as described by
Choy (221). The labeled methyl acetate formed from the reaction was
removed from the long-chain methyl esters by evaporation of the sol-
vents at 50°C under a stream of nitrogen. The acyl composition of LPC

was determined by the methyl esters of the fatty acyl groups with gas-
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liquid chromatography.
vii) Scintillation counting

Radioactive lipids in chloroform-based solvents were placed into 20
ml glass scintillation vials and the solvents were evaporated under a
stream of nitrogen. Aqueous radioactively-labeled compounds were also
placed into glass scintillation vials, but were not evaporated to
dryness. Aqueous counting scintillant (10 ml) and 0.2 ml of acetic
acid were added to each vial. The contents of the vial were mixed
vigorously and the vials were allowed to stand in the dark overnight,
to remove chemiluminescence. Radiocactivity in each vial was determined
with an LKB Minibeta liquid scintillation counter. Radiocactivity was

calculated from cpm by the Channels Ratio Calibration method.

Radioactive 1lipid fractions on thin layer chromatographic plates
were visualized with iodine, outlined lightly with pencil and then,
the iodine was removed from the TLC plates by warming them at 100°C
for 30 min. The radioactive lipid fractions were removed from the TLC
plates and placed into glass scintillation vials. Distilled water (2
ml) was added to each vial and the vials were allowed to stand at room
temperature for 10 min. Aqueous counting scintillant and acetic acid
were added as described above and the vials were then sonicated for 20
min. Aftér sonication, the vials were allowed to stand in the dark

overnight prior to radioactivity determination.

.. 3 . . . .
viii) The wuptake of [Methyl-"Hlcholine by the isolated guinea pig

heart
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a) Time-course studies

Isolated guinea pig hearts were perfused in the Langendorff mode
(208), as described in section a) i). After the stabilization period,
the hearts were perfused with 12 ml each of Krebs-Henseleit buffer
containing 0.5 uM [Methyl—3H]choline chloride (10 nCi/nmol). This
pulse of radioactivity was recirculated through the hearts for 15 to
120 min. Aliquots of the perfusate were taken before and after perfu-
sion of each heart for determination of radiocactivity. After perfu-
sion, the hearts were homogenized and total lipid extracts were pre-—
pared, as previously described. Aliquots of the total heart homogen-
ates and of the agueous and organic phases of the total lipid extracts

were obtained for the determination of radioactivity.
b) Analysis of the choline glycerophospholipids

The choline glycerophospholipids were isolated from +the other
lipids present in the total lipid extracts by thin layer chromato-
graphy, as described previously. The TLC plates were developed in a

solvent mixture of chloroform/methanol/water/acetic acid (70:30:4:2;
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v/v) and the lipid fractions on the TLC plates were visualized with

2',7'-dichlorofluorescein. The choline glycerophospholipid fractions
were removed from the TLC plates and the lipids were eluted from the
silica gel, as previously described. The radioactivity in lysophospha-
tidylcholine was determined by scintillation counting. The other
choline glycerophospholipids were further purified by thin layer chro-

matography with a solvent mixture of chloroform/methanol/water/ammo-



nium hydroxide (65:50:4:11; v/v). After elution from the silica gel,
the choline glycerophospholipids from each heart were redissolved in 1

ml of chloroform/methanol (2:1; v/v).

These choline glycerophospholipid fractions were analyzed for
lipid~phosphorus (217), alkenyl content (216) and the total amount of
radiocactivity incorporated, as previously described. Aliquots of this
choline glycerophospholipid fraction were also subject to acid hydro-
lysis (214). After the hydrolysis, the products were isolated by thin
layer chromatography as described previously. The diacylglycerophos-
phocholine and lysophosphatidylcholine (from plasmenylcholine) frac-
tions from the TLC plates, were analyzed for lipid-phosphorus content
(217) and the amount of radioactivity incorporated into each phospho-

lipid was determined by liquid scintillation counting.
ix) Pulse-chase studies on the metabolism of choline

Isolated guinea pig hearts were perfused in the Langendorff mode
(208) as described in section a) i). After stabilization, the hearts
were perfused with 12 ml each of Krebs-Henseleit buffer containing 0.5
uM [Methyl—3H]choline chloride (10 uCi/nmol). This pulse of radioac—
tivity was recirculated through the heart for only 15 min, after which
time the hearts were perfused, in a non-recirculating manner, with
Krebs-Henseleit buffer containing 5.0 uM choline chloride for 0 to 120
min. After perfusion, the hearts were homogenized and total 1lipid
extracts were prepared, as previously described. The choline glycero-

phospholipids were analyzed as outlined in the previous section.
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%) Isolation and quantitation of aqueous choline-containing

metabolites

The aqueous choline-containing metabolites were found in the upper
(aqueous) phase of the total lipid extracts of perfused guinea pig
hearts. Prior to analysis, each sample was thawed and an aliquot was
taken to determine the total radiocactivity in the sample. The metabo-
lites choline, phosphocholine and CDP-choline were separated from
these samples by thin layer chromatography, as described by Yavin
(222). Aliquots of each sample were applied to the origin (1.5 cm from
the bottom of the plate) of S8il1-G25 thin layer chromatographic plates
(Brinkman Instruments) via an air displacement pipette. Blanks (0.5-
2.0 cm) were left on the sides of each plate. Samples were dried by
warm forced air during sample application. A carrier mixture contain-
ing 50 mM CDP-choline, 100 mM phosphocholine and 100 mM choline was
applied on top of each dry sample in the same manner. The carrier
mixture aided the separation and visualization of these metabolites.
The TLC plates were developed at room temperature in methanol/0.6%
sodium chloride/ammonium hydroxide (50:50:5; v/v). After development,
the TLC plates were allowed to air dry overnight. Ultraviolet light
was used to visualize the CDP-choline fractions and then the TLC
plates were exposed to iodine vapors to visualize the choline and
phosphocholine fractions. The iodine was removed from the plates by
placing them in a 100°C oven for 30 min. The choline, phosphocholine
and CDP-choline fractions were removed from the TLC plates and placed
into glass scintillation vials. These metabolites were analyzed for

radioactivity by scintillation counting, as described previously.
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xi) Recovery of radiocactive compounds after perfusion

Isolated guinea pig hearts were perfused with a continuocus, recir-
culating pulse of 0.5 uM [Methyl—BH]choline in Krebs-Henseleit buffer
for 30, 60 and 120 min. Aliquots of the perfusate were taken before
and after the perfusion of each heart for radioactivity determination.
Subsequent to perfusion, the hearts were homogenized and an aliquot of
each homogenate was taken to determine the total radioactivity incor-
porated. Total lipid extracts were prepared from the homogenates and
an aliquot from each extract was obtained for the determination of
radiocactivity. The lipid extracts were phase separated and aliquots of
the upper (agueous) and lower (organic) phases were obtained for

scintillation counting.

The labeled metabolites present in the upper (agueous) phases were
isolated by thin layer chromatography with methanol/0.6% sodium chlo-
ride/ammonium hydroxide (50:50:5; v/v). The radioactivity present in

the choline, phosphocholine and CDP-choline fractions was determined.

The labeled 1lipids present in the lower (organic) phases were
isolated by thin layer chromatography. Three aliquots of each sample
were separated by thin layer chromatography with a solvent mixture of
chloroform/methanol/water/acetic acid (70:30:4:2; v/v) and after de-
velopment, the lipid fractions were visualized by exposure of the TLC
plates to iodine vapor. The first aliquot was used for the determina-
tion of radioactivity in lysophosphatidylcholine, phosphatidylcholine
and sphingomyelin fractions. The second aliquot was used to determine

the total radioactivity in the sample after TLC. The entire length of
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the TLC plate (from origin to solvent front) was removed and the total
radiocactivity determined. The third aliquot was used to determine the
radioactivity profile of the sample following plate development. Frac-
tions (0.5 cm) of silica gel were removed from the TLC plate beginning
0.5cm below the origin and continuing on up to the top of the solvent
front. Each 0.5 cm fraction was placed into a glass scintillation vial

and the radiocactivity was determined.

Since there was a significant amount of radioactivity located 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
chloroform/methanol /water/acetic acid (70:30:4:2; v/v). After visual-
ization of the lipids fractions, 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 silica gel from the origin of the second
aliquot was removed from the TLC plates and the radioactive material
was eluted from the silica gel by successive washes with methanol/wa-—
ter (1:1; wv/v). The silica gel pellet was dried and then washed once
with chloroform/methanol /water/acetic acid (50:39:10:1; v/v) and twice
with chloroform/methanol (2:1; v/v). These last three washes (organic
washes) were combined and the solvent was removed under nitrogen. The
radicactivity eluted from the organic washes and also the radioactivi-
ty remaining in the washed silica gel pellet were determined by scin-

tillation counting. The methanol/water washes were combined and the
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solvent was removed by evaporation in vacuo at 45°C. The residues were
resuspended in 500 nl of water and an aliquot was taken to determine
the total radioactivity present. These samples were then analyzed by
thin layer chromatography with methanol/0.6% sodium chloride/ammonium
hydroxide (50:50:5; v/v). Choline, phosphocholine and CDP-choline

fractions were visualized after development and removed from the TLC

plates for radioactivity determination. The areas of silica gel below
the choline fraction (including the origin) and above the CDP-choline
fraction (up to the solvent front) were also removed and any radioac~—

tivity present in these fractions was determined.
xii) The uptake of [3H]ethanolamine by the isolated guinea pig heart
a) Time-course studies

Isolated guinea pig hearts were perfused in the Langendorff mode
(208) as described in section a) i). After the stabilization period,
the hearts were perfused with 12 ml each of Krebs-Henseleit buffer
containing 0.5 uM [1—3H]ethanolamine hydrochloride (10 uCi/nmol). The
pulse of radioactivity was recirculated through the hearts for 60 and
120 min. Aliquots of the perfusate were obtained before and after the
perfusion of each heart for the determination of radiocactivity. After
perfusion, the hearts were homogenized and total lipid extracts were
prepared as outlined previously. Aliquots of the total heart homogen-—
ates and of the organic phases of the total lipid extracts were ob-

tained for the determination of radicactivity.

b) Analysis of the ethanolamine and choline phosphoglycerides
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The choline and ethanolamine glycerophospholipids were isolated
and purified from the other lipids present in the total lipid extracts
by thin layer chromatography as described earlier. The choline and
ethanolamine glycerophospholipid fractions were analyzed for lipid-
phosphorus (217), alkenyl content (216) and the amount of radiocactivi-
ty incorporated into each phosphoglyceride, as outlined in section

viii) b).
xiii) Phosphocholinetransferase assay

Phosphocholinetransferase activities were measured by a modifica-
tion of the method described by Arthur and Choy (223). 1-Alkenyl-2-
acyl~glycerols were synthesized from plasmenylcholine by hydrolysis of
the phosphocholine moiety with phospholipase C (C.welchii) according
to the method of Renkonnen (167) as previously outlined. Diacylgly-
cerols (pig liver) were obtained from Serdary Research Laboratories.
For the assay, a working solution of the 1-alkenyl-2-acyl-glycerols or
the diacylglycerols (2 umol/ml) were prepared in a solution of Tween-
20 (0.015%). The mixtures were sonicated for 15 min at 0°C and the
solutions were used immediately for the assay of phosphocholinetrans-—
ferase activities. Washed microsomes were prepared from guinea pig

hearts as described before.

The reaction mixture contained: 100 mM tris-HC1l (pH 8.5), 10 mM
magnesium chloride, 5 mM EDTA, 0.4 mM [Methyljl%]CDP—choline (0.1
nCi/pmol), 1,2-diacylglycerol solution (0.4 umol) or T-alkenyl-2-acyl-

glycerol solution (0.4 pmol) and microsomal preparation (250 pug pro-
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tein) to a final volume of 1 ml. The reaction was initiated by the
addition of labeled CDP-choline. The reaction mixture was 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 distilled water (0.5 ml) were added to the reaction mixture
to cause phase separation. The upper phase was discarded and the lower
phase was washed three times with an equal volume of 40% methanol in
water. When the diacylglycerols were utilized as the substrate, the
lower phase was transferred to a scintillation vial and the solvent
was removed by evaporation under nitrogen. Radiocactivity in this lower
phase was determined by liquid scintillation counting. When the 1-
alkenyl-2-acyl-glycerols were used, the lower phase was evaporated to
dryness under nitrogen in test tubes. The residue was then hydrolyzed
with acid, as stated before and the radioactivity incorporated into
the plasmenylcholine fraction was determined by scintillation counting

of the LPC formed after acid hydrolysis.

xiv) Determination of choline, phosphocholine and CDP-choline

contents in guinea pig hearts

a) Isolation of choline, phosphocholine and CDP-choline pools

Two groups of guinea pig hearts were used for this study: a)
control, wunperfused hearts and b) hearts perfused with 0.5 uM choline
for 120 min (as outlined previously). The wet weights of the guinea
pig hearts, taken either directly from the animal or after perfusion,
were determined and the hearts were homogenized as described previous-—

ly. To each total homogenate was added chromatographically pure
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[Methyl—3H]choline, fh%]phosphocholine and [Methyl;b%]CDP—choline, in
order to estimate recoveries. Total lipid extracts were prepared and
phase separated with water as outlined before. The lower (organic)
phases were washed twice with methanol/water (2:1; v/v) and then
discarded. The upper (aqueous) phases and the above washes were com-
bined and the solvent was removed by evaporation in vacuo at 45°C. The
sample was resuspended in 1 ml of water and choline-containing metabo-
lites in the entire sample were separated by thin layer chromatogra-
phy, with methanol/0.6% sodium chloride/ammonium hydroxide (50:50:5;
v/v}. After development and visualization, the choline, phosphocholine
and CDP-choline fractions on the TLC plate were removed and placed
into test tubes. These compounds were extracted from the silica gel by
the addition of 5 ml of methanol/water (1:1; v/v) (pH 9.2). The tubes
were mixed vigorously and allowed to stand for at least 10 min, to
facilitate the extraction process. Thereafter, the tubes were centri-
fuged for 10 min at 2,000 rpm in a clinical centrifuge. The superna-
tants were removed and placed in round bottom flasks and the extrac-
tion of each silica gel pellet was repeated three more times with the
same mixture. The solvent in the combined extracts in the round bottom
flasks was reduced by evaporation in vacuo at 45°C. Each of the cho-
line, phosphocholine and CDP-choline fractions were resuspended in 2
ml of water (pH 9.2) and aliquots were taken for the determination of
radicactivity subsequent to further purification by thin layer chroma-

tography.

The following enzymes were used for the hydrolysis of the phospho-
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choline and CDP-choline fractions. E.coli alkaline phosphatase (100
units in 2.5 M ammonium sulphate) was dialyzed overnight against 5 mM

tris-HCl1 buffer (pH 9.2). C.adamanteus phosphodiesterase I (type II)

(5 units) was resuspended in 1 ml of water (pH 9.2). The phosphocho-
line fractions in 5 mM tris-HCl (pH 9.2) were digested with 10 units
of the dialyzed alkaline phosphatase for 2 h at 37°C. The CDP-choline
fractions in 5 mM tris-HCl (pH 9.2) were digested first with 0.6 units
of phosphodiesterase I for 1 h at 37°C. Subsequent to this incubation,
10 units of dialyzed alkaline phosphatase were added and the mixture
was further digested for 2 h at 37°C. The digested phosphocholine and
CDP-choline samples, as well as the choline samples were then lyophil-
ized. After Ilyophilization, the residues were extracted three times
with 1 ml of 70% ethanol. The samples, in 70% ethanol, were placed
into 1.6 x 12.5 cm screw cap tubes and the solvent was evaporated

under nitrogen.

The choline, digested phosphocholine and CDP-choline fractions
were separately dissolved in 3 ml of water with vigorous mixing. To
these fractions was added 2 ml of tetraphenylboron (10 mg/ml) in 4~
heptanone and the mixture was shaken vigorously. The tubes were cen-
trifuged for 10 min at 2,000 rpm to cause phase separation and the top
phases were removed and placed into clean 1.6 x 12.5 cm screw cap
tubes. This process was repeated with another 2 ml of tetraphenylboron
in 4-heptanone. The choline was back extracted from tetraphenylboron
by 2 ml 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 clean 1.6 x 12.5 cm screw cap tubes and the

101



back extraction was repeated with another 2 ml of 0.4 N HCl. Finally,
the tetraphenylboron was washed with 2 ml of 1 N HCl. The combined HCl
solutions for each fraction were lyophilized and each sample was
redissolved in 1 ml of 50 mM sodium phosphate buffer (pH 8.0). A2n
aliquot from each sample was taken for radiocactivity determination.
The yield was calculated from the total radiocactivity recovered in

each pool.
b) Quantitation of pools

The amount of extracted choline was determined by the quantitative
conversion of choline to PZP]phosphocholine. The conversion was cata-
lyzed by choline kinase in the presence of [X—32P]ATP, by a modifica-
tion of the method by McCamon and Stetzler (224). Choline kinase was
prepared from stock by dilution with water (5 units/10 ml) at 0°C and
the enzyme solution was then placed into an Amicon Minicon-B15 c¢lini-
cal sample concentrator at 4°C. The enzyme was allowed to concentrate
to 10X of the initial volume before removal from the concentrator.
This procedure allowed the removal of the ammonium salt from the
enzyme stock before use. Usually 2.5 units of choline kinase in 500 ul

were recovered.

The reaction mixture contained 55 pl of sample, 20 nl of assay
cocktail and 25 ul of choline kinase (.125 units). The assay cocktail
contained 0.1 M magnesium chloride, 0.5 M sodium phosphate buffer (pH
8.0) and 30 mM {X—3ZP]ATP (10 pCi/umol). The components of the reac-

tion mixture were added sequentially in the above order to 10 x 75 mm
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test tubes on ice and gently mixed. The tubes were capped with Para-
film and incubated for 1 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 ul of 0.2 M 'ice cold' barium
acetate. The tubes were gently mixed and allowed to stand on ice for
30 min. After this, the tubes were centrifuged at 4,000 rpm for 20 min
at 0°C (Sorvall RC-5 Superspeed Refrigerated Centrifuge with SS34
rotor). Supernatants (150 nl) were removed to clean 10 x 75 mm test
tubes on ice and the pellets were discarded. To the supernatants were
added 6 ul of 30 mM ATP and 25 pl of 0.2 M ‘'ice cold' barium acetate.
After gently mixing and standing on ice for 20 min, the tubes were
centrifuged as above. Supernatants were removed to clean 10 x 75 mm
test tubes and the pellets were discarded. An aliquot (100 ul) of each
supernatant was applied to a 1.5 cm charcoal/celite column (1:1; w/w)
and the [32P]phosphocholine was eluted with 2 ml of water. The eluants
were collected in glass scintillation vials and the radioactivity was
determined by scintillation counting. A standard curve was established
and the choline concentration from each original choline, phosphocho-
line and CDP-choline fraction was calculated from the curve. Samples
containing an internal standard of 5 nmol of choline were used to

check the complete conversion of choline to phosphocholine.
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Experimental Results
I. Plasmenylcholine Biosynthesis
a) Incorporation of Choline into Plasmenylcholine

The formation of plasmenylcholine by both base-exchange and the
CDP-choline pathway inevitably requires choline. Thus, the initial
approach to elucidate the biosynthesis of this ether lipid was to
determine if it could be labeled with radioactive choline. Perfusion
of the isolated guinea pig heart with 0.5 uM [Methyl—3H]choline (10
uCi/nmol) from 15 to 120 min was performed as described in “Materials
and Methods". After perfusion, the labeled metabolites in the aqueous

and organic phases of the heart homogenate were analyzed.

The incorporation of labeled choline into the total choline gly-
cerophospholipid fraction (contains: 1,2~-diacyl-sn-glycerophosphocho-
line and plasmenylcholine) of the guinea pig heart, is shown in
Fig.16. There was a distinct lag phase in the incorporation of label
during the first 45 min, after which time, the incorporation of la-
beled choline became linear. The incorporation of labeled choline into
1,2-diacylglycerophosphocholine was determined and also displayed an
initial lag phase (Fig.17). Incorporation of labeled choline into this
lipid became linear after 30 min. Labeled choline was also incorpo-
rated into plasmenylcholine (Fig.18). An initial lag phase was ob-
served for the first 40 min, thereafter the incorporation of labeled

choline into plasmenylcholine proceded linearly.

The observation of a distinct lag in the incorporation of labeled
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Fig. 176. Time course for the incorporation of [Methyl—3H]choline

into the total choline phosphoglyceride fraction.

Isolated guinea pig hearts were perfused with 0.5 uM
[Methyl—3H]choline in Krebs-Henseleit buffer from 15 to 120
min. After perfusion, hearts were homogenized in chloroform/
methanol (1:1; v/v). Chloroform and water were added to
obtain chloroform/methancl/water (4:2:2; v/v). The organic
(chloroform) phase was analyzed by thin layer chromatography
for radioactivity in the choline phosphoglyceride fraction.
Each point represents the mean of at least three separate
experiments. The vertical bars are standard errors of the

mean (SEM).



10

dpm x106/g.heart

! i . 1

: 1
0 30 60 ?0 120

TIME (min)

Fig. 17. Time course for the incorporation of [Methyl—3H]choline

into 1,2-diacylglycerophosphocholine.

The total choline phosphoglyceride fraction from Fig.16.
was subject to acid hydrolysis and then analyzed by thin
layer chromatography for the radiocactivity in 1,2-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 [Methyl~ Hlcholine

into plasmenylcholine.

The radiocactivity in plasmenylcholine was determined after
isolation by thin layer chromatography from the choline
phosphoglyceride acid hydrolysate (Fig.17). Each point
represents the mean of at least three separate experiments.
The vertical bars represent SEM.



choline into diacylglycerophosphocholine and plasmenylcholine indi-
cates that the majority of the labeled choline 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 plasmenylcholine.

The time course for the incorporation of [Methyl—3H]choline into
the major aqueous choline~containing metabolites of the CDP-choline
pathway (choline, phosphocholine and CDP-choline) 1is depicted in
Pig.19. Radiocactivity in choline is observed within 15 min of perfu-
sion and declines slightly over the remaining 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 radiocactive compounds after perfusion

During these studies, attempts were made to ensure that all possi-~

ble choline-containing compounds were accounted for. Isolated guinea

pig hearts were perfused for 30, 60 and 120 min with 0.5 uM [Methyl—3

Hlcholine. Subsequent to perfusion, the hearts were homogenized and
the aqueous and organic phases were separated as described in "Mate-

rials and Methods".

The radioactivity present in the organic phase was analyzed by thin
layer chromatography (Fig.20). Radiocactivity was determined by the
analysis of 0.5 cm fractions of all chromatograms. The majority of the
radioactivity, for all time points, was localized in the choline

glycerophospholipid fraction. Small amounts of radioactivity were

108



7.3F

N
T

£ 69r i
2
o
€ 6.7r
Q
T
S
= 6.5+
6.3
! 1 1 1
o1 30 60 90 120

TIME (min)

Fig. 19. Time course for the incorporation of [Methyl—3H]choline

into major aqueous choline-containing metabolites.

The aqueous (water and methanol) phase from Fig.16 was
analyzed by thin layer chromatography for radioactivity
in choline (@—@®); phosphocholine (B—B) and CDP-choline
(A—aA). Each point represents the mean of at least 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 after extraction.

Isolated guinea pig hearts were perfused with [Methyl—3H]
choline in Krebs-Henseleit buffer for 60 min. After
perfusion, hearts were homogenized in chloroform/methanol
(1:1; v/v). Aqueous and organic phases were separated upon
the addition of chloroform and water to obtain chloroform/
methanol/water (4:2:2; v/v). The organic phase was analyzed
by thin layer chromatography for labeled metabolites.
Radiocactivity on the thin layer chromatogram was localized
at the origin (0), in the lysophosphatidylcholine 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
below the origin and on up to the top of the chromatogram.



associated with lysophosphatidylcholine and sphingomyelin. The radio-
activity localized at the origin of the chromatogram was re-analyzed
by thin layer chromatography. This fraction was found to contain only
choline, phosphocholine and CDP-choline. It 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 agueous phase was also analyzed by
thin layer chromatography (Table 14). The radioactivity in the cho-
line, phosphocholine and CDP-choline fractions were determined. Per-
centage recoveries indicate that these three compounds account for 99%
of the radicactivity present in this phase. No significant amount of

radioactivity was found in the glycerolphosphocholine fraction.

¢) Phosphocheolinetransferase Activities

The CDP-choline : 1,2-diacylglycerol phosphocholinetransferase
activity of guinea pig heart microsomes was determined (Table 15) as
described in "Materials and Methods"™. The existence of CDP-choline :
1-alkenyl-2-acyl-glycerol phosphocholinetransferase activity was also
demonstrated (Table 15) and was found to be located in the microsomal
fraction. 1In addition, 1-alkenyl-2-acyl-glycerol was also shown to be
present in the guinea pig heart (17 nmol/g heart). It appears that
guinea pig heart microsomes have the ability to condense T-alkenyl-2-

acyl-glycerol with CDP-choline.

d) Plasmenylcholine Biosynthesis from Ethanolamine



TABLE 14

Recovery of radioactivity in the aqueous phase after extraction.

Guinea pig hearts were perfused with [Methyl~3H]choline in Krebs-
Henseleit buffer for 30 min. After perfusion, hearts were homogenized
in chloroform/methanol (1:1; v/v). Agqueous and organic phases were
separated upon the addition of water, to obtain chloroform/methan~
ol/water (4:2:2; v/v). The agueous phase was analyzed by thin layer
chromatography for labeled metabolites, as described in "Materials and
Methods".

dpm x 10 /g heart %
Total radicactivity T as2 00
Choline fraction 5.79 46
Phosphocholine fraction 4.61 37

CDP-choline fraction 1.94 16
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TABLE 15
The activities of phosphocholinetransferase enzyme(s) in guinea pig
heart microsomes.
Enzyme activities were assayed under optimal conditions as described

in "Materials and Methods". Each value represents the mean of two
separate experiments.

nmol/h/mg protein

CDP-choline : 1,2-diacylglycerol
phosphocholinetransferase 26.453

CDP-choline : T-alkenyl~2-acylglycerol
phosphocholinetransferase 5.215




Formation of plasmenylcholine by the methylation of phosphatidyl-
ethanolamine or plasmenylethanolamine was studied in the guinea pig
heart. Isolated hearts were perfused with 0.5 uM [1—3H]ethanolamine
(10 pCi/nmol) for 60 and 120 min. The radioactivity incorporated into
the total ethanolamine glycerophospholipid and the total choline gly-
cerophospholipid 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 Methods". Significant amounts of labeled ethanolamine were incor-
porated into plasmenylethanolamine. No significant labeling of plas-

menylcholine from labeled ethanolamine was observed.
e) Rate-limiting Steps for Plasmenylcholine Biosynthesis

Results for the incorporation of choline into plasmenylcholine
indicate that the major pathway involved is the CDP-choline pathway.
This pathway was studied in detail by pulse-chase experiments to
determine the rate-limiting steps for the biosynthesis of plasmenyl-
choline. Isolated guinea pig hearts were pulse labeled (via perfusion)
for 15 min with 0.5 uM [Methyl—3H]choline (10 uCi/nmol) and then
chased with 5.0 M nonradiocactive choline for 0 to 120 min. After
perfusicn, the labeled metabolites in the agueous and organic phases

of the heart homogenate were analyzed.

Total wuptake of radiocactivity by the guinea pig heart was at the
maximum immediately after the 15 min pulse period (0 min point of the
chase period) (Fig.21). Total radioactivity in the heart declined over

the chase period and remained constant after 40 min of chase. Linear



TABLE 16

3 . . .
The incorporation of [1- Hlethanolamine into choline glycerophospho-
lipids.

Guinea pig hearts were perfused with [1—3H]ethanolamine for 60 and 120
min. Radioactivity was determined for the total ethanolamine glycero-
phospholipid and choline glycerophospholipid fractions before acid
hydrolysis to isolate plasmenylethanolamine and plasmenylcholine. Each
value represents the mean of at least two separate experiments.

Perfusion for Perfusion for
60 min 120 min

dpm/g heart

Total ethanolamine phosphoglyceride 1,206,733. 3,695,350.
Plasmenylethanolamine 242 ,659. 654,594,
Total choline phosphoglyceride 24,094. 50,645.

Plasmenylcholine 776. 1,735.
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Fig. 21. Pulse-~chase study on the total [Methyl—BH]choline taken

up by isolated guinea pig hearts.

Isclated guinea pig hearts were pulsed for 15 min with

0.5 uM [Methyl-3Hlcholine and then chased with 5.0 uM
choline for 0 to 120 min. The radiocactivity taken up by the
isolated hearts were calculated from the total radiocactiv-
ities of the organic and aqueous phases, after homogeniza-
tion. Each point represents the mean of at least three
separate experiments. The vertical bars indicate SEM.



increases in the incorporation of radioactivity into choline glycero-
phospholipids (Fig.22), 1,2-diacylglycerophosphocholine (Fig.23) and

plasmenylcholine (Fig.24) were observed over the entire chase period.

Maximum labeling of choline occured immediately after pulse la-
beling. The radioactivity in choline then decreased over the chase
pericd and remained constant after 60 min of chase (Fig.25). The
labeling 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 indicate that there are at least two
rate-limiting steps in the CDP-choline pathway for the guinea pig
heart. The initial rate-limiting step is between choline and phospho-
choline which can be seen from 0 to 20 min of the chase period. The
other rate-determining step can be identified at the conversion of

phosphocholine to CDP-choline, from 30 to 120 min of the chase period.

f) Pool Sizes of Aqueous Precursors for Plasmenylcholine

The specific radiocactivity 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 radiocactivity into plasmenylcholine. Thus, the pool
size of choline, phosphocholine and CDP-choline, in the guinea pig
heart, were determined before and after perfusion with 0.5 uM cho-
line. No significant (p<0.05) changes in the pool size of these three

choline-containing metabolites were observed in the guinea pig heart
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Fig. 22. Pulse-chase study on the incorporation of [Methyl- H]

choline into the total choline phosphoglyceride fraction.

The organic phase from Fig.21 was analyzed by thin layer
chromatography for radiocactivity in the total choline
phosphoglyceride fraction. Each point represents the mean
of at least three separate experiments. The vertical bars
represent SEM.
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Fig. 23. Pulse-chase study on the incorporation of [Methyl- Hlcholine

into 1,2-diacylglycerophosphocholine.

The total choline phosphoglyceride fraction from Fig.22 was
subject to acid hydrolysis and then analyzed by thin layer

chromatography for radioactivity in 1,2-~diacylglycerophospho-

choline. Each point represents the mean of at least three
separate experiments. The vertical bars represent SEM.
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Fig. 24. Pulse-chase study on the incorporation of [Methyl-"H]

choline into plasmenylcholine.

The radioactivity in plasmenylcholine was determined
after isolation by thinlayer chromatography from the
acid hydrolysate of the total choline phosphoglyceride
fraction (Fig.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 [Methyl—3H]

choline into the major agqueous: choline-containing

metabolites.

The agueous phase from Fig.21 was analyzed by thin layer
chromatography for radioactivity in choline (e—e@);
phosphocholine (E—&) and CDP-choline (a—a). Each point
represents the mean of at least three separate experiments.
The vertical bars represent SEM.



before and after perfusions (Table 17).

From the average pool size and specific radioactivity of CDP-
choline at 90 to 120 min of perfusion, the rate of plasmenylcholine
formation in the guinea pig heart via the CDP-choline pathway was
estimated to be 0.183 nmol/min/g heart. The rate of formation of 1,2-
diacylglycerophosphocholine was calculated to be 2.69 nmol/min/g

heart.

II. Cardiac Plasmalogenase Activity

a) Alkenyl Phosphoglyceride Content of the Hamster Heart

Ethanolamine and choline glycerophospholipid fractions from hamster
heart 1lipid extracts were analyzed for their alkenyl content and the
results are given in Table 18. Plasmenylcholine accounted for 2% of
the choline glycerophospholipids and plasmenylethanolamine for 8.5% of
the ethanolamine glycerophospholipids. Since a higher alkenyl content
was present in the ethanolamine glycerophospholipids, plasmenyl-
ethanolamine was used as the substrate for the investigation of plas-

malogenase 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 cytosolic fractions. Hamster heart plasmalogenase
activity was located exclusively in the microsomal fraction and enzyme

activity was found to be linear for the first 11 min. Enzyme activity
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TABLE 17

Concentration of choline, phosphocholine and CDP-choline in guinea pig
heart.

The pool sizes of the agueous choline-containing metabolites in guinea
pig hearts before and after 120 min of perfusion were measured as
described in "Materials and Methods".

Before perfusion After perfusion
for 120 min

nmol/g heart

Choline 34+ 8P (3° 363 + 156 (3)

Phosphocholine 356 + 49 (4) 415 + 115 (8)

CDP-choline 87 + 22 (4) 66 * 5 (5)

e e e
Mean

Standard error of the mean
Number of experiments



TABLE 18

Alkenyl content of choline and ethanolamine glycerophospholipid
fractions from the hamster heart.

The choline and ethanolamine glycerophospholipids from hamster heart
total lipid extract were separated by thin layer chromatgraphy. Total
lipid-phosphorus and alkenyl content in each fraction was determined,
as described in "Materials and Methods".

Choline Ethanolamine
glycerophospholipids glycerophospholipids

umol/g heart

Total lipid-P 12.9% 4+ 0.40°(a)C 10.7 £ 0.25 (4)
Total alkenyl lipid 0.285 + 0.08 (3) 0.935 + 0.115 (3)
% alkenyl lipid 2.21 + 0.54 8.74 + 0.69

AMean
bstandard error of the mean
CNumber of experiments
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was detected with a minimum of 25 pg of microsomal protein and a
specific activity of 83.6 nmol plasmenylcholine hydrolyzed /min /mg

protein was obtained with 40 ng of microsomal protein.

The determination of plasmalogenase activity by measuring the rate
of disappearance of plasmenylethanolamine required a substantial
amount of substrate and was also time consuming. To overcome these
limitations, an assay was developed 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
would be produced per 1 mol of aldehyde formed, when the plasmenyl-
ethanolamine was oxidized. Hence, plasmalogenase activity could be
monitored in this coupled reaction by the change in absorbance with
time at 340 nm. To ensure that the reaction catalyzed by aldehyde
"~ dehydrogenase was not rate limiting, the dehydrogenase activity to-
wards long-chain aldehydes was investigated. Palmitaldehyde was found
to be a poor substrate for aldehyde dehydrogenase and the reaction
proceeded at 8.5% of the rate when acetaldehyde was used. However, the
slow rate of the reaction with palmitaldehyde as substrate could be
enhanced in a linear 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 7.5, but adequate enzyme activity at pH 6.5-7.5 for the coupled
reaction could be obtained with the addition of more enzyme. There-
fore, 1in the study of the pH profile of the cardiac plasmalogenase,

the amount of aldehyde dehydrogenase used in each assay was adjusted
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to at least 10-fold higher than the plasmalogenase activity and there-
fore, the reaction catalyzed by aldehyde dehydrogenase would not be
rate limiting in the production of NADH. The effect of Ca2+ and Mg
on the dehydrogenase activity was also investigated. The two cations
had very 1little effect on the activity of aldehyde 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 were also investigated. Plas-
malogenase activity in the microsomal fraction was assayed by the
disappearance of plasmenylethanolamine in the presence of potassium
chloride and glutathione. The activities obtained in the presence and
absence of these compounds were identical, which indicates 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 controls were established (Table 19).
The presence of microsomes and plasmenylethanolamine in the assay were
essential for the expression of any activity. Substitution of plas-
menylethanolamine with synthetic or natural 1,2-diacylglycerophospho-
ethanolamine, lysophosphatidylethanolamine and lysoplasmenylethanol-
amine did not elicit any activity. The omission of NAD" or aldehyde
dehydrogenase from the assay resulted in an increase in absorbance
with time at 340 nm. It was discovered that the reaction mixture was
becoming turbid in the absence of NADT or aldehyde dehydrogenase. Such

an increase in absorbance with time was also observed when the reac-
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TABLE 19

Specificity of the spectrophotometric procedure for the determination
of plasmalogenase activity in the hamster heart microsomal fraction.

The specificity of the 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 uM and a microsomal preparation containing 8 ug of
protein was used in each assay. The final volume of the reaction
mixture was 1.5 ml. The absorbance at 340 nm was calculated from the
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 after 10 min of assay.
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Assay component Presence or absence

Tris-HCl buffer +

NAD* + + + + + + + +
Microsomal prep-

aration + - +
Aldehyde dehydro-

genase + + +

Ethanolamine plas-

malogens + +
Ethanolamine lyso-

plasmalogens - -
Dioleoylphosphat-

idylethanolamine - -
Phosphatidyl-

cthanolamine - -
Mixed fatty acids - - - - - - + - -

Absorbance at

340 nm/min 0.035 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.




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 was observed at 500-700 nm.
These results suggest that when the long-chain aldehydes released from
the plasmenylethanolamine were not converted to fatty acids, their
continued accumulation would exceed their solubility in the reaction

mixture, which would result in the formation of a turbid solution.
¢) 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 ug of
microsomal protein was used in the assay at pH 8.5. When 1 unit of
aldehyde dehydrogenase was used for the coupled reaction, the assay of
microsomal plasmalogenase activity was linear to 8 ug microsomal
protein. The imposition of this upper limit 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 accumula-
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 limit beyond which turbidity interfered with A

340

measurements.
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The time-course and substrate dependence of the reaction were
studied using the above spectrophotometric assay. The reaction was
linear up to 12 min and maximum velocity was obtained with 300 uM of
plasmenylethanolamine (Fig.26). The enzyme did not show an absolute
requirement for divalent metal ions and enzyme activity was slightly
enhanced by Mg2+. The enzyme was activated by 3-10 mM Ca2+, but higher
concentrations of Ca2+ completely 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 subcellular distribution of plasmenylethanolamine plasmalogen-—
ase activity was also 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 was detected in the microsomal frac-
tion (102 * 6 nmol NADH formed/min/mg protein) and only a small amount
of activity was found in the cytosolic fraction (0.78 nmol NADH form-
ed/min/mg protein). At pH 7.4, enzyme activity was only detected in
the microsomal fraction (95 * 4.5 nmol NADH formed/min/mg protein).
These results are essentially in agreement with the data obtained
using the assay method in which the disappearance of substrate was
monitored (84 * 3.5 nmol/min/mg protein). The results confirm that

plasmalogenase activity is essentially microsomal.

d) Cardiac Plasmalogenase Activity and Plasmenylethanolamine Content

in Different Species

Cardiac plasmalogenase activity towards plasmenylethanolamine was

determined in several mammalian species, by the spectrophotometric
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Fig. 26. The effect of substrate concentration on hamster heart

microsomal plasmalogenase activity.

Hamster heart microsomal plasmalogenase was assayed at pH 8.5
with the spectrophotometric method as described in text.

Each assay contained 5 pg of microsomal protein in the
presence of 50-700 uM of plasmenylethanolamine. The
formation of NADH was monitored at Ajzsp over a 10 min

period. Each point represents the mean of two separate
experiments.



131

10}

nmol NADH produced/min

-

I i 1 |

0o 2 4 6 8 10 12 14

mM Cations

Fig. 27. The effects of Mg2+and Ca2*on hamster heart plasmalogenase

activity.

Enzyme activity was assayed as described in Fig.26 in the
presence of 0.5-14 mM of Ca2*+ (B) and Mg2+ (®). Each assay
contained 3.5 ug of microsomal protein. Each point
represents the mean of three separate experiments.
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Fig. 28. The effect of pH on hamster heart plasmalogenase

activity.

Hamster heart microsomal plasmalogenase activity was
determined spectrophotometrically by the procedure
described in the text. Each assay contained 8 pg of
microsomal protein. Each point represents the means of
two separate experiments.



assay developed (Table 20). Microsomal plasmalogenase activity was
determined for each sample at a pH of 8.5, with 8 ng of microsomal
protein. Ethanolamine glycerophospholipid fracticons from individual
heart 1lipid extracts were analyzed for their plasmenylethanolamine
content as described previously. There was no direct correlation
between cardiac plasmenylethanolamine content and plasmalogenase ac-

tivity in the different species.

Our interest in the guinea pig heart as a model for mammalian
plasmenylcholine biosynthesis, led us to further investigate the plas-
malogenase activity present in the various tissues of the guinea pig
(Table 21). Microsomal plasmalogenase activity and plasmenylethanol-
amine content were determined as described above. As before, it was
noted that there was a lack of correlation between plasmenylethanol-
amine content and the plasmalogenase activity found in the wvarious

tissues.
III. Quantitation of Lysophosphatidylcholine
a) Acetylation of Lysophosphatidylcholine

A procedure for the determination of small amounts of lysophospha-
tidylcholine in cardiac tissues was developed. Lysophosphatidylcholine
(LPC) was separated from the major phospholipids by column chromato-
graphy and then acetylated with labeled acetic anhydride. In a prelim-
inary study, 10 nmol of LPC was acetylated with [3H]acetic anhydride
(2000 dpm/nmol) and the resulting product was isclated by thin layer

chromatography. The acetylated LPC migrated as a single band which was
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TABLE 20

Plasmenylethanolamine content and plasmalogenase activity in mammalian
hearts.

Microsomal plasmalogenase activity was determined spectrophotometri-
cally as described in the text. Plasmenylethanolamine was isolated
after alkaline hydrolysis and quantitated by alkenyl content, as
described in "Materials and Methods". Each value represents the mean
of at least three separate experiments.

Plasmenylethanolamine Plasmalogenase
Species content activity
% ethanolamine umol NADH formed per
phosphoglyceride min/mg protein
Pig 43.0 0.129
Guinea pig 34.5 0.082
Dog 31.1 0.198
Rat 12.7 0.451

Hamster 8.7 0.166
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TABLE 21

Plasmenylethanclamine content and plasmalogenase activity in guinea
pig tissues.

Microsomal plasmalogenase activity was determined spectrophotometri-
cally as described in the text. Plasmenylethanolamine was isolated
after alkaline hydrolysis and guantitated by alkenyl content as des-
cribed in "Materials and Methods". Each value represents the mean of
at least three separate experiments.

Plasmenylethanolamine Plasmalogenase
Tissue content activity
% ethanolamine umol NADH formed per
phosphoglyceride min/mg protein
Brain 55.3 0.169
Lung 44.2 0.213
Spleen 36.8 0.231
Heart 34.5 0.087
Kidney 33.9 0.152

Liver 20.4 0.084
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found to correspond to the standard 1-acyl, 2-acetyl-sn-glycerophos-
phocholine (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 agqueous and
organic phases were determined. No radioactivity was detected in the
aqueous phase which indicates that the phosphocholine moiety in LPC
was not acetylated. Over 98% of the original radioactivity was found
in the organic phase. Analysis of the organic phase by thin layer
chromatography revealed that all of the radioactivity in this fraction
migrated close to the solvent front, which indicates that the acetyl-
ated LPC was completely hydrolyzed by phospholipase C and the lipid
moiety of LPC after hydrolysis was acetylated. In order to demonstrate
that the acyl groups were not acetylated, the acyl groups of LPC
before and after acetylation were methylated and analyzed by gas-
liquid chromatography. Comparison of the methyl esters showed identi-
cal acyl contents before and after acetylation, and no significant
radiocactivity was detected in the long-chain methyl esters. From the
results obtained, it is clear that the acyl group of the LPC was not
acetylated, and there was no significant 3H exchanged onto the acyl

group.

Acetylation of LPC was shown to be linear from 0.5-100 nmol of LPC
(Fig.29) and the yield was greater than 90% of the theoretical yield
as calculated based on the specific radioactivity of the [3 Hl]acetic
anhydride. Identical results were obtained with [1J4C]acetic anhy-

dride. Both pyridine and perchloric acid were required for the reac-
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Fig. 29. Quantitation of lysophosphatidylcholine by acetylation.

The formation of 1-acyl, 2-[3H]acetyl—sn—glycerophospho—
choline (acetylated LPC) with 0.5-160 nmol of LPC was
determined as described in !"Materials and Methods".
Specific radicactivity of ["Hlacetic anhydride was 500
dpm/nmol for each assay except in the inset where 2,000
dpm/nmol was used. Each point represents the mean of
triplicate determinations.
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tion and the ratio of acetic anhydride-pyridine-perchloric acid was
optimized at 6:4:0.1 (v/v). The optimum reaction volume for 20 nmol of
LPC was 60 nl and further increases in volume did not improve the
yield. The reaction was essentially completed after a 60 min incuba-
tion at 70°C, but the yield was dramatically reduced when the reaction

was carried out at 37°C, regardless of the length of incubation.

Since acetic anhydride has the ability to acetylate other lysophos-
pholipids and lipids containing a hydroxyl group, the LPC fraction
must be isolated from the total tissue lipid extract prior to the
acetylation reaction. Isolation by silicic acid column chromatography
was rapid and provided a good yield. When 1—[1;h%]palmitoyl glycero-
phosphocholine was added to the total lipid extract prior to column
chromatography, 92% of the radioactivity was recovered in the LPC
fraction. Analysis of this fraction by thin layer chromatography
showed that it contained only lysophosphatidylcholine, sphingomyelin
and phosphatidylcholine. Although the sphingomyelin was also acetyl-
ated during the reaction, its acetylated product migrated differently
(Rf = 0.19) and was 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 was
not acetylated and there was no isotope exchanged onto the acyl
chains.

b) Lysophosphatidylcholine Content of Normal and Ischemic 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 shown in Table 22. 1In a
control experiment, an internal standard of 10 nmol of unlabeled LPC
was added to each sample prior to the acetylation. With the aid of
this internal standard, the yield of the acetylation reaction was
determined to be better than 90%. The results obtained from the acety-
lation reaction were compared with those obtained by determination of
lipid-phosphorus content (Table 22). A 2.5-fold increase in LPC con-
tent in the ischemic as compared to normal cardiac tissue was observed

by both methods.



TABLE 22

Lysophosphatidylcholine (LPC) content in control and ischemic canine
heart.

TIschemic tissue from canine heart was obtained by a Harris two-stage
occlusion of the left anterior coronary artery. The levels of LPC in
both control and ischemic tissues were assayed by the acetylation
procedure and the lipid-P determination, as described in “Materials
and Methods".

Mode of LPC = e e e Ratio
determination Control (C) Ischemic (I)
tissue tissue
nmol/g wet weight 1/C
. a b c
Acetylation 92 4+ 4 (15) 229 + 26 (9) 2.5
Lipid-P 103 + 7 (30) 255 + 25 (6) 2.5
e — e —
Mean

Standard error of the mean
c .
Number of experiments

140



Discussion

I. The Formation of Phosphatidylcholine and Plasmenylcholine from

Choline 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 were 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 1950's
but today there is still very little information available on the
metabolism of this ether lipid. 1Indeed, the biosynthetic pathway and
the physiological functicn(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 unavailability of
suitable methods to separate plasmenylcholine from phosphatidylcho-
line. Currently, it 1is necessary to hydrolyze or derivatize one or
both of these lipid classes prior to their separation. Thus, it is not
yet possible to separate these two phospholipids from each other in

their native form.

This study is the first successful attempt to elucidate the biosyn-

thetic route of plasmenylcholine from choline in a mammalian heart.
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The formation of plasmenylcholine inevitably requires choline, thus a
logical approach to the study of the formation of this ether lipid was
to determine if it could be labeled with radioactive choline. As seen
in the study with the hamster heart (13), the guinea pig heart has the
ability to metabolize choline. Following perfusion with labeled cho-
line, the three metabolites of the CDP-choline pathway (choline,
phosphocholine and CDP-choline) were found to be labeled. Radicactivi-
ty was also found in the phosphatidylcholine and plasmenylcholine
fractions. 1In addition, small amounts of radioactivity were found to
be associated with lysophosphatidylcholine and sphingomyelin. The
above labeled metabolites accounted for 99% of the total radicactivity
incorporated into the guinea pig heart and no other labeled metabo-
lites were detected. The results of this study indicate that the major
pathway for the biosynthesis of phosphatidylcholine and plasmenylcho-

line from choline in the guinea pig heart is the CDP-choline pathway.

A distinct lag in the incorporation of labeled choline into phos-
phatidylcholine and plasmenylcholine was found during the first 30 min
of perfusion. This finding is similar to that reported previously from
our laboratory (13) with hamster heart, which indicates that the base-
exchange reaction is not a major route for the formation of phospha-
tidylcholine and plasmenylcholine. 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 plasmenylcholine synthesis (222). The contri-

bution of progressive methylation of phosphatidylethanolamine and
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plasmenylethanolamine to the formation of phosphatidylcholine and
plasmenylcholine is very minor in the guinea pig heart. However, this
does not rule out a possible role for the methylation pathway in the
transmission of Dbiological signals across the membrane or in other
important physiological functions. Such functions are presumed to be
localized in the membrane (229,230) and were recently found to require
the conversion of only small amounts of phosphatidylethanolamine to

phosphatidylcholine.

In the pulse-label study, choline was labeled within 15 min. Subse-
quently, a small decline in label was observed. It appears that the
decrease was caused by a small but steady loss of labeled choline in
the perfusate. However, such a decrease of labeled material in the
perfusate probably does not have any major effect on the validity of
the pulse-label studies since the amount of labeled 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-choline levels out at 60 min indi-

cating that an equilibrium was reached after this time period.

One essential requirement for demonstrating that the CDP-choline
pathway is the major route for the biosynthesis of plasmenylcholine is
the detection of an enzyme activity for the condensation of CDP-
choline with 1-alkenyl-2-acyl-glycerol. 1In this study, we clearly
demonstrate the existence of two phosphocholinetransferase activities
in the guinea pig heart which utilized 1,2-diacylglycerols or 1-

alkenyl-2-acyl-glycerols as the substrate. There was a 5-fold differ~
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ence between these two activities. The higher activity for 1,2-diacyl-
glycerols 1is not defined and it is not known if these two activities
belong to the same or different enzymes responsible for the synthesis
of phosphatidylcholine and plasmenylcholine. If there were two en-
zymes, one may be specific for the substrate 1,2-diacylglycerol and
the other enzyme for 1-alkenyl-2-acyl-glycerol. Alternatively, if
there 1is only one phosphocholinetransferase enzyme and it preferen-
tially catalyzes the synthesis of phosphatidylicholine from CDP-choline
and 1,2-diacylglycerol, it may also be able to act on 1l-alkenyl-2-
acyl-glycerol to form plasmenylcholine. This may be the case in rat
liver and brain (163) where it was found that the same ethanolamine
and choline phosphotransferases were used for the synthesis of alkyl-
acylglycerophospholipids and diacylglycerophospholipids. In the
harderian gland of rabbits (168), the microsomal ethanolamine phospho-
transferase was found to be more active with diacylglycerols than with
alkylacylglycerols and the choline phosphotransferase was found to be
equally active with both glycerol derivatives. In the same study
(168), it was also found that the incorporation of [14C]CDP—ethanol-
amine and [14C]CDP—choline into plasmenylethanolamine and plasmenyl-
choline respectively, 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 (119,120). Thus, it is proposed that the 1lipid

precursor 1l-alkenyl-2-acyl-glycerol probably arises from the catabo-
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lism of plasmenylethanolamine 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 1-alkyl-2-
acetyl-sn-glycero-3-phosphocholine (platelet activating factor) (227).
However, the function of the remaining 1-alkyl-2-acylglycerophospho-
cholinev is not known, since the conversion of 1-alkyl-2-acylglycero-
phosphocholine to 1-alkenyl-2-acylglycerophosphocholine has not been
described (122,153). Our data indicéte that 1-alkenyl-2-acyl-glycerol
is present in the guinea pig heart but our results obtained from the
study of the incorporation cf choline into plasmenylcholine do not

allow us to distinguish whether the labeled choline was transferred to

pre-existing 1-alkenyl-2-acyl-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 choline. This finding is different from the
results obtained by others using rat liver (225) and HelLa 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). 1In addition, 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-
choline at 90 to 120 min of perfusion, the rate of plasmenylcholine
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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phatidylcholine in the guinea pig heart was calculated to be 2.69
nmol/min/g heart. 1In a previous report from our laboratory, the rate
of phosphatidylcholine formation in the hamster heart was estimated to
be 39 nmol/min/g heart. This discrepancy in the rate of phosphatidyl-
choline formation may be due to the inherent differences between these
two species, as each has a distinct metabolic 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-choline pathway. Pulse-chase experiments with labeled
choline show that the initial rate-limiting step is found at the
conversion of choline to phosphcholine by choline kinase. The labeled
choline required 30 min of chase to remove it from the choline pool
before it reached an equilibrium level. Since the pool sizes of cho-
line and phosphocholine are similar, a rate determining step for the
phosphorylation of choline is indicated. If this step were not rate-
limiting, then one would expect the pool size of choline to be smaller
than the phosphocholine pool. The second rate determining step occurs
at the conversion of phosphocholine to CDP-choline by cytidylyltrans-
ferase. After 20 min of chase, the radiocactivity in phosphocholine
became maximum and then was seen to gradually disappear from this
pool, into the CDP-choline pool. The pool size of phosphocholine was
much larger than the pool of CDP-choline illustrating that a bottle-

neck occured at this stage.

The existence of two rate-limiting steps in the CDP-choline pathway

of the guinea pig heart is very intriguing. For many years, it has
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been generally accepted that the step catalyzed by CTP-phosphocholine
cytidylyltransferase is usually the regulated step in the biosynthesis
of phosphatidylcholine (13,225,226). This conclusion is based mainly
on the observation that the pool size of phosphocholine is usually
several times larger than the pool size of choline or CDP-choline. The
results of the present study indicate that the reaction catalyzed by
choline kinase may play a regulatory role in the CDP-choline 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
logical place for a rate-determining step (231). As in the present
study, pulse-chase studies with Ehrlich ascites cells show that radio-
active choline is not immediately phosphorylated but accumulates as
choline (232). In rooster liver, a stimulation of choline kinase
activity by diethylstibestrol is observed simultaneously with an in-
crease in phosphatidylcholine 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 (225) and HeLa cells
(234). Purification of choline kinase from the guinea pig heart is
necessary in order to investigate the role that this enzyme may play

as a regulator of the CDP-choline pathway.
II. Plasmalogenase in Mammalian Hearts

Enzymes capable of hydrolyzing 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 plasmenylethanoclamine as substrate. Since the action of
plasmalogenases on plasmalogens produces long-chain aldehydes (184), a
coupled reaction for the conversion of aldehydes to another metabolite
with the reduction of NAD+ or NADP+ would 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 effect of alcohol on alcohol dehydrogenase, the
amount of plasmalogen used in the assay had to be limited to subopti-
mal concentrations (184). When higher concentrations of plasmalogens
were used, a linear reaction rate could 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 (100 nmol of product formed/min/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 our study showed quite conclusively that our
assay 1is specific for plasmalogenase activity. We also showed that
plasmenylethanolamine but not lysoplasmenylethanolamine was utilized
as substrate, which suggests the absence of lysoplasmalogenase activi-
ty in the hamster heart microsomes. Both ethanolamine plasmalogenases
and 1lysoplasmalogenase activities have been described in the brain

(181,183,186).
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The Mg2+ requirement for plasmalogenase activity in the brain has
been reported (181). However, this cation had very little effect on
the enzyme activity in the hamster heart even at high concentrations
(up to 12.8 mM). At present, we do not know if the inhibition observed
after initial activation by Ca2+ is due to a direct effect of Ca2+ on
the enzyme or whether a cation-substrate interaction is responsible
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-
neolamine plasmalogenase. In addition, the heart enzyme had a much
broader pH profile and was quite active at pH 7.4. It is likely that
the brain ethanolamine plasmalogenase is kinetically different from

the enzyme found in the hamster heart microsomes.

The phospholipid content of the hamster heart was estimated to be
29 ymol/g heart. Plasmenylethanolamine and plasmenylcholine accounted
for 4.2%. This value is very low compared to those reported for rab-
bit, bovine, human, sheep and canine hearts (38,69). It is, however,
comparable to that found in the rat heart (38). Our results for the
plasmenylethanolamine content of the hearts of several mammalian spe-
cies shows that the pig has the highest content, at 43% of the total
ethanolamine phosphoglycerides and the hamster has the lowest 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 correlation
between the cardiac plasmalogenase activity and the content of cardiac
plasmenylethanolamine from these different species. Plasménylethanol—

amine content and plasmalogenase activities in different tissues of
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the guinea pig reveal that the highest plasmenylethanolamine content
exists in the brain and the highest plasmalogenase activity resides in
the spleen. The lack of correlation between the cardiac or other
tissue plasmenylethanolamine content and the plasmalogenase activity
suggests that this enzyme is not responsible for the tissue or species
differences in plasmenylethanolamine content observed in various mam-

mals.

Recently in our laboratory, the catabolism 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 (177). Plasmenylcholine was 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 glycerol 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 (Fig.30) for the catabolism of
plasmenylcholine 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 lysoplasmenylcholine by lysoplasmalo-
genase (6). Alternatively, the lysoplasmenylcholine formed can also be
reacylated to form the parent phospholipid by acyl~CoA : 1-alkenyl-GPC

acyltransferase (190).
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FATTY ALDEHYDE + GLYCEROPHOSPHOCHOLINE

Fig. 30. Proposed major pathway for the catabolism of

plasmenylcholine.
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III. Quantitation of Lysophosphatidylcholine

The possible involvement of lysophosphatidylcholine (LPC) in sever-
al molecular events during arrhythmia after myocardial ischemia (78—
81,197,198) has put a focus on the need to accurately and specifically
guantitate this lysolipid in order to examine its physiological role
in the genesis of cardiac arrhythmia. 1In the last several years, the
concentration of LPC in cardiac tissues has been subjected to much
debate (84). The discrepancies were probably caused by 1) mode of
extraction and 2) mode of isolation and quantitation after isolation.
It has been generally agreed that extraction of tissue LPC in an
acidic medium will cause hydrolysis of the parent phospholipids, which
will artificially cause the generation of LPC during extraction (84).
Hence, LPC was extracted in this study with a neutral solvent, which
has been shown to be a preferred mode of extraction (228). Although
the method of isolation by thin layer chromatography and the qguantita-
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 quantitation 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 gensitivity of the lipid-P assay
(20-50 nmol) (228). With the present method, as 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 labeled acetic anhydride with higher specific activ-
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ity. The specificity of the assay alleviates the need for extensive
purification of LPC, thus allowing the rapid isolation of the lipid by

column chromatography.

The tissue LPC content obtained by 1lipid-P determinations is
slightly but consistantly higher than that obtained by the radiocactive
labeling method. Although the difference is not statistically signifi-
cant in all cases, the higher mean values obtained by lipid-P analysis
are probably caused by small amounts of other phosphate~containing
compounds that may co-chromatograph with LPC. The specificity of the
present assay eliminates this possibility and allows an accurate
assessment of the changes in LPC levels during cardiac ischemia and
other cardiac disorders. The sensitivity of the assay also provides
the ability to determine the lysolipid content in small biopsy samples

and in small volumes of ischemic blood.

153



1)

2)

3)

4)

5)

6)

7)

8)

9

10)

11)

12)

REFERENCES

Finean, J.B., Coleman, R. and Michell, R.H. (1978) in Membranes
and Their Cellular Functions (Second edition) Blackwell
Scientific Publications, Oxford.

Alberts, B., Bray, D., Lewis, J., Raff, M., Roberts, K. and
Watson, J.D. (1983) in Molecular Biology of the Cell, Garland
Publishing Inc., New York.

Singer, S$.J. and Nichelson, G.L. (1972) Science 175, 720-731.
Storch, J. and Kleinfeld, A.M. (1986) Trends Biochem. Sci. 10,
418-421.

Gurr, M.I. and James, A.T. (1980) in Lipid Biochemistry - An
Introduction (Third edition) Chapman and Hall, London.

Arthur, G., Page, L., Mock, T. and Choy, P.C. (1986) Biochem. J.
236, 475-480.

Ansell, G.B. and Spanner, S. (1982) in Phospholipids (Hawthorne,
J.N. and Ansell, G.B., eds) pp. 1-49, Elsevier Biomedical Press,
Amsterdam.

Kennedy, E.P. and Weiss, S.B. (1956) J. Biol. Chem. 222, 193-214.
Wittenberg, J. and Kornberg, A. (1953) J. Biol. Chem. 202, 431-
444,

Pelech, S.L. and Vance, D.E. (1984) Biochim. Biophys. Acta 779,
217-251.

Bremer, J. and Greenberg, D.M. (1960) Biochim. Biophys. Acta 37,
173-175.

Dils, R.R. and Hibscher, G. (1961) Biochim. Biophys. Acta 46,

505-513.

154



13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

Zelinski, T.A., Savard, J.D., Man, R.Y.K. and Choy, P.C. (1980)
J. Biol. Chem. 255, 11423-11428.

Lands, W.E.M. (1960) J. Biol. Chem. 235, 2233-2237.

Erbland, J.F. and Marinetti, G.V. (1965) Biochim. Biophys. Acta
106, 128-138.

Vereykin, J.M., Montfoort, A. and Van Golde, L.M.G. (1972)
Biochim. Biophys. Acta 260, 70-81.

Thudichum, J.L.W. (1884) in A Treatise on the Chemical Constitu-
tion of the Brain, Balliére, Tindall and Cox, London.

Rudy, H. and Page, I.H. (1930) Hoppe-Seylers Z. Physiol. Chem.
193, 251-268.

Lea, C.H., Rhodes, D.N. and Stroll, R.D. (1955) Biochem. J. 60,
353-363.

Klenk, E. and Dohmen, H. (1955) Hoppe-Seylers Z. Physiol. Chem.
299, 248--252.

Ishidate, K., Furusawa, K. and Nakazawa, Y. (1985) Biochim.
Biophys. Acta 836, 119-124.

Borkenhagen, L.F., Kennedy, E.P. and Fielding, L. (1961) J.
Biol. Chem. 236, PC 28-30.

Bjerve, K.S. (1973) Biochim. Biophys. Acta 306, 396-402.

Merkl, I. and Lands, W.E.M. (1963) J. Biol. Chem. 238, 905-906.
Bremer, J., Figard, P.H. and Greenberg, D.M. (1960) Biochim.
Biophys. Acta 43, 477-488.

Wilson, J.D., Gibson, K.D. and Udenfriend, S. (1960) J. Biol.
Chem. 235, 3539-3543.

Gobley, M. (1850) J. Pharm. Chim. (Paris) 17, 401-417.

155



28)

29)

30)

31)

32)

33)

34)

35)

36)

37)

38)

39)

40)

156

Strecker, A. (1868) Ann. Chem. Pharm. 148, 77-90.

Diakanow, C. (1868) Zbl. Med. Wiss. 2, 434-435.

Baer, E. and Kates, M. (1950) J. Am. Chem. Soc. 72, 942-949.
White, D.A. (1973) in Form and Function of Phospholipids (Ansell,
G.B., Hawthorne, J.N. and Dawson, R.M.C., eds) pp. 444-458,
Elsevier Scientific Publishing Co., Amsterdam.

Weltzein, H.U. (1979) Biochim. Biophys. Acta 559, 259-287.

Van Golde, L.M.G. and Van den Bergh, S.G. (1977) in Lipid
Metabolism in Mammals (Snyder, F., ed.) vol. 1, pp. 1-33, Plenum
Press, New York.

Holub, B.J. (1978) J. Biol. Chem. 253, 691-696.

Vance, D.E. (1985) in Biochemistry of Lipids and Membranes
(vance, D.E. and Vance, J.E., eds.) pp. 242-270, The Benjamin/
Cummings Publishing Co., Inc., Menlo Park, California.

vVan den Bosch, H. (1982) in Phospholipids (Hawthorne, J.N. and
Ansell, G.B., eds.) pp. 313-357, Elsevier Biomedical Press,
Amsterdam.

Waite, M. (1985) in Biochemistry of Lipids and Membranes (Vance,
D.E. and Vance, J.E., eds.) pp. 299-324, The Benjamin/Cummings
Publishing Co., Inc., Menlo Park, California.

Horrocks, L.A. and Sharma, M. (1982) in Phospholipids (Hawthorne,
J.N. and Ansell, G.B., eds.) pp. 51-93, Elsevier Biomedical
Press, Amsterdam.

IUPAC-IUB Commission on Biomedical Nomenclature (1978) J. Lipid
Res. 19, 114-128.

Snyder, F. (1985) in Biochemistry of Lipids and Membranes (Vance,



41)

42)

43)

44)

45)

46)

47)

48)

49)

50)

51)

52)

53)

D.E. and Vance, J.E., eds.) pp. 271-298, The Benjamin/Cummings
Publishing Co., Inc., Menlo Park, California.

Debuch, H. and Seng, P. (1972) in Ether Lipids - Chemistry and
Biology (Snyder, F., ed.) pp. 1-24, Academic Press, New York.
Rapport, M. (1984) J. Lipid Res. 25, 1522-1527.

Feulgen, R. and Voit, K. (1924) Pfluegers Arch. Gesamte Physiol.

Menschen Tiere 206, 389-410.

Stepp, W., Feulgen, R. and Voit, K. (1927) Biochem. Z. 181, 284-
288.

Imh8user, K. (1927) Biochem. Z. 186, 360-375.

Feulgen, R. and Bersin, T. (1939) Hoppe-Seylers Z. Physiol. Chem.

260, 217-245.

Folch, J. (1942) J. Biol. Chem. 146, 35-44.

Klenk, E. and BShm, P. (1951) Hoppe-Seylers Z. Physiol. Chem.
288, 98.

Klenk, E. and Gehrmann, G. (1953) Hoppe-Seylers Z. Physiol. Chem.
292, 110.

Rapport, M.M., Lerner, B. and Alonzo, N. (1954) Federation Proc.
13, 278.

Klenk, E. and Debuch, H. (1954) Hoppe-Seylers Z. Physiol. Chem.
296, 179-188.

Klenk, E. and Debuch, H. (1955) Hoppe-Seylers Z. Physiol. Chem.
299, 66-73.

Rapport, M.M. and Alonzo, N. (1954) in Annual Report of the
Division of Laboratories and Research, N.Y. State Department of

Health pp. 23.

157



158

54) Debuch, H. (1956) Hoppe-Seylers Z. Physiol. Chem. 304, 109-137.

55) Rapport, M.M. and Alonzo, N. (1955) J. Biol. Chem. 217, 193-198.

56) Franzl, R.E. and Rapport, M.M. (1955) Federation Proc. 14, 213.

57) Rapport, M.M., Lerner, B. Alonzo, N. and Franzl, R.E. (1957) J.
Biol. Chem. 225, 859-867.

58) Debuch, H. (1957) Biochem. J. 67, 27 P.

59) Debuch, H. (1958) Hoppe-Seylers Z. Physiol. Chem. 311, 266-274.

60) Blietz, R. (1958) Hoppe-Seylers Z. Physiol. Chem. 310, 120-124.

61) Marinetti, G.V. and Erbland, J. (1957) Biochim. Biophys. Acta 26,
429-430.

62) Rapport, M.M. and Franzl, R.E. (1957) J. Biol. Chem. 255, 851~
857.

63) Hack, M.H. and Ferrans, V.J. (1958) Federation Proc. 17, 235.

64) Gray, G.M. (1957) Biochem. J. 67, 26 P.

65) Gray, G.M. (1958) Biochem. J. 70, 425-433.

66) Debuch, H. (1959) Hoppe-Seylers Z. Physiol. Chem. 314, 49-50.

67) Paterrakis, S.P. and Kalofoutis, A.T. (1972) Experientia 28,
1416-1417.

68) Martinez, M. and Ballabriga, A. (1978) Brain Res. 159, 351-362.

69) Horrocks, L.A. (1972) in Ether Lipids - Chemistry and Biology
(snyder, F., ed.) pp. 177-272, Academic Press, New York.

70) Touchstone, J.C., Alvarez, J.G., Levin, S.S5. and Storey, B.T.
(1985) Lipids 20, 869-875.

71) Marinetti, G.V., Erbland, J. and Stotz, E. (1958) J. Am. Chem.
Soc. 80, 1624-1628.

72) Diagne, A., Fauvel, J., Record, M., Chap, H. and Douste-Blazy,L.



159

(1984) Biochim. Biophys. Acta 793, 221-231.

73) Spanner, S. (1966) Nature 5036, 637.

74) Boggs, J.M. and Rangaraj, G. (1984) Biochim. Biophys. Acta 793,
313-316.

75) Nakagawa, Y. and Waku, K. (1986) Lipids 21, 155-158.

76) Coleman, R. (1973) Biochim. Biophys. Acta 300, 1-30.

77) Hirata, F. and Axelrod, J. (1980) Science 209, 1082-1090.

78) Corr, P.B., Gross, R.W. and Sobel, B.E. (1984) Circ. Res. 55,
135-154.

79) Sobel, B.E., Corr, P.B., Robinson, A.K., Goldstein, R.A.,
Witkowski, F.X. and Klein, M.S. (1978) J. Clin. Invest. 62, 546~
553.

80) Corr, P.B., Snyder, D.W., Lee, B.I., Gross, R.W., Keim, C.R. and
Sobel, B.E. (1982) Amer. J. Physiol. 243, H187-H195.

81) Corr, P.B., Cain, M.E., Witkowski, F.X., Price, D.A. and Sobel,
B.E. (1979) Circ. Res. 44, 822-832.

82) Arnsdorf, M.F. and Sawicki, G.J. (1981) Circ. Res. 49, 16-30.

83) Katz, A.M. and Messineo, F.C. (1981) Circ. Res. 48, 1-16.

84) Shaikh, N.A. and Downer, E. (1981) Circ. Res. 49, 316-325.

85) Man, R.Y.K., Wong, T. and Choy, P.C. (1983) Life Sci. 32, 1325-
1330.

86) Hajra, A.K. (1968) J. Biol. Chem. 243, 3458-3465.

87) Brindley, D.N. (1985) in Biochemistry of Lipids and Membranes
(Vance, D.E. and Vance, J.E., eds.) pp. 213-241, The Benjamin/
Cummings Publishing Co., Inc., Menlo Park, California.

88) Kennedy, E.P. (1961) Federation Proc. 20, 934-940.



89)

90)

91)
92)

93)

94)

95)

96)

97)

98)

99)

100)

101)

102)

103)

160

Van den Bosch, H. (1974) Ann. Rev. Biochem. 43, 243-277.
Brindley, D.N. and Sturton, R.G. (1982) in Phospholipids
(Hawthorne, J.N. and Ansell, G.B., eds.) pp. 179-207, Elsevier
Biomedical Press, Amsterdam.

Mason, R.J. (1978) J. Biol. Chem. 253, 3367-3370.

Bishop, J.E. and Hajra, A.K. (1978) J. Neurochem. 30, 643-647.
Bishop, J.E. and Hajra, A.K. (1981) J. Biol. Chem. 256, 9542~
9550.

Hajra, A.K. (1970) Biochem. Biophys. Res. Commun. 39, 1037-1044.
Reichwald, I. and Mangold, H.K. (1977) Nutrit. Metab. 21, 198-
201.

Friedberg, S.J. and Greene, R.C. (1967) J. Biol. Chem. 242,
5709-5714.

Hajra, A.K. and Bishop, J.E. (1982) Ann. N.Y. Acad. Sci. 366,
170-182.

Friedberg, S.J. and Greene, R.C. (1968) Biochim. Biophys. Acta
164, 602-603.

Snyder, F., Malone, B. and Wykle, R.L. (1969) Biochem. Biophys.
Res. Commun. 34, 40-47.

Snyder,F., Wykle, R.I.. and Malone, B. (1969) Biochem. Biophys.
Res. Commun. 34, 315-321.

Lee, T.C., Fitzgerald, V., Stephens, N. and Snyder, F. (1980)
Biochim. Biophys. Acta 619, 420-423.

Thompson, G.A. Jr. and Hanahan, D.J. (1962) Arch. Biochem.
Biophys. 96, 671-675.

Hajra, A.K. (1969) Biochem. Biophys. Res. Commun. 37, 486-492.



104)

105)

106)

107)

108)

109)

110)

111)

112)

113)

114)

115)

116)

Wykle, R.L., Piantadosi, C. and Snyder, F. (1972) J. Biol. Chem.
247, 2944-2948,

Wykle, R.L. and Snyder, F. (1969) Biochem. Biophys. Res. Commun.
37, 658-662.

Snyder, F., Malone, B. and Blank, M.L. (1970) J. Biol. Chem.
245, 1790-1799.

Hajra, A.K. (1974) Biochem. Biophys. Res. Commun. 57, 668-674.
Davis, P.A. and Hajra, A.K. (1977) Biochem. Biophys. Res. Commun.
74, 100-105.

LaBelle, E.F. Jr. and Hajra, A.K. (1974) J. Biol. Chem. 249,
6936-6944.

LaBelle, E.F. Jr. and Hajra, A.K. (1972) J. Biol. Chem. 247,
5825-5834.

Hajra, A.K. (1973) in Tumor Lipids : Biochemistry and Metabolism
(Wood, R., ed.) pp. 183-199, Am. 0il Chem. Soc., Champaign,
Illinois.

Snyder, F., Clark, M. and Piantadosi, C. (1973) Biochem. Biophys.
Res. Commun. 53, 350-356.

Fleming, P.J. and Hajra, A.K. (1977) J. Biol. Chem. 252, 1663~
1672.

Waku, K. and Nakazawa, Y. (1977) J. Biochem. (Tokyo) 82, 1779-
1784.

Radominska~Pyrek, A. and Horrocks, L. (1972) J. Lipid Res. 13,
580-587.

Snyder, F., Blank, M.L. and Malone, B. (1970) J. Biol. Chem.

245, 4016-4018.

161



117)

118)

119)

120)

121)

122)

123)

124)

125)

126)

127)

128)

129)

130)

131)

132)

162

El-Bassiouni, E.A., Piantadosi, C. and Snyder, F. (1975) Biochim.
Biophys. Acta 388, 5-11.

Rock, C.O. and Snyder, F. (1974) J. Biol. Chem. 249, 5382-5387.
Paltauf, F. (1978) Adv. Exp. Med. Biol. 101, 387-395.

Paltauf, F. (1971) FEBS Lett. 17, 118-120.

Debuch, H., Friedmann, H. and Muller, J. (1970) Hoppe-Seylers Z.
Physiol. Chem. 351, 613-621.

Paltauf, F. and Holasek, A. (1973) J. Biol. Chem. 248, 1609-1615.
Wykle, R.L., Blank, M.L., Malone, B. and Snyder, F. (1972) J.
Biol. Chem. 247, 5442-5447.

Paltauf, F. (1983) in Ether Lipids - Biochemical and Biomedical
Aspects (Mangold, H.K. and Paltauf, F., eds.) pp. 107-128,
Academic Press, New York.

Morris, L.J. (1970) Biochem. J. 116, 681-693.

Stoffel, W. and Le Kim, D. (1971) Hoppe-Seylers Z. Physiol.

Chem. 352, 501-511.

Paltauf, F., Prough, R.A., Siler-Masters, B.S. and Johnston, J.M.
(1974) J. Biol. Chem. 249, 2661-2662.

Thompson, G.A. Jr. (1966) Biochemistry 5, 1290-1296.

Horrocks, L.A. and Ansell, G.B. (1967) Lipids 2, 329-333.

Blank, M.L., Wykle, R.L., Piantadosi, C. and Snyder, F. (1970)
Biochim. Biophys. Acta 210, 442-447.

Yorek, M.A., Rosario, R.T., Dudley, D.T. and Spector, A.A. (1985)
J. Biol. Chem. 260, 2930-2936.

Brown, A.J., Glish, G.L., McBay, E.H. and Snyder, F. (1985)

Biochemistry 24, 8012-8016.



133)

134)

135)

136)

137)

138)

139)

140)

141)

142)

143)

144)

145)

146)

147)

163

Jones, C.L. and Hajra, A.K. (1980) J. Biol. Chem. 255, 8289-8295.
Hajra, A.K., Burke, C.L. and Jones, C.L. (1979) J. Biol. Chem.
254, 10896-10900.

Hajra, A.K. (1983) in Ether Lipids - Biochemical and Biomedical
Aspects (Mangold, H.K. and Paltauf, F., eds.) pp. 85-106,
Academic Press, New York.

Burke, C.L. and Hajra, A.K. (1980) Biochem. Internat. 1, 312-318.
Brown, A.J. and Snyder, F. (1979) Biochem. Biophys. Res. Commun.
90, 278-284.

Rock, C.0., Fitzgerald, V. and Snyder, F. (1977) Arch. Biochem.
Biophys. 181, 172-177.

Jones, C.L. and Hajra, A.K. (1977) Biochem. Biophys. Res. Commun.
76, 1138-1143.

Friedberg, S.J. and Alkek, R.D. (1977) Biochemistry 16, 5291-
5294.

Friedberg, S.J., Heifetz, A. and Greene, R.C. (1971) J. Biol.
Chem. 246, 5822-5827.

Friedberg, S.J. and Heifetz, A. (1975) Biochemistry 14, 570-574.
Davis, P.A. and Hajra, A.K. (1977) Federation Proc. 36, 850.
Davis, P.A. and Hajra, A.K. (1979) J. Biol. Chem. 254, 4760-4763.
Friedberg, S$.J. and Gomillion, M. (1981) J. Biol. Chem. 256,
291-295.

Brown, A.J. and Snyder, F. (1982) J. Biol. Chem. 257, 8835-8839.
Hajra, A.K., Jones, C.L. and Davis, P.A. (1978) in Enzymes of
Lipid Metabolism (Gatt, S., Freysz, L. and Mandel, P., eds.)

pp. 369-378, Plenum, New York.



148)

149)

150)

151)

152)

153)

154)

155)

156)

157)

158)

159)

160)

161)

164

Woelk, H., Porcellati, G. and Goracci, G. (1976) Adv. Exp. Med.
Biol. 72, 55-61.

Paltauf, F. (1972) FEBS Lett. 20, 79-82.

Wykle, R.L. and Schremmer-Lockmiller, J.M. (1975) Biochim.
Biophys. Acta 380, 291-298.

Lee, T.C., Wykle, R.L., Blank, M.L. and Snyder, F. (1973)
Biochem. Biophys. Res. Commun. 55, 574-579.

Radominska-Pyrek, A., Strasznajder, J., Dabrowiecki, Z.,
Chojnacki, T. and Horrocks, L.A. (1976) J. Lipid Res. 17, 657-
662.

Goracci, G., Francescangeli, E. and Horrocks, L.A. (1977) Ital.
J. Biochem. 26, 262-263.

Arthur, G., Mock, T., Zaborniak, C. and Choy, P.C. (1985) Lipids
20, 693-698.

Eichberg, J., Shein, H.M. and Hauser, G. (1976) J. Neurochem. 27,
679-685.

Schmid, H.O., Muramatsu, T. and Su, K.L. (1972) Biochim. Biophys.
Acta 270, 317-323.

Mogelson, S. and Sobel, B. (1981) Biochim. Biophys. Acta 666,
205-211.

Mozzi, R., Siepi, D., Andreoli, V. and Porcellati, G. (1981)
FEBS Lett. 131, 115-118.

Paulos, A., Hughes, B.P. and Cumings, J.N. (1968) Biochim.
Biophys. Acta 152, 632-635.

Horrocks, L.A. and Goracci, G. (1977) Federation Proc. 36, 890.

Goracci, G., Horrocks, L.A. and Porcellati, G. (1977) FEBS Lett.



165

80, 41-44.

162) Goracci, G., Francescangeli, E., Horrocks, L.A. and Porcellati,
G. (1981) Biochim. Biophys. Acta 664, 373-379.

163) Radominska-Pyrek, A., Strosznajder, J., Dabrowiecki, Z., Goracci,
G., Chojnacki, T. and Horrocks, L.A. (1977) J. Lipid Res. 18,
53-58.

164) Brunetti, M., Gaiti, A. and Porcellati, G. (1979) Lipids 14,
925-931.

165) Terce, F., Record, M., Hughes, C. and Douste-Blazy, L. (1984)
Biochem. Biophys. Res. Commun. 125, 413-419.

166) Warner, H.R. and Lands, W.E.M. (1963) J. Am. Chem. Soc. 85, 60-
64.

167) Renkonen, O. (1966) Biochim. Biophys. Acta 125, 288-309.

168) Radominska-Pyrek, A., Dabrowiecki, Z. and Horrocks, L.A. (1979)
Biochim. Biophys. Acta 574, 248-257.

169) Goraceci, G., Horrocks, L.A. and Porcellati, G. (1978) Adv. ExXp.
Med. Biol. 101, 269-278.

170) Gaiti, A., Goracci, G., De Medio, G.E. and Porcellati, G. (1972)
FEBS Lett. 27, 116-120.

171) Kaplan, N.O. and Cahn, R.D. (1962) Proc. Natl. Acad. Sci. 48,
2123-2130.

172) wWoelk, H. (1974) Biochem. Biophys. Res. Commun. 49, 1278-1283.

173) Woelk, H., Goracci, G. and Porcellati, G. (1974) Hoppe-Seylers
7. Physiol. Chem. 355, 75-81.

174) Stoffel, W. and Heimann, G. (1973) Hoppe-Seylers Z. Physiol.

Chem. 354, 651-659.



175)

176)

177)

178)

179)

180)

181)

182)

183)

184)

185)

186)

187)

188)

189)

190)

Paltauf, F. (1983) in Ether Lipids - Biochemical and Biomedical
Aspects (Mangold, H.K. and Paltauf, F., eds.) pp. 211-229,
Academic Press, New York.

Woelk, H. and Peiler-Ichikawa, K. (1974) FEBS Lett. 45, 75-78.
Wolf, R.A. and Gross, R.W. (1985) J. Biol. Chem. 260, 7295-7303.
Warner, H.R. and Lands, W.E.M. (1961) J. Biol. Chem. 236, 2404-
2409.

Renkonen, O. (1968) Biochim. Biophys. Acta 152, 114-135.

Waku, K. and Nakazawa, Y. (1972) J. Biochem. (Tokyo) 72, 149-155.
Ansell, G.B. and Spanner, S. (1965) Biochem. J. 94, 252-258.
Kester, M. and Privitera, C.A. (1984) Comp. Biochem. Physiol.

79 B, 51-54.

Gunawan, J. and Debuch, H. (1982) J. Neurochem. 39, 693-699.
Arthur, G., Covic, L., Wientzek, M. and Choy, P.C. (1985)
Biochim. Biophys. Acta 833, 189-195.

Freeman, N.M. and Carey, E.M. (1980) Biochem. Soc. Trans. 8,
612-613.

D'Amato, R.A., Horrocks, L.A.and Richardson, K.E. (1975) J.
Neurochem. 24, 1251-1255.

Horrocks, L.A., Spanner, S., Mozzi, R., Fu, S5.C., D'Amato, R.A.
and Krakowka, S. (1978) Adv. Exp. Med. Biol. 100, 423-438.
Dorman, R.V., Freysz, L., Horrocks, L.A. and Mandel, P. (1978)
J, Neurochem. 30, 157-159.

Dorman, R.V., Toews, A.D. and Horrocks, L.A. (1977) J. Lipid Res.
18, 115-117.

Arthur, G. and Choy, P.C. (1986) 236, 481-487.

166



191)

192)

193)

194)

195)

196)

197)

198)

199)

200)

201)

202)

203)

204)

205)

206)

Wykle, R.L., Kraemer, W.F. and Schremmer, J.M. (1977) Arch.
Biochem. Biophys. 184, 149-155.

Wykle, R.L., Kraemer, W.F. and Schremmer, J.M. (1980) Biochim.
Biophys. Acta 619, 58-67.

Wykle, R.L. and Schremmer, J.M. (1974) J, Biol. Chem. 249, 1742~
1746.

Soodsma, J.F., Piantadosi, C. and Snyder, F. (1972) J. Biol.
Chem. 247, 3923-3929.

Rock, C.0., Baker, R.C., Fitzgerald, V. and Snyder, F. (1976)
Biochim. Biophys. Acta 450, 469-473.

Gunawan, J. and Debuch, H. (1981) Hoppe-Seylers Z. Physiol.
Chem. 362, 445-452,.

Man, R.Y.K. and Choy, P.C. (1982) J. Mol. Cardiol. 14, 173-175.
Man, R.Y.K., Slater, T.L., Pelletier, M.P. and Choy, P.C. (1983)
Lipids 18, 677-681.

Waku, X. and Lands, W.E.M. (1968) J. Biol. Chem. 243, 2659-2662.

Bell, R.M. and Coleman, R.A. (1980) Annu. Rev. Biochem. 49, 459-
487.
Gross, R.W. (1984) Biochemistry 23, 158-165.

Chein, K.R., Han, A., Sen, A., Buja, L.M. and Willerson, J.T.
(1984) Circ. Res. 54, 313-322.

Bills, T.K., Smith, B.J. and Silver, M.J. (1976) Biochim.
Biophys. Acta 424, 303-314.

Waku, K. and Nakazawa, Y. (1972) J. Biochem. (Tokyo) 72, 495-497.
Bretscher, M.S. (1985) Sci. Am. 253, 100-108.

Stryer, L. (1981) in Biochemistry (Second edition) W.H. Freeman

167



207)

208)

209)

210)

211)

212)

213)

214)

215)

216)

217)

218)

219)

220)

221)

222)

223)

168

and Company, San Francisco.

Krebs, H.A. and Henseleit, K. (1932) Hoppe-Seylers Z. Physiol.
Chem. 210, 33-36.

Langendorff, 0. (1895) Pfluegers Arch. 61, 291-332.

Harris, A.S. (1950) Circulation 1, 1318-1328.

Folch, J., Lees, M. and Sloane-Stanley, G.H. (1957) J. Biol.
Chem. 226, 495-509.

Sheltawy, A. and Dawson, R.M.C. (1969) in Chromatographic and
Electrophoretic Techniques (Smith, I., ed.) vol. 1, pp. 453-493,
William Heinmann, London.

Dittmer, J.C. and Lester, R.J. (1964) J. Lipid Res. 5, 126-127.
Arvidson, G.A.E. (1968) Eur. J. Biochem. 4, 478-486.

Wells, M.A. and Dittmer, J.C. (1966) Biochemistry 5, 3405-3418.
Renkonen, O. (1963) Acta Chem. Scand. 17, 634-640.

Gottfried, E.L. and Rapport, M.M. (1962) J. Biol. Chem. 237, 329-
333.

Bartlett, G.R. (1958) J. Biol. Chem. 234, 466-468.

King, E.J. (1932) Biochem. J. 26, 292-297.

Lowry, O.H., Roseborough, M.J., Farr, A.L. and Randall, R.J.
(1951) J. Biol. Chem. 193, 265-275.

Nakayasu, H., Mihra, K. and Sato, K. (1978) Biochem. Biophys.
Res. Commun. 83, 697-703.

Choy, P.C. (1982) J. Biol. Chem. 257, 10928-10933.

Yavin, E. (1976) J. Biol. Chem. 251, 1392-1397.

Arthur, G. and Choy, P.C. (1984) Biochim. Biophys. Acta 795,

221-229.



224)

225)

226)

227)

228)

229)
230)
231)
232)
233)

234)

McCaman, R.E. and Stetzler, J. (1977) J. Neurochem. 28, 669-671.

Sundler, R., Arvidson, G. and Akesson, B. (1972) Biochim.
Biophys. Acta 280, 559-568.

vVance, D.E., Trip, E.M. and Paddon, H.B. (1980) J. Biol. Chem.
255, 1064-1069.

Tencé, M., Jouvin-Marche, E., Bessou, G., Record, M. and
Benveniste, J. (1985) Thrombosis Res. 38, 207-214.

Mock, T., Pelletier, M.P.J., Man, R.Y.K. and Choy, P.C.‘(1984)
Anal. Biochem. 137, 277-281.

Vance, D.E. and deKruijff, B. (1980) Nature 288, 277-278.
Axelrod, J. and Hirata, F. (1980) Nature 288, 278-279.
Infante, J.P. (1977) Biochem. J. 167, 847-849.

Baughman, R.W. and Tso, D.Y. (1978) Neurosci. Abstr. 4, 441.
Vigo, C. and Vance, D.E. (1981) Biochem. J. 200, 321-326.
Choy, P.C., Paddon, H.B. and Vance, D.E. (1980) J. Biol. Chem.

255, 1070-1073.

169



